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RIASSUNTO

In questa tesi si e affrontato il tema della produzione industriale di
microalghe dapprima attraverso un approccio sperimentale e succes-
sivamente con la messa a punto di un modello di simulazione. In
particolare, reattori in scala di laboratorio sono stati appositamen-
te costruiti per la coltivazione di alghe e sono stati condotti test in
condizioni di funzionamento sia batch che continue. I programmi di
simulazione, scritti in Matlab®, hanno permesso di utilizzare un mo-
dello per simulare 1’attenuazione della luce lungo la profondita della
coltura microalgale e per correlare i parametri del modello (coeffi-
ciente di assorbimento, coefficiente di backscattering e costante di
mantenimento) sui dati sperimentali ottenuti con il reattore continuo
con riciclo. Le prestazioni del reattore in questione sono state valuta-
te attraverso 1’efficienza fotosintetica e il bilancio di energia. Inoltre, &
stato condotto uno studio sulla massima produttivita del sistema.

I parametri ottimizzati del modello hanno permesso di approfondire
il comportamento di una coltura microalgale in un fotobioreattore pi-
lota di 15 m? di superficie. Simulando sia la luce artificiale sia i cicli
giorno/notte con luce solare, sono state valutate le prestazioni del
reattore in termini di produttivita ed efficienza fotosintetica. Infine,
¢ stato valutato il bilancio energetico per stabilire la necessita di un
sistema di termostatazione.

iii






ABSTRACT

The industrial production of microalgae was investigated using both
an experimental and a modelling approach. Lab-scale reactors were
built for microalgae cultivation and batch and continuous tests were
performed. Using Matlab® codes, the light attenuation along the cul-
ture depth and the experimental behaviour of the dynamic reactor
with recycle were simulated by a model. The absorption coefficient,
the backscattering coefficient and the maintenance constant of the
microalga were so optimized on laboratory data. The reactor perfor-
mances were evaluated in terms of photosynthetic efficiency and of
the energy balance. Furthermore, a study on the maximum produc-
tivity of the system was performed.

The optimized model parameters were used to investigate the mi-
croalgal culture behaviour in a pilot-scale photobioreactor with an
irradiated area of 15 m?. Artificial radiation and day/night sunlight
cycles permitted to determine the system performances in terms of
productivity and photosynthetic efficiency. Finally, the energy balance
was developed to understand whether a heating/cooling system is
necessary to control properly the microalgae growth conditions.
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INTRODUCTION

Many efforts have been made in these years to find an alternative to
fossil fuels, which nowadays account for 88% of the primary energy
consumption (Brennan and Owende 2010). In particular, they are re-
sponsible for greenhouse gas (GHG) emissions and their use is rais-
ing, mostly because of the development of new growing economies,
such as China and India, leading to an ever more significant con-
tribution to global warming. GHGs have other negative impacts on
human life, e.g., the increase of CO, in the atmosphere will cause an
higher concentration in oceans, turning the water pH gradually to
more acidic and affecting negatively the marine ecosystem biodiver-
sity (Mata, Martins, and Caetano 2010). In such a situation, together
with the possible depletion of fossil sources, research in biofuels ranks
as one of the most important challenge nowadays.

Biofuels can play a dominant role in transportation sector, replac-
ing fossil fuels in the long term, contributing to mitigation of GHG
emissions, offering diversification of income and fuel supply sources.

Biofuels scenario is mainly divided into three groups: first, second
and third generation (Brennan and Owende 2010).

First generation biofuels are extracted from food and oil crops (rape-
seed oil, sugarcane, sugar beet and maize) as well as vegetable oils
and animal fats and present a relatively high economic level. Tech-
nologies for their production is by now well known, even if some
problems remain: one among others is the competition for the use of
arable land to produce food and fibre. In fact, a severe controversy on
their use has been generated, especially with regards to the most vul-
nerable regions of the world economy, where first generation biofuels
could lead to the rise of food prices, with potentially harmful social
consequences. Other limitations are: regionally constrained market
structures, lack of well managed agricultural practices in emerging
economies, high water and fertiliser requirements, and a need for
conservation of bio-diversity.

Second generation biofuels avoid the competition with food crops
because they are obtained from agricultural and forest harvesting
residues or wood processing wastes. On the other hand, the technol-
ogy has not reached an industrial scale so far.

Finally, third generation biofuels are produced by microalgae. These
photosynthetic microorganisms can be prokaryotic or eukaryotic and
are able to grow with high rates under certain situations, such as light
and CO, supply, in addition to other simple nutrients, exceeding the
relatively low growth rate of plants and showing a more efficient cap-
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ture of light. The peculiarity of microalgae is the ability to synthesize
and accumulate lipids, proteins and carbohydrates that can be poten-
tially converted into a variety of energy sources such as hydrogen,
methane, ethanol and biodiesel.

The attention of this thesis work is focused on biodiesel, mostly
because this compound is liquid at room temperature and can so
play a fundamental role in the transportation sector. Biodiesel, which
is a mixture of monoalkyl esters of long chain fatty acids, is obtained
by transesterification process from lipids extracted from microalgae
in the presence of a catalyst. Depending on species, microalgae can
synthesize lipids from 20 to 80% of their dry weight, and this makes
the application very attractive in terms of achievable productivities.

1.1 ADVANTAGES AND LIMITATIONS OF MICROALGAE FOR BIO-
DIESEL PRODUCTION

Interest in the use of microalgae comes from a number of reasons:

* microalgae are able to grow and duplicate transforming light
into chemical energy and under continuous supply of nutrients
and they are able to adapt to different environments;

e growth rates are higher than those of agricultural plants, with
the result of smaller areas required to produce a given amount
of biofuel derived from any other crops;

¢ photosynthetic efficiency, which is the percentage of solar en-
ergy that can be stored as chemical energy thus producing bio-
mass, is in the order of 3 — 8%, compared to 0.5% of terrestrial
plants (Verma ef al. 2010);

¢ CO, coming from power plants can be used as nutrients for
microalgae; moreover, 1 kg of dry algal biomass uses about 1.83
kg of CO, (Chisti 2007), contributing to air quality maintenance
and improvement.

¢ salty or brackish water can be fed to the microalgae culture and
nutrients can be provided by waste water, leading to a partially
treatment of effluents;

¢ as stated above, microalgae can accumulate not only lipids but
also proteins and carbohydrate and other several interesting re-
newable energy sources such as hydrogen, methane and ethanol
can be derived;

Table 1.1 clearly demonstrates the importance of microalgae for bio-
diesel production. The area needed in order to substitute 50% of to-
tal amount of fuels in the United States is considerably reduced even
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with 30% oil microalgae. As shown, using an high efficiency and areal
productivity oil like palm oil, a quarter of the entire US cropping area
should be dedicated to biofuels production, which is clearly imprac-
tical.

Table 1.1: Comparison of some sources of biodiesel for meeting 50% of
all transport fuel needs of the United States (ivi).

Oil yield Land area needed US cropping area

Crop

[L/ha] [Mha] [%]
Corn 172 1540 846
Soybean 446 594 326
Canola 1190 223 122
Jatropha 1892 140 77
Coconut 2689 99 54
Palm oil 5950 45 24
Microalgae” 58700 4.5 2.5
Microalgae? 136900 2 1.1

730% oil content (dry weight)
b70% oil content (dry weight)

In spite of number of advantages of this potential biofuel resource,
the development of algal biofuel technology at a commercial scale is
still limited because several issues have still to be properly addressed
and solved, including;:

* very low photosynthetic efficiencies for current technologies;

* negative value of the total energy balance, which takes into ac-
count water pumping, nutrients supply, separation and extrac-
tion of oil, leading to an unfeasible large scale industrial pro-
duction;

* lack of a strong experience on this field, since few pilot units
are in operation;

* lack of micfroalgae species able to balance production of biofuel
and valuable co-products.

1.2 SCOPE OF THE THESIS

The goal of this thesis is the construction of a small photobioreactor
(laboratory scale) to investigate a continuous microalgae production,
with reference to the species Scenedesmus obliquus 276-7 (from SAG
Goettingen), and to develop a model which simulates the behaviour
of the microalgal culture in this system. The experimental data are

3
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used to correlate the model parameters, and the model calibrated in
this way is applied to the design of a pilot photobioreactor in order
to investigate the performances in terms of productivity and photo-
synthetic efficiency that can be reached in an actual plant.



EXPERIMENTAL ACTIVITIES

After a first introduction on microalgae cultivation in laboratory, the
arrangement of a continuous reactor with and without recycle will be
presented and experimental data will be shown.

2.1 INTRODUCTION

When talking about the cultivation of a species of microalgae, the
concept of axenic working conditions is that cultures must be pure
and free of any other organisms, such as bacteria, fungi or other
species of algae. This particular conditions cannot be reached if the
culture medium is exposed directly to the atmosphere. Photobioreac-
tors (PBR) are safe against competing microorganisms invasion, offer-
ing a closed environment where all conditions and parameters can be
controlled.

One of the main goals of PBR is to allow light to pass through the re-
actor walls, so that it can be used by cultivated cells (Richmond 2004);
for this reason, they are designed to present an high area to volume
ratio. Micronutrients and CO, are fed by suitable delivery systems.

2.2 MATERIAL AND METHODS
2.2.1  Microorganism

The Scenedesmus obliquus 276-7 (from SAG Goettingen) microalga was
used in all the experiments. In particular, this species lives in fresh
water environments and has the important characteristic to show a
constituent accumulation of lipids, i.e., this microorganism is able to
produce lipids even in no-stress conditions.

2.2.2  Experimental set up

Several types of PBR have been proposed, but the one used for this
experimental work is a flat plate vertical reactor (Figure 2.1). In par-
ticular, two transparent polycarbonate sheets are glued on both sides
of a "U" support, and the size of this support affects the volume of the
panel and the light path length. Mixing of the culture and CO,-supply
are assured by feeding CO,-enriched air through a sparger (Posten
2009). The gas stream exits from the top of the system through a hole
in the cap.
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Gas outlet

Gas
inlet —

Figure 2.1: Scheme of batch system set up in laboratory.

The microalga was cultured in BG11 medium, which provides all the
micronutrients required for Scenedesmus obliquus physiological and
growth functions.

Initial tests were performed in batch conditions: medium contain-
ing micronutrients, and Scenedesmus obliquus were inoculated at the
beginning in 150 mL volume reactors. Reactors were then placed in
front of the light source (OSRAM white neon lamps) so that different
light intensities, for different tests, reached the front side of the panel.
The initial microalgal concentration ranged from 2.7 to 3.7 millions of
cells per milliliter and tested irradiances reaching the panels were 10,
50, 150, 200, 350 and 1000 UE/(m?s).

Table 2.1: System data related to batch tests.

Data Symbol U.m. Value
Reactor volume V; mL 150
Depth h cm 1.2
Irradiated area A m? 125104
CO,-enriched air flow Vgas L/h 1
CO, fraction in inlet flow Xco, % 5

The inlet gas was a mixture of air and CO, in a volumetric ratio 95/5,
respectively, and the total flow rate was set to 1 L/h. This last value
was obtained by mass transfer calculations between gas bubbles and
liquid, while 5% CO, volume fraction permits high growth rate as re-
ported by (Tang et al. 2011). Reactors were placed inside an incubator
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(Frigomeccanica Andreaus) set at 23 °C, and all tests were carried out
in duplicate, at least. Table 2.1 summarizes system characteristics for
batch tests.

After batch tests, a continuous reactor test was performed. For this
purpose, a flat plat reactor similar to the one used in the batch experi-
ments (2 mm sheets thickness) with a volume of 250 mL and a depth
of 1.2 cm was used (Figure 2.2). A hole on the reactor cap allowed to
feed a solution containing micronutrients by Watson Marlow Sci-Q
400 peristaltic pump; the liquid level in the panel was controlled by
an overflow pipe and the extracted biomass was collected in a bot-
tle. The residence time (7) in such a system is univocally affected by
the peristaltic pump: slowing the speed of this device will cause an
higher T value. At the bottom of reactor a perforated rubber tube was
used to feed CO,-enriched air. The gas exited the system from the top
after bubbling through the microalgal culture. As for batch tests, this
assures a proper mass transfer between gas bubbles and liquid and
concurs to mix the medium; however, an additional mixing system
was applied, composed of magnetic bars in the liquid moved by a
magnetic stirrer. White neon lamps were placed in front of the panel
and were kept on for all the test time at an irradiance value of 150
uE/(m?s), measured by a portable spectroradiometer (Delta OHM).

—

Pump

Fresh medium

T Gas outlet

Culture T
harvest

Gas
inlet —

" =

Figure 2.2: Scheme of lab-scale continuous reactor set up in laboratory.

Finally, a continuous reactor test with recycle was carried out and
the same flat plate reactor as for the continuous test without recy-
cle was used. The difference was the number and type of inlets: a
first tube fed micronutrients and another one allowed the culture ex-
tracted from the reactor and collected in the product bottle to be fed
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back to the reactor as the recycle (Figure 2.3). Since the pump was
only one for both inlets deliveries, the recycle flow rate was half of
the flow coming out of the reactor, so that the system could be oper-
ated at the same T as for the continuous reactor without recycle was
kept, so that comparisons between the two systems can be carried

out.

This condition led to an accumulation of biomass solution in the col-
lecting bottle, which was equipped with a magnetic bar moved by a

stirrer, thus ensuring a perfect mixing.

—— Pump

Culture
)y harvest

Gas
inlet —

—\\ Fre;.h
T Gas outlet medium

Figure 2.3: Scheme of lab-scale continuous reactor with recycle set up in

laboratory.

System properties of the reactor used for both continuous experiment

with and without recycle are summarized in Table 2.2.

Table 2.2: System data related to continuous tests.

Data Symbol Um.  Value
Reactor volume V; mL 250
Depth h cm 1.2
Polycarbonate thickness s mm 2
Polycarbonate light absorption  ypc % 11
Irradiated area A m?  209-10~%
CO,-enriched air flow Vgas L/h 1
CO, amount on total flow XCO % 5




2.2 MATERIAL AND METHODS

2.2.3 Analytical methods

Microalgal concentrations was measured every day using a standard
procedure:

1. a sample of microalgal solution was taken using BD Falcon™
Express™ Pipet-Aid®;

2. the absorbance of the sample, placed in a cuvette with path
length 1 = 1 cm, was measured using Spectronic Unicam UV-
500 UV-visible spectrometer at a wavelength of 750 nm. At this
value chlorophyll does not absorb photons and light attenua-
tion can be uniquely due to scattering phenomena, i.e., to cells
concentration. As this device works in the absorbance range of
0.1 —1, the sample had to be diluted when the upper limit is
exceeded;

3. the sample was diluted to achieve the necessary resolution of
single cells in direct microscopic counting (Burker hemocytome-
ter).

1,2x10° 4
1,0x10° 4
8,0x10 - o
6,0x10" o

4,0x10"

Cells concentration, [cell/mL]

0
2,0x10 e

0.0 y' T T T T T T T T 1

T T
0 2 4 6 8 10 12 14

Optical density, [adim]

Figure 2.4: Cells concentration dependency on optical density. Regression
line equation is y = 9-10°x—1-10°, R? = 0.9239.

The absorbance, also called optical density (OD), obtained by spec-
trophotometer is directly linked to cells concentrations by Lambert-

Beer law:

A750 = €lc (2.1)
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where:

A7s0 sample absorbance at A = 750 nm, [adim]
¢ extinction coefficient, [cm? /cell]

¢ cells concentration, [cell/mL]

The results of this procedure are plotted in Figure 2.4, where the
relationship between microalgal concentration ¢, [cell/mL], and OD
at A = 750 nm is expressed by:

c=9-10°0D —1-10° (2.2)

The figure clearly shows the linearity between x- and y-values mainly
up to 50 millions of cell per milliliter; above that point the error is
larger and direct microscopic counting is necessary.

The dry weight of microalgal biomass (DW) is a more realistic rep-
resentation of the amount of microalgae per unit volume. For this
reason, another procedure was used for continuous reactor with and
without recycle, with the intention to link the optical density data
to the quantity of biomass per unit volume. It is summarized by the
following steps:

1. sampling and optical density measurement were the same as in
the previous procedure;

2. a biomass filter was weighted, after few minutes in the oven to
remove humidity, and placed in a suitable percolation device;

3. a known volume of microalgae sample was spilled on the filter:
liquid flows through while biomass is retained;

4. the filter with the biomass was placed in the oven at 8o de-
gree Celsius for 2 hours; this step permits to remove inter- and
intra-cellular water so that the dry weight can be eventually
measured;

5. the filter was weighted in an Atilon Acculab Sartorius Group
microbalance (precision: 1-10 % ).

The evaluation of microalgae dry weight was done according to:

. .. (Filter+biomass) mass - Filter mass g
Dry weight = Sampled volume L @3)

These results are so plotted as function of optical density, as Figure 2.5
depicts. The regression line which relates cells concentration ¢, [g/L],
and OD at A = 750 nm is as follows:

¢ =0.19580D —0.1534 (2.4)
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404
3,54
3,04
254 '

2,0 .

1,5 4

Cells concentration, [g/L]

1,0

0,5 ’/’,

o4+

Optical density, [adim]

Figure 2.5: Dry weight dependency on optical density. Regression line equa-
tion is y = 0.1958x—0.1534, R? = 0.9684.

The flux of photons reaching the first layer of the reactor is deter-
mined using a portable spectroradiometer for PAR wavelengths (Delta
OHM). More measurements are done along the height of each reactor
and averaged to provide the value of irradiance needed for the spe-
cific experiment. Table 2.3 summarizes these data and the averaged
value of 165 uE/(m?s) for continuous reactor test with recycle.

Table 2.3: Values of back irradiance at different measurement positions. Po-
sitions have to be intended as respective to the reactor.

Position Back irradiance [pE/(m?s)]
Bottom left 147
Bottom right 139
Middle left 163
Middle right 159
Top left 192
Top right 188
Average 165

The same measurements are collected every day on the back of reac-
tor used for continuous experiments (properties are summarized in
Table 2.2), on the layer which is not exposed to direct illumination.
These data, called back irradiances, provide a quantification of the

11
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amount of light which is absorbed by the first polycarbonate sheet,
the microalgae culture and the second polycarbonate sheet. It is clear
that an higher concentration of biomass in the reactor is characterized
by an higher turbidity effect so that irradiance measured behind the
reactor will be lower. These experimental data are collected in Fig-
ure 2.6 and the relationship between cells concentration ¢, [g/L], and
back irradiance Iy,, [LE/(m?s)], is expressed as:

¢ = —0.7531n(Ty,q) + 3.2954 (2.5)

3,5 1
3,0 S

2,54

2,0 - &

Cells concentration, [g/L]

1 . °
0,5 ° 4 N:‘..'".‘“ e
Tl e L]

v v v T v T v T v T v T v 1
0 10 20 30 40 50 60 70 80

Back irradiance, [uE/(m’s)]

Figure 2.6: Back irradiance values measured at different cells concentrations.
Dependency equation is y = -0.753In(x)+3.2954, R? = 0.9610.

2.2.4 Theoretical considerations

As for any other microorganism, microalgae life passes through four
fundamental phases in a batch reactor:

1. Lag phase:
it represents the period of physiological adaptation to changes
in the environment (nutritions or culture conditions); this could
happen for instance when cells adapted to a certain light inten-
sity are exposed to higher irradiance;

11. Exponential phase:
when cells get used to the new environmental condition, they
start to multiply at the highest rate and, as long as micronutri-
ents and light are not limiting, microalgae divide and grow as
an exponential function of time;
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111. Steady phase:
at a certain point of growth, light or micronutrients will become
limiting and this phenomenon characterizes a period of linear
growth;

1v. Death phase:
after a certain time, some micronutrients are totally consumed
and this lack leads to cells death, so that their concentration
lowers.

In batch mode, the system is described by a simple mass balance:

dex
dt

where:

=Ty (2.6)

cx biomass concentration, [g/L]

T« biomass production rate, [g/(L-d)]

The expansion of ry term is not simple if Equation 2.6 has to model
the all growth curve. However, from an engineering point of view
the interest is to obtain biomass in the highest production rate, i.e.,
at the exponential growth rate; this is possible when nutrients are
non-limiting. In this particular condition ry can be written as:

T = Key (2.7)

where K, [d™], is the specific growth rate. By solving Equation 2.6,
this constant can be written in the form:

n(cl?)) —n(c)
t, —t

K= (2.8)

where:

ciz) biomass concentration at time t;, [g/L]

c,(g) biomass concentration at time t;, [g/L]

and K can be graphically determined for the exponential phase.
Determination of these values are fundamental when a continuous
reactor has to be set up. In fact, at the beginning of each continuous
experiment, the system is run in a batch mode. Since a continuous
photobioreactor has to work at the maximum cells growth rate to
enhance biomass productivity, microalgae have to grow and dupli-
cate before the continuous mode is started. The batch period permits
reaching high cells concentration and growth rate from an initial di-
luted culture. Thus, growth curves obtained by batch tests are useful
to determine the continuous mode starting point; the latter has to be
characterized by the maximum biomass production rate, that is the
highest value of 7.

13
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2.3 RESULTS AND DISCUSSION
2.3.1 Batch tests

Several tests were carried out and Figure 2.7 shows growth curves for
each value of irradiance hitting the reactor.

1,4x10° 4

e 10 pE/(m’s) °
50 uE/(m’s)
1,2x10°- @ 150 uE/(m’s) o
® 200 uE/(m’s) %
T 1oxi0°d © 350 uE/(m’s) °
3 ® 1000 uE/(m’s) °
) *
= 8,0x10" 1 °
S e o ® %
¢ ,
£ 6,0x10” | . i ]
[&] p ~
5 ¢ o
3 4,0x10"
£ [ ]
8 ] o
2,0x10" ;
| ® °
[}
) & e o © & o
0,0 T * T T T T T T T T T T T 1
0 2 4 6 8 10 12 14
Time, [day]

Figure 2.7: Growth curves at different irradiances. Each curve was obtained
by an average of several measurements of batch cultures exposed
at the same irradiance.

As clearly visible, a cells concentration of ca. 120 millions of cells per
milliliter were reached for tests at I = 150 uE/(m?s), and this repre-
sents the highest concentration observed among all batch tests.
Evaluation of specific growth rate K follows Equation 2.8: a table con-
taining cells concentration at each cultivation day and the respective
logarithm is performed; the latter was plotted as a function of time.
Table 2.4 shows data for test at I = 150 uE/(m?s), whereas Figure 2.8
depicts how the specific growth rate was graphically determined for
all tests.

From this figure the exponential phase can be easily deduced: start-
ing from day 0, logarithm of concentration has a linear increase until
a certain day which separates exponential and stationary phases, the
latter being characterized by a plateau. K-values are so calculated as
the slope of points representing the exponential phase, and Table 2.5
summarizes these data for all performed tests.

Using data collected in Equation 2.8, specific growth rate values were
plotted with respect to irradiance, Figure 2.9.
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Table 2.4: Microalgal growth data for test at I = 150 pE/ (m?s). Data refer to
an average of several measurements of batch cultures exposed at

I = 150 uE/(m?s).

Time [d] Cells concentration In(c)
[cell/mL] [In(cell/mL)]
0 3.3-10° 15.0
1 4.2:10° 15.2
2 15.4-10° 16.5
3 47.6-10° 17.7
4 72.5-10° 18.1
5 86.0-10° 18.3
6 98.0-10° 18.4
7 111.2:10° 18.5
8 103.3-10° 18.5
9 113.0-10° 18.5
11 133.6-10° 18.7
12 126.5-10° 18.7
13 116.0-10° 18.6
st LT
o 8§ o e 2
® ([ ]
[ ]
[ ]
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150 pE/(m’s)
200 pE/(m’s)
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Figure 2.8: Logarithmic growth curves at different irradiances. Each curve
was obtained by an average of several measurements of batch
cultures exposed at the same irradiance.
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Table 2.5: Specific growth rates for tests carried out at different irradiances.
Each K-values was obtained by an average of several measure-
ments of batch cultures exposed at the same irradiance.

Irradiance Specific growth rate [d~']

10 0.102

50 0.482
150 0.863
200 0.548
350 0.493
1000 0.571

There are visibly two zones where the growth constant has a different
dependency on irradiance: until a certain value called light saturation
irradiance, the rate of microalgae growth and duplication increases
with the number of photons reaching the culture; this phase is called
photosaturation. Above this point, a plateau is commonly observed,
where physiological reactions become rate limiting, whereas higher
irradiance values produce the decline of the curve, and the system
enters the photoinibition phase.

0,9-
o,s-_
o,7-
0,6—-
0,5- °
o,4-

0,3 1

Specific growth rate, [d]

0,2

0,14®

0,0 . : . . . ' . ' . .
0 200 400 600 800 1000

Irradiance [pE/(mZS)]

Figure 2.9: Specific growth rate dependency on irradiance. Growth rate con-
stants are averaged on the entire exponential phase for each test
performed at the respective irradiance value.
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2.3.2  Continuous test without recycle

As already stated in Section 2.2.4, any continuous reactor has to oper-
ate in batch mode firstly: this allows microalgae to reach high concen-
tration and specific growth rate, so that the biomass productivity of
continuous reactor is the maximum; furthermore, Table 2.5 suggested
to use an irradiance of 150 uE/(m?s) in order to take advantage of the
highest specific growth rate.

For this system, an initial cells concentration of 3.8 millions of cells
per milliliter was inoculated in the reactor at day 0. As the culture
started to grow and duplicate, cells counting was performed every
day. Table 2.6 resumes the data collected.

Table 2.6: Microalgal growth data referring to the initial batch mode for con-
tinuous test at I = 150 uE/(m?s).

Time [d] Cells concentration In(c)
[cell/mL] [In(cell/mL)]
o 3.8-10° 15.2
1 3.7-10° 15.1
2 15.2:10° 16.5
3 24.1-10° 17.0
6 29.5-10° 17.2
7 53.9-10° 17.8

In order to determine the optimum day for the switch from batch to
continuous mode, the logarithm of cells concentration was plotted as
a function of time and the the value of K was determined as the slope
of the entire exponential phase as Figure 2.10 shows.

At day 7, microalgae concentration is 53.9 millions of cells per milliliter
and the specific growth rate is 0.603 d~': in this condition, biomass
production rate is 1« = 32.5 millions of cells per milliliter per day. So,
at day 8, the system was switched to continuous mode.

One thing to be avoided when running a biological process in a
photobioreactor is wash-out, i.e., the withdrawal of all the biomass
from the system; this phenomenon happens when one of these two
conditions occurs:

1. the outlet flow rate is higher than the inlet one;

2. the biomass extraction rate is higher than the biomass produc-
tion rate in the photobioreactor.

17
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Figure 2.10: Logarithmic growth curves referring to the initial batch mode
for continuous test at I = 150 uE/(m?s). Regression line equa-
tion is y = 0.603x+13.582.

The first condition is avoided when using an overflow system. For
the second condition, more discussion is needed. If the system can
be approximated to a CSTR, for the particular mixing conditions, the
mass balance is expressed by:

dC t . .
ch)[u = VinCin — Voutcout + Vrrx,out (29)

V; reactor volume, [L]
Vin volumetric inlet flow, [L/d]
Vout volumetric outlet flow (= Vi, = V), [L/d]
cin biomass concentration of inlet flow, [g/L]
Cout biomass concentration of outlet flow, [g/L]

Txout biomass production rate, [g/(L-d)], expressed as Kcout

At steady state condition there is no change of cells concentration in
time, so that there is a balance between the rate of biomass produced
in the reactor and the rate of biomass extracted; so, Equation 2.9 is
reduced to:

O == %_ VCOut + VrKCout
= —Veour+ Vi Keour
1

T= (2.10)
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where 7 is the residence time, defined as:

e Reactor volume B & (2.11)
~ Volumetric outlet flow  V '
Using K = 0.603 d '
1—7] =1l.66d (2.12)
T 0.603 '
and
Vi L Vi 250
T_V:>V_T_].66_]5]mL/d (2.13)

This result states that for the system under investigation, character-
ized by specific growth rate of 0.603 d ', a continuous volumetric in-
flow (and outflow) of 151 mL/d satisfies the stationary mass balance
of a CSTR: in other words, if 151 mL/d of micronutrients are fed con-
tinuously into the reactor starting from day 8, then the system should
keep a condition of steady state corresponding to the initial concen-
tration when switching to the continuous mode; system should main-
tain a concentration of ca. 50 millions of cells per milliliter after the
eighth day, as visible from Figure 2.11.
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Figure 2.11: Collected data for continuous reactor experiment. Points before
the vertical bar characterizes the batch period before the switch
to continuous mode.

On the contrary, the system tends to a different stationary concentra-
tion, which can be approximated to 30 millions of cell per milliliter.
This deviation can be explained considering that continuous mode
starts at day 8, when cells are in the late exponential phase. At this
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point, micronutrients start to be limiting and the specific growth rate
lowers. When the pump is switched on and fresh medium is fed into
the reactor at 151 mL/d, the microalgae culture extraction is started,
but because of its low growth rate constant the ratio between pro-
duced biomass and extracted biomass is lower than 1, and the overall
concentration decreases; in fact, it is necessary about one day and a
half to provide the volume of fresh medium, such that cells can re-
instate the K-value to 0.603, satisfying Equation 2.10. Steady state is
so kept at 30 millions of cells per milliliter, which correspond to 0.52
g/L using Equation 2.2 and Equation 2.4.

Table 2.7: System data related to continuous reactor test.

Data Symbol Um. Value
Micronutrients inlet flow Vi mL/d 151
Culture outlet flow Vout mL/d 151
Specific growth rate K a-! 0.603
Residence time T d 1.66
Stationary cells concentration Cout g/L 0.52
Areal biomass productivity Pq g/(m?d)  3.75

Volumetric biomass productivity Py kg/(m3d) o0.314

It is noteworthy that T = 1.66 d represents a lower limit for this sys-
tem: in fact, using a residence time lower than this value leads to
wash-out condition.

For a continuous reactor at stationary condition, the biomass produc-
tivity per unit exposed area is defined as:

. Viry . Veout

Pa A A (2.14)
whereas the biomass productivity per unit volume is:
Viry vcout
P, = — .
v v, A (2.15)

For the performed continuous test, P, = 3.75 g/(m?d) and P, =
0.314 kg/(m3d). Table 2.7 resumes system properties after the switch
to continuous mode.

2.3.3 Continuous test with recycle

A second continuous reactor test was performed with the goal to ob-
tain a stationary production of biomass and then to switch the system
from simply continuous to continuous with recycle.

Instead of starting with a low concentration of cells, passing through
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the batch phase and then switching the system to continuous mode,
a concentrated microalgae solution was directly inoculated into the
reactor which was operated in continuous mode. This initial concen-
tration was 104.8 millions of cells per milliliter, or 2.15 g/L. The irradi-
ance reaching the panel was 165 pE/(m?s) and the residence time was
maintained at the same value as for the previous test (Section 2.3.2).
Figure 2.12 depicts the trend of cells concentration as a function of
time of this experiment before switching on the recycle of biomass.

2,5

2,0 1

1,5 1

1,0 4

Cells concentration, [g/L]
°

0,5 1

0,0

T T T T T T T 1
0 5 10 15 20

Time, [day]

Figure 2.12: Collected data referring to the initial continuous mode without
recycle for continuous test with recycle.

As visible, the cells concentration reached a stationary value of 1.2
g/L. Specific growth rate at steady state condition was still 0.603 d !
because T was kept at 1.66 d, fulfilling Equation 2.10, thus leading to
a biomass productivity P, = 8.66 g/(m?d). Table 2.8 shows system in
this condition.

At day 25 the recycle was started, by feeding back the biomass from
the collecting bottle. As Section 2.2.3 underlines, only one pump was
used for both micronutrients feed and recycle, so that the recycle flow
rate could only be one half of the flow coming out the reactor: this
allowed to keep T = 1.66 so comparisons between continuous reactor
test with and without recycle could be carried out. Both micronutri-
ents inlet flow (which was more concentrated to provide the neces-
sary amount of vital conpounds) and recycle flow were 75 mL/d, so
the reactor outflow was kept at 151 mL/d. For the particular system
properties, the collecting bottle accumulated 75 mL/d of biomass so-
lution. Figure 2.13 shows collected data during the entire test.

Cells concentration achieved an higher steady state value, that is 2.2

g/L.
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Table 2.8: System data referring to the initial continuous mode without recy-
cle for continuous test with recycle.

Data Symbol U.m. Value
Micronutrients inlet flow Vin mL/d 151
Culture outlet flow Vout mL/d 151
Specific growth rate K a-! 0.603
Residence time T d 1.66
Stationary cells concentration Cout g/L 1.2
Areal biomass productivity Pa g/(m?d) 8.66

Volumetric biomass productivity P, kg/(m3d) o.725
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Figure 2.13: Collected data for continuous reactor test with recycle. Before
recycle starts (day 25), the continuous reactor is at a steady state
condition, as points before day 25 demonstrate.
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The system with recycle can be represented by the scheme drawn in
Figure 2.14.

vOr Cx,0 Vre/ Cx,r
PBR Vb

Vboz Cx,b

Figure 2.14: Scheme of the lab-scale reactor with recycle.

The equations describing the system are:

VO + vbo = vre
Vbo = RVo (2.16)

and:

dey »

dt

dCX,b . dVb (2.17)
Vp dt = VreCx,r — Vbocx,b - Cx,b?

Vf = vbocx,b - Vrecx,r + Vrrx

where:

V, micronutrients inflow at reactor, [L/d]
Vo recycle inflow at reactor, [L/d]
Vie reactor outflow, [L/d]
R recycle ratio, [adim]
V, reactor volume, [L]
Vy,  collecting bottle volume, [L]
Cx,r biomass concentration in reactor, [g/L]

Cx,b biomass concentration in collecting bottle, [g/L]

At steady state condition, biomass concentration sent back to the reac-
tor can be approximated to biomass concentration in the reactor. So,
considering the photobioreactor alone:

0= vbo%_ vre%+ ViKesr
= Vbo - Vre + VTK
_ Vre - vbo

K
v,

=0.30247" (2.18)
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Finally, productivity for a continuous reactor with recycle can be cal-
culated as:

o Viry _ Vbocx,b _Vrecx,r
A A

Pa (2.19)

or:

N Viry . Vbocx,b _vrecx,r
Vr Vr

Py (2.20)
The result are P, = 7.89 g/(m?d) and P, = 0.660 kg/(m3d).

Table 2.9 summarizes system properties for continuous test with
recycle.

Table 2.9: System data related to continuous reactor test with recycle.

Data Symbol U.m. Value
Micronutrients inlet flow Vo mL/d 75
Culture outlet flow Vre mL/d 151
Recycle inlet flow Vio mL/d 75
Recycle ratio R adim 1
Specific growth rate K a-! 0.302
Residence time T d 1.66
Stationary cells concentration Cx,r g/L 2.2
Areal biomass productivity Pa g/(m?d) 7.89

Volumetric biomass productivity P, kg/(m3d) 0.660

For this test, a comparison between the continuous reactor before and
after the recycle can be carried out. In fact, before day 25, 151 mL/d
of biomass was continuously extracted from the system at 1.2 g/L
and the productivity was 8.66 g/(m?d) or 0.725 kg/(m3d); when the
recycle is on, 75 mL/d of biomass at 2.2 g/L can be extracted from
the system at the steady state and this leads to a lower productivity
of 7.89 g/(m?d) or 0.660 kg/(m3d).

As for any other biological reactor, a partial recycle of biomass is
necessary to avoid wash-out problems and furthermore it raises the
cells concentration inside the reactor. Nevertheless, the arrangement
of this test did not show an improvement of reactor performances
when the recycle started, as values of biomass productivity clearly
demonstrate.
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2.4 CONCLUSIONS

Several experimental tests were performed. Part of them was focused
on the determination of Scenedesmus obliquus growth curves to obtain
specific growth rates at different irradiances and another part was
focused on the continuous production of biomass. From batch tests,
the microalgae cultures irradiated at 150 uE/ (m?s) demonstrated the
best results in terms of maximum cells concentration at stationary
phase and specific growth rate. A first continuous reactor test was
carried out after an initial batch mode necessary to reach an high mi-
croalgae concentration and specific growth rate inside the reactor; the
stationary cells concentration was expected higher than the obtained
one, 0.52 g/L. For this test a biomass productivity of 3.75 g/(m?d) or
0.314 kg/ (m3d) was calculated. A second continuous reactor test at
165 uE/(m?s) was set up, starting with a concentrated cells solution:
the steady state was found to be at 1.2 g/L, with a biomass productiv-
ity of 8.66 g/(m?d) or 0.725 kg/(m3d). After 25 days the recycle was
started and the residence time, defined as the ratio between the reac-
tor volume and the volumetric outflow, was kept at the same value as
previous continuous tests, 1.66 d. Cells concentration laid at 2.2 g/L
and biomass productivity was 7.89 g/ (m?d) or 0.660 kg/ (m3d).
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PHOTOBIOREACTOR MODELLING

The experimental section is useful to provide data which are the basis
for the development of a model able to represent them. The first part
of this chapter will focus on the description of Cornet model (Cornet,
Dussap, and Gros 1995), generalized by Pruvost (Pruvost ef al. 2011);
the subject will be expanded on solar radiation which will be a topic
of Chapter 5.

Three phenomena have to be modelled for simulating a photobiore-
actor:

1. the value of photosynthetic active radiation (PAR) hitting the
surface of the reactor;

2. the determination of irradiance profile along the reactor depth;

3. the growth rate as a function of light along the reactor depth.

In particular, biomass growth is a complex process, affected by mul-
tiple effects such as photosynthesis, fluid-dynamics and light attenu-
ation. In case of non-limiting nutrients conditions, light is the most
relevant factor for photosynthetic growth: microalgae culture are nor-
mally limited by radiant energy availability, which decreases along
the reactor depth because of both absorption and scattering phenom-
ena, leading to the presence of highly irradiated and dark zones, re-
spectively. For this reason, a mixing system may help cells movement
among zones of different light intensities and improve performance
of the system: this so called flashing light effect enhances the photo-
bioreactor productivity, as many authors reported (Grobbelaar, Ned-
bal, and Tichy 1996; Tichy et al. 1995).

In the following, two important items for the definition of photobiore-
actor performance are presented: the biomass productivity and the
photosynthetic efficiency.

3.1 CORNET MODEL

As already stated, light availability is the most important variable
for biomass growth. In order to simulate the behaviour of a photo-
bioreactor, a mathematical model has to be developed to represent
the correct profile of irradiance inside the reactor. An efficient mixing
does not assure homogeneity of this distribution: light radiation is
function of total radiation hitting the culture surface, optical proper-
ties of biomass and distance from the surface.

The Cornet approach to these problems is divided into four subse-
quent operations:
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e irradiance values at each point z of the reactor is determined
through an exponential law;

¢ growth rate at each point is linked to the corresponding irradi-
ance value at the same point;

¢ values of the reaction rate constant are averaged along the reac-
tor depth to provide a unique growth rate;

e the latter is used in mass balances.

3.1.1  Light distribution

It is far beyond this thesis scope to illustrate and explain all the math-
ematical concepts necessary for the formulation of the light distribu-
tion law; details are presented by Sciortino 2010. Among them, it can
be recall that the Cornet model refers to an isotropic radiative field
and the scattered part of light is considered to be parallel to the main
radiation direction. Furthermore, the method refers to artificial light
but can be expanded to consider the dynamic nature of solar radia-
tion, expressed by incident angle variations and ratio between direct
and diffuse light changing during the day.

Accordingly, the extinction profile of direct and diffused radiation
along z-dimension (depth) of the photobioreactor can be expressed

by:

Lair(z) 2 (14 o) expl—0gir(z —h)] — (1 — o) exp[dgir(z — h)]
Igir(0)  cos© (14 )2 exp[dgirh] — (1 — &) exp[—0girh]
(3.1)
Laie(z) _ , (1 + o) exp[—daie(z — )] — (1 — &) exp[dgi(z — )]
Laif(0) (1+ o0)? exp[dgih] — (1 — &) exp[—dgish]
(3-2)
XCx
dgir = @(Ea + 2bEs) (3-3)
daif = 2ocx (Ea + 2bEs) (3-4)
we | E® (3.5)
~\/ (Ea + 2bEs) 35
where
I4ir(z) direct PAR at depth z, [uE/(m?s)]
L4ir(0) direct PAR at depth 0, [LE/ (m?s)]

(z)
(0)

Igi(z) diffuse PAR at depth z, [LE/(m?s)]
(0) diffuse PAR at depth 0, [LE/(m?s)]
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0 incident radiation angle with respect to normal direc-
tion of reactor surface, [rad]

h depth of PBR, [m]

z reactor dimension along the depth, [m]
Ea absorption mass coefficient, [m? /kg]
Es scattering mass coefficient, [m? /kg]

b backscattering fraction, [adim]

Knowing the irradiance reaching the surface (I4;(0), Igi¢(0) and 0)
and the optical properties of the microalgae species (Ea, Es and b),
the irradiance values at each point along the reactor depth can be
calculated:

I(2) = Lair(2) + Lai(2) (3-6)
3.1.2  Kinetic growth: photosynthesis and maintenance

As Luo and Al-Dahhan 2003 suggested, two kinds of model exist de-
scribing the photosynthesis rate as a function of irradiance: the static
types and dynamic ones. Static models are the simplest and the most
used for photobioreactor performance determination and reactor de-
sign; they are based on empirical or semi-empirical data but they lack
generality, ignoring the dynamic nature of represented phenomena.

Dynamic models are able of representing physiology phenomena,

such as photoinibition and photolimitation; the relation between growth

rate and irradiance is in this case based on cell physiology and not
on experimental data, but on the other hand these models are more
complex than static ones.

Cornet model belongs to the first category but it is considered as one
of the most accurate to represent the system of interest (Palma 2011).

When a mass balance on a continuous photobioreactor has to be
solved (Equation 2.17), this implies determining the biomass growth
rate 1, which is actually a mean value. This average is caused by
the heterogeneous light distribution inside the culture volume, given
by absorption and scattering phenomena (Pruvost ef al. 2011). In par-
ticular, for the described laboratory system, where light undergoes
a one-dimensional attenuation, the mean growth rate consists in a
simple integration along the reactor depth:

1 h
Tx =—| Txt-dz .
X h JO x,t (3 7)
Biomass is produced at each point of the reactor according to this
global reaction rate 7y ¢; however, this value is considered as a differ-
ence of two contributions: a biomass duplication rate and a mainte-
nance respiration term, which also considers the death kinetic, thanks
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to this definition. The concept is expressed by the following equation:

Tx,t = Tx,p — Tx,m (38)

where 1, , represents the growth due to photosynthesis and 1y ., the
maintenance process.

The Cornet model provides a formulation for photosynthetic growth
as a function of irradiance at each point of the reactor depth:

rx,p(z) = meJrKI(Z)d)EaI(Z)Cx (3.9)

where:

Tx,p(z) biomass growth rate at z-depth, [kg/ (m3s)]

Pm maximum energetic yield for photon conversion,
[adim]

K half saturation constant for photosynthesis, [UE/ (m?s)]

¢ mass quantum yield for Z-scheme of photosynthesis,

[kg/uE]

The maintenance contribution has to be taken into account when
quantifying a kinetic growth, because it limits somehow the duplica-
tion rate (ry,p) diverting part of light energy from production of new
cell material to cell physiological functions. These include (Bodegom
2007):

¢ shifts in metabolic pathways;

¢ cell motility;

* changes in stored polymeric carbon;
¢ osmoregulation;

* proofreading, synthesis and turnover of enzymes and other macro-
molecular compounds;

* defence against O, stress.

These limitations are represented by a negative contribution to Equa-
tion 3.8, which can be expressed as:

Tx,m = HeCx (3-10)

where 1, is the maintenance constant, [time'].
Thus, Equation 3.8 can be written as:

K
Tx,t = HeffCx = pmmdﬂialmcx — HeCx (3.11)

= HCx — HeCx (3-.12)
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and

Heff = 1 — He (3.13)

where:

Heff  specific growth rate measured experimentally, [d=']

w  specific duplication rate (Cornet model), [d ']

Determination of . can be carried out experimentally, by extrapolat-
ing the relation between p¢ and irradiance at I = 0, with the assump-
tion that this relation is linear at low irradiance, that is:

Heff = o1 — e (3-14)

where «; is the initial slope, [m?s/(uE-d)].

3.2 MAXIMUM BIOMASS PRODUCTIVITY

Understanding the upper limit in production of biomass is a funda-
mental step to address correctly the performance of any photobiore-
actor system. The maximum productivity is calculated as maximum
biomass production per year per unit area by considering that each
photon reaching the system is converted into chemical energy and
this energy is totally used for production of new material rather than
partially diverted into maintenance processes.

As for any other physical process, the first law of thermodynamics
limits the microalgae production:

Ein,area P Estored,area (3 . 15)

where:
Ein,area power of solar radiation per unit area, [W/ m?]
Estored,area energy flux per unit area stored as biomass, [W/ m?]
so the energy stored as biomass cannot exceed the amount of the
incident sun energy. In particular, photosynthesis is responsible for
this conversion, and it can be approximated by the following reaction:

CO, +H,0 + 8 photons — CH,O0 + O, (3.16)

where CH, O is considered as 1/6 of glucose.
Maximum biomass production can be so calculated as:

NCOz,redEcarb

1
Fr (3.17)

Pmax -
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where:
Nco,red yearly CO, moles reduced to carbohydrate per unit
area, [mol/(m?y)]
Ecarp carbohydrate heat of combustion, [J/mol]

Epio biomass heat of combustion, [J/g]
Moreover, the term Nco_ req can be calculated as follows:

Equn(%PAR/100)
Epho QR

Nco, red = (3-18)

where:

Esun yearly total solar energy reaching the system per unit
area, [J/(m?y)]
%PAR PAR percentage of total solar energy, [%]
Epho average energy per mole of photons, [J/mol]

QR quantum requirement, [moles of photons/moles of re-
duced CO,]

3.2.1  Total solar energy

The term Egyy is provided by the online Photovoltaic Geographical In-
formation System (PVGIS Solar Irradiation Data, 2007). For the location
of Padua this value is calculated as 4541 MJ/(m?y).

3.2.2  Photosynthetic Active Radiation percentage

Microalgae can absorb only a portion of the total radiation coming
from the sun, and this part corresponds to wavelengths that can be
used for photosynthesis. It is represented by the solar spectrum lim-
ited by wavelength between 400 and 700 nm:

PAR energy
Full-spectrum energy

J‘7OO o Esun(}\)d}\

A = 400 nm

J‘4°°° nm Eeun ()\) E

A =onm

%PAR = x 100

(3-19)

For this calculation, the reference solar spectral irradiance at air mass
1.5 is used (Reference Solar Spectral Irradiance: Air Mass 1.5): values
of solar power per unit area are provided for all wavelengths and
the stated integrals can be carried out. %PAR is so determined to be
42.98%. Although the value is in agreement with published literature,
it is fundamental to remind that pigments absorbs best at the edges of
the range called photosynthetically active (blue and red light) rather
than in the middle (green), so that %PAR could overestimate the real
amount of available radiation for microalgae (Weyer et al. 2010).
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3.2.3 Photon energy

Planck law allows to determine the energy of any photon knowing
the respective wavelength:

hp

F—pho = 7 (3-20)

where:

h, Planck constant = 6.63~1o_34 [Js]
¢y speed of light = 2.998-10% [m/s]

A wavelength, [m]

At the edge A = 400 nm the photon energy is around 299 kJ/mol
and at A = 700 nm the value is ca. 171 kJ]/mol. Considering a mean
wavelength of A = 531 nm, Epp, = 225.3 kJ/mol can be obtained.

3.2.4 Carbohydrate energy content

This term derives from the simplification of Equation 3.16, where so-
lar energy is stored as simple CH,O. An average value is reported to
be 482.5 kJ /mol (ivi).

3.2.5 Quantum requirement

The quantum requirement term represents the moles of photons to
reduce a mole CO, to CH,O; with the assumption of perfect effi-
ciency, QR should be 3, because 3 of the least energetic photons (700
nm) have an energy slightly higher than the required 482.5 k] /mol. A
more realistic number is still subject of debate even if a quantum re-
quirement value of 8 seems to obtain more consents (Hartmut 2012).

3.2.6  Biomass energy content

Epio represents the biomass heat of combustion. Literature values for
Epio ranges from 20 to 23.75 kJ/g, depending on the percentage of
lipids (and on the type) that microalgae accumulate.

3.3 REAL BIOMASS PRODUCTIVITY

Equation 3.17 presents two unrealistic assumptions, i.e., all photons
are captured by cells and they are diverted to new material produc-
tion. For this reason the equation has to be modified by adding some
efficiencies which take into account the non-ideality of the system:

. N CO,,red Ecarb

Pr = E NfMNfuTlba (3-21)
bio
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where:

Mg photons transmission efficiency, [moles of transmitted
photons/moles of hitting photons]

Nfw  photons utilization efficiency, [moles of used photon-
s/moles of transmitted photons]

Mba biomass accumulation efficiency, [adim]

3.3.1 Photons transmission efficiency

This efficiency accounts for losses of incident light due to the geom-
etry of the system, such as reflection or absorption by the external
surfaces of the reactor, or to microalgae scattering phenomena; even
if a value of 100% is unreal, a good setting of the entire system could
rise this efficiency to 9o%.

3.3.2 Photons utilization efficiency

Microalgae living under optimal environmental conditions could ab-
sorb and use almost all the energy reaching the culture; but non-
optimal conditions (high-light levels, temperature too far from nor-
mal growth value) force cells to re-emit part of the income photons
as heat or chlorophyll fluorescence (Baker 2008).

3.3.3 Biomass accumulation efficiency

This term represents the portion of energy that is diverted to cellular
functions rather than stored as biomass; it measures cell maintenance
and for this reason its estimation depends on the species and envi-
ronmental aspects. Literature values ranges from 10-90% (Weyer et al.
2010) but generally this efficiency is included in the photobioreactor
kinetic model with the maintenance constant.

3.4 PHOTOSYNTHETIC EFFICIENCY

The photosynthetic efficiency for a microalgae system is a kind of
"real gauge" of the photobioreactor performance; in fact, it represents
the part Egioreq Of the total energy (light) income per unit time Ei,
used for production of biomass:

Estored
Y=—-

£ (3.22)

Determination of the energy stored as biomass per unit time refers to
a steady state condition, when the microalgae concentration extracted
from the photobioreactor does not change with time, and it can be car-
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ried out using either the enthalpy of formation of microalgae (AH?)
or using the lower heating value (LHV).

3.4.1 Enthalpy of formation of microalgae

This method can be applied for any reactive system and it presumes
that the specific enthalpies of compounds of the reaction are known.
The enthalpy rate of change due to the reaction AH, [J/s], is calculated

by:
AH = Estored = Z MoutHout — Z TinHin (3-23)
where:

eyt mass flow of each product, [kg/s]
i, mass flow of each reactant, [kg/s]

Hout  specific enthalpy of each product, [J/kg]
Hin  specific enthalpy of each reactant, [J/kg]

Values of specific enthalpies are expressed by the following formula:

T

H=AH? + JT cpdT (3.24)
ref

where:

AH? standard enthalpy of formation, [J/kg]]
cp specific heat, [J/(kg-K)]
Tref reference temperature, [K]

The reference temperature is usually set to 25 °C. Since the growth
temperature of microalgae is usually close to this value, the integral
term can be neglected.

For microalgae production, the reaction of biomass formation can be
approximated by:

CO, + H,0 — microalgae + O, (3.25)

In this case, microalgae are considered to be an output of the simpli-
fied reaction, thus AH® of microalgae has to be determined. O, has
zero enthalpy of formation since it is considered an elementary com-
pound, so it will be neglected in the following steps.

Equation 3.23 requires the knowledge of the amount of reactants
needed for microalgae formation; this link is provided by the elemen-
tal analysis of biomass:

MMco,
MMc
MMH, 0
MMo

mco, = wcP

my,0 = woP
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where:

wc  mass fraction of carbon in microalgae, [adim]
wo mass fraction of oxygen in microalgae, [adim]

P biomass production at steady state, [g/s]
MMco,

MMp,0 molar mass of water, [g/mol]

molar mass of carbon dioxide, [g/mol]

MMc molar mass of carbon, [g/mol]

MMop molar mass of oxygen, [g/mol]
The final equation to be solved is:

I.—:s’rorecl =P Halgae = PAH?,algae - mC02 AHSC),CO2 - n.1H20AH$‘),HZO (326)

The work of Palma 2011 reported that AH‘f)’algae can be calculated di-

rectly from the lower heating value Ey,. In particular, a specific As-
pen Plus™ flowsheet for a combustion feasibility study provided the
standard enthalpy of formation of microalgae once Ey;, was defined.
The process was run at 25 °C and 1 atm, and all the following calcu-
lations refer to 1 kg of microalgae.

A flow of biomass elemental compounds, which corresponds to the
microalgae elemental analysis reported in Table 4.1, is initially sent
to a combustion reactor and the heating value AH.omp elem, [J/Kkg], is
evaluated:

C+N+0+H—CO,+N, +H,0
A]_{(201’1'11:),(318111 = AHglprod - A]—l%e]ern (327)

where:

AH?

fprod Standard enthalpy of formation of combustion prod-

ucts, [J/kg]
standard enthalpy of formation of elemental com-
pounds, [J/kg]

AH?

f,elem

In the same way, it is possible to determine the microalgae heating
value A]_lcomb,algaer U / kg]

microalgae — CO, +N, +H,O
AHcomb,algae = AHg’),prod - Al—l(f),algae (328)

In this process, the author stated a negative value for AHcomp,algae, SO
that it corresponds to —Ey,.

Subtracting Equation 3.27 and Equation 3.28 the standard enthalpy of
formation of microalgae can be calculated:

AH?,algae = AHg,procl - AHcornb,algae (3.29)
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where AH? .= o because it refers to elemental compounds.

Moreover, Equation 3.26 can be expressed as:

. 0 . 0
Estored = PAHf,algae o mPTOdAHf/PrOd
:%— PAHcomb,algae _W
= _PAHcomb,algae
=P Epio (3:30)

So the energy stored as biomass Egoreq can be determined by the stan-
dard enthalpy of formation of microalgae or directly by the biomass
heat of combustion Ey;,.

3.4.2 Lower heating value

The following method can be used for the determination of photosyn-
thetic efficiency, because most of the time AH? of microalgae is not
available. The energy stored as biomass is expressed as:

Estored = P(WoilLHVoil + WresidueLHVresidue) =P Ebio (331)
where:

Weil mass fraction of oil in microalgae, [adim]
Wresidue Mass fraction of residue (non-oil) in microalgae, [adim]
LHV,; lower heating value of oil, [J/g]

LHV.egique lower heating value of residue, [J/g]

So, the biomass energy Ey;, is dependent on the heat of combustion
of both the oil contained in it and the cell residue, which have to be
known for the correct estimation of Egreq-

3.5 MAXIMUM PHOTOSYNTHETIC EFFICIENCY
Photosynthetic efficiency presents an upper limit which cannot be
exceeded for thermodynamic reasons; this edge is expressed as:

Eeary %PAR
EphoQR 100

Wmax = (3-32)
Using the same values for terms described in Section 3.2, a maximum
photosynthetic efficiency of 30.68% of PAR can be calculated. This
means that only 30.68% of solar photosynthetic active energy is avail-
able for conversion to biomass, or 13.19% of total solar energy.
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This chapter presents simulation results of the lab-scale reactor with
recycle using the modelling procedure described in Chapter 3. In par-
ticular, the model parameters, i.e., optical properties of Scenedesmus
obliquus (absorption coefficient Ea and backscattering coefficient bEs)
and maintenance term . are determined based on measurements of
the dynamics of the system and on the irradiance attenuation inside
the reactor, using Matlab® codes developed in this thesis. The photo-
synthetic efficiency s calculated and the energy balance is discussed
for this system. Finally, the maximum biomass production rate is in-
vestigated and a comparison between CSTR or PFR approximation
for the reactor is made in order to identify the best performances.

4.1 MODEL PARAMETERS

In Section 2.3.3 the system is modelled by two groups of equations
(Equation 2.16, Equation 2.17), under the assumption that both the
reactor and the collecting bottle can be approximated to CSTRs. It
is clear that the correct interpretation of experimental data shown in
Figure 2.13 implies a good modelling of the variable r, which is the
only unknown term. As already explained, the Cornet model, as gen-
eralized by Pruvost, needs the knowledge of some parameters specific
for each microalga, which will be determined in the following.

4.1.1  Absorption, scattering and backscattering coefficient

In order to describe accurately the light transfer inside the reactor,
optical properties of the specific microalga have to be known. In fact,
any microalgae culture can be considered as a dispersion of particles
where the light entering the liquid is partially absorbed and partially
scattered. The former phenomenon is caused by microalgae pigments,
such as chlorophyll and carotenoids, and the latter one by the fact that
cells have a countable volume.

A predictive determination of these coefficients is reported by Pot-
tier et al. 2005, according whom optical properties of any microalgae
culture can be determined once the following terms are known:

* type and amount of each pigment contained in the solution;
* microalgae dimensions distribution;

* microalgae shape.
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Furthermore, in vivo spectra of all pigments have to be available.
Once these data are available, the Lorenz-Mie theory can be used,
which is based on the complex refractive index of the particle m:

m =n =+ ik (4.1)
where:

n real part responsible for scattering, [adim]

k) imaginary part responsible for absortion, [adim]

Determination of n can be done by simple transmittance measure-
ments of the culture at an irradiance wavelength where microalgae
do not absorb, so that only scattering phenomenon occurs. The imag-
inary part kj is expressed by:

N
A T—xw
ky = ﬂpme ; Eapig.i()\)wpig.i (42)

where:

Eapigi in vivo spectral mass absorption coefficient of pigment
i, [m?%/ kgl
Wpigi mass fraction of pigment 1, [kg/kg of biomass]
Ppam density of biomass dry material, [kg/ m?3]

Xy In vivo volume fraction of water in the cell, [adim]

The latter is determined by equation:

X :]_CLLL (4.3)
¢ Np V32 Pdm

where:

N, cell number density, [1/ m?3]

V3, mean (Sauter) particle volume, [m3], taking into ac-
count the given size distribution

Starting from these relations, the calculation of the optical properties
of the microalga can be performed using Lorenz-Mie theory and as-
suming spherical particles. In particular, absorption and scattering
cross-sections Caps and Csca, [m?], are firstly quantified, and then
used as follows:

Eay = AP (4-4)
v_v,zpdm(1 - Xw)
Esa Cscan (4.5)

- v329dm(1 —Xw)



4.1 MODEL PARAMETERS

Authors advise not to simply average values referred to single wave-
lengths, but to adopt a more precise method which will not be de-
scribed here.

These parameters play a fundamental role for the correct simula-

tion of a real photobioreactor, but a databank of the entire pigments
range and their properties related to the known microalgae is still
missing and literature is lacking of data. For these reasons, the pre-
dictive method described above was not used and absorption Ea and
backscattering bEs coefficients for Scenedesmus obliquus were directly
evaluated from laboratory experimental results.
It is noteworthy that the calculated optical properties offer the high-
est precision in the particular system conditions where they have been
obtained from; in fact, the most the operative conditions change, the
less accurate optical properties will be in the prediction of the system
behaviour.

4.1.2  Maximum energetic yield for photon conversion
Following the statement reported in (Pruvost ef al. 2011), the maxi-

mum energy yield for photon dissipation in antennae can be consid-
ered as a moderately species-independent value, so that p,, = 0.8.

4.1.3  Half saturation constant for photosynthesis
This term can be determined by Figure 2.9 and it represents the value

of irradiance at which half of the maximum exponential growth rate
is reached: K was set to 75 puE/(m?s) accordingly.

4.1.4 Mass quantum yield for Z-scheme of photosynthesis

This parameter represents the amount of biomass produced per mole
of photons captured by the cells.

Table 4.1: Elemental analysis of Scenedesmus obliquus with 25% oil.

Element Mass fraction [%]

C 52.1
H 8.04
N 8.05
@) 28
p 0.35

41



42

MODELLING RESULTS

Elemental analysis of Scenedesmus obliqguus reported in Table 4.1 per-
mits to write the overall stoichiometry of the microalga:

CH1.852N0.13200.403P~0 (4.6)

Biomass weight per mole of carbon has a value of x5, = 22.15
g/molc. Equation 3.16 shows that 8 moles of photons, Mpho, are re-
quired for the formation of a mole of 1/6 of glucose, that is a mole of
carbon, ¢, so:

N XalgaTC

¢ (4.7)

Npho

The result is ¢ = 2.77-10~7 kg/uE.

4.1.5 Maintenance term

As Equation 3.11 underlines, . represents a limitation to cell du-
plication and it can be obtained by extrapolation at I = 0 of the
relation between specific growth rate measured experimentally and
irradiance; Herman and Luuc 1980 reported a value of 81073 h™!
for Scenedesmus obliquus.

4.2 OPTICAL PROPERTIES DETERMINATION

Knowledge of absorption coefficient Ea, scattering coefficient Es and
backscattering fraction b are of primary importance when trying to
simulate the behaviour of a microalgae culture in a photobioreactor.
In order to represent correctly such a system, not only the dynamics
of the reactor has to be predicted, but also the distribution of light
along the rector depth. This is due to the connection between irra-
diance and growth rate expressed by Cornet model (Equation 3.9),
typical of a light-limited system. Due to the particular setting of the
reactor with recycle it is not possible to experimentally measure the
values of irradiance at each point of the reactor depth; a good com-
promise is to use back irradiances which represent irradiance values
after the back sheet of the reactor and can be linked to the internal
cells concentrations (Figure 2.6).

It is noteworthy that Cornet model always considers the term bEs, i.e.
the product between backscattering fraction and scattering coefficient,
that is the only part of light back scattered to the direction of the ir-
radiance source. This comes from the assumption that the scattered
part of light is parallel to the main radiation direction.

At this point, irradiance reaching the front side of the reactor is known
and an exponential attenuation law given by Cornet model can sim-
ulate the distribution of light along the reactor depth. In particular,
back irradiances can be calculated and compared to the experimental
values. A Matlab® code called optimi.m optimizes values of Ea and
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bEs (the latter considered as a unique parameter to be determined)
to minimize the error between calculated back irradiances and exper-
imental ones.

Inputs for this code are:

These terms are considered the arguments of fminsearch function which

irradiance reaching the reactor I = 165 uE/(m?s);
depth of the reactor h = 0.012 m;

values of experimental back irradiances and corresponding cells
concentrations;

initial estimation of the two parameters Ea and bEs.

is divided into the following steps:

1.

a for loop determines the light attenuation along the reactor
depth using the provided inputs, that is, for the initial estima-
tion of Ea and bEs, an evaluation of back irradiances at differ-
ent cells concentrations is performed using the Cornet model
(Equation 3.1);

. the obtained vector containing the calculated back irradiances

at the corresponding cells concentrations Ipack cale, [HE/ (m?s)],
is compared to the vector containing the experimental values
Ipackexps [HE/ (m?s)], as shown in Figure 2.6; the error is define
as:

Ipack cale — Iback
e[ = norm ack,calc ack,exp (48)
Iback,exp

. if norm ¢; < 1-10~%, then the function prints the optimized

parameters; if this condition is not fulfilled, Ea and bEs are
automatically changed until the error value is lower than the
tolerance.

Table 4.2: Optical properties of two microalgae

Microalga Ea ZES b bZES
[m°/kg] [m°/kg] [adim] [m</kg]

Arthrospira platensis * 162 636 0.03 19.08

Neochloris oleoabundans b 360 2380 0.003 7.14

2 (Pruvost et al. 2010)

b(Pruvost et al. 2011)
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The initial estimation of the two parameters can be decided consider-
ing optical properties of other microalgae, as reported in Table 4.2.
The regression code provides the following results:

Ea = 14m?/kg (4-9)
bEs = 342 mz/kg (4.10)

and the correlation is shown in Figure 4.1.

Cells concentration, [g/L]

80

Back irradiance, [j.LE/(mZS)]

Figure 4.1: Back irradiance values at different cells concentrations using
Ea = 14 m?/kg and bEs = 342 m?/kg. Blue circles represent
back irradiances measured experimentally and the green line rep-
resents the model correlation of back irradiances.

In order to validate these results, another code is performed, massbal-
ance.m, where the lab-scale reactor system with recycle is simulated.
For this purpose, code inputs are represented by:

e irradiance reaching the reactor I = 165 uE/(m?s);
e reactor volume V, = 0.25 L;

* depth of the reactor h = 0.012 m;

dVv
¢ accumulation of volume in the collecting bottle d—tb = 0.075
L/d;

e micronutrients inflow at the reactor Vo = 0.075 L/d;
* recycle inflow at the reactor V4, = 0.075 L/d;

e reactor outflow Ve = 0.151 L/d;
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e at t = o (switch on of the recycle): values of cells concentration
in the reactor c« = 0.95 g/L and in the collecting bottle c« 1, =
0.95 g/L, and collecting bottle volume V, = 1-10~° L. Values for
cells concentrations are provided by Figure 2.13, whereas V3, is
set to a non-zero low value to avoid numerical problems;

* values of pm, K, ¢, pe as reported in the previous section, and
values of Ea and bEs determined by optimz.m.

The code massbalance.m solves the ordinary differential equations de-
scribed in Section 2.3.3 from day 0, when the recycle starts, until day
60. In particular, the term 7, is implemented following Equation 3.7.
Figure 4.2 shows this simulation.

2.5 T T T T T

15F -

Cells concentration, [g/L]

0 10 20 30 40 50 60
Time, [day]

Figure 4.2: Dynamics of the reactor test with recycle using Ea = 14 m?/kg
and bEs = 342 m? /kg. Green circles represent experimental data
and the blue line represents the model correlation.

It is clear that the optical properties determined by optim1.m can not
describe correctly the dynamics of the system: cells concentration
goes rapidly to zero whereas it should reach 2.2 g/L at the steady
state condition. Furthermore, the comparison between calculated Ea
and bEs for Scenedesmus obliquus and values reported in Table 4.2 for
the other two microorganisms indicates the huge difference between
values of absorption and backscattering coefficients for other microal-
gae.

Therefore, the reactor dynamics is used, in order to determine the op-
tical properties suitable for a correct simulation of the system. In fact,
from Equation 3.11 the growth rate presents a dependency on the ir-
radiance at each reactor point and on the absorption coefficient; the
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latter has a relevant effect on 7y ¢ and more generally on the correct
representation of the reactor behaviour by mass balances described
in Section 2.3.3. Another Matlab® code, overall.m, was so developed
to this scope. It is divided into three steps:

1. value of bEs is estimated and absorption coefficient is changed
by a first fminsearch function which simulates dynamics of the
reactor with recycle; in particular, e, is minimized:

Cx,calc — Cx,exp
€ =norm| ——— (4.11)

Cx,exp
where:

Cxcale Vector of calculated cells concentrations from the begin-
ning of the reactor experiment with recycle (day 0) and
the achievement of the steady state condition, [g/L]

Cxexp vector of experimental cells concentrations from the be-
ginning of the reactor experiment with recycle (day
0) and the achievement of the steady state condition,
[g/L], as shown in Figure 2.13

2. this so determined Ea is fixed and a second fminsearch function
minimizes ¢1 changing bEs;

3. the absolute difference between bEs obtained by point 2., bEshypo,
and bEs assumed in point 1., bEs,, is calculated:

€fin = |bE5hypo — bEscalcl (4-12)

These three points are repeated changing at every loop the initial es-
timation of bEs, for an established number of times. bEspyp, is so
changed from 1 m?/kg to 50 m?/kg and Table 4.3 reports results of
the simulation for Scenedesmus obliquus.

It is clear that bEs = 40 provides the lowest difference between the
assumed and calculated term: using this value as a first estimation at
point 1., a certain absorption coefficient is determined after minimiza-
tion of ¢¢; the value of Ea is then fixed and bEs is calculated in order
to minimize ¢1; the obtained bEs, is s0 0.56 m?2/ kg higher or lower
than bEspypo, that is a neglectable difference.

The code overall.m provides the following final results:

Ea = 114m?/kg (4.13)

bEs =40m? /kg (4.14)

Figure 4.3 and Figure 4.4 graphically demonstrate model correlation
of experimental data.

Values of absorption and backscattering coefficients provided by over-
all.m are considered the correct parameters for the system simulation.
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Table 4.3: Values of bEsyyp, and respective eqy, for Scenedesmus obliquus ob-
tained by overall.m code.

bEShypo; [mz/kg] Efins [mz/kg]

1 71.42
10 54.67
20 36.66
30 18.15
36 6.96
37 5-09
38 3.21
39 1.33
40 0.56
41 2.44
42 4-34
43 6.23
44 8.12
50 19.75

2.6 T T T T T

2.4 a

Cells concentration, [g/L]

10 20 30 40 50 60
Time, [day]

Figure 4.3: Dynamics of reactor test with recycle using Ea = 114 m? /kg and
bEs = 40 m?/kg. Green circles represent cells concentrations in
the reactor measured experimentally and the blue line represents
the model correlation of cells concentrations.

47



48

MODELLING RESULTS

3.5
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Cells concentration, [g/L]

0 10 20 30 40 50 60 70 80
Back irradiance, [uE/(mzs)]

Figure 4.4: Back irradiances at different cells concentrations using Ea = 114
m? /kg and bEs = 40 m? /kg. Blue circles represent experimental
data and the green line represents the model correlation.

The comparison between Figure 4.1 and Figure 4.4 underlines the
lower correlation accuracy obtained by this code in the interpretation
of back irradiances; nevertheless, the correlation of the reactor dynam-
ics is surely improved and the model predicts a concentration of ca.
2.05 g/L at the steady state condition.

4.2.1  Maintenance term validation

The value of the maintenance constant affects appreciably the growth
rate of any microalgal culture, limiting the duplication process. In
the described simulation of the reactor with recycle described above
it has a value of pe =810 3 h™ ', as reported in Section 4.1.5.

A test to validate this value can be performed: in fact the system is
characterized by a cells concentration of 2.2 g/L at the steady state
condition; if the recycle is instantaneously set to zero and the volu-
metric flow rate values are according to Table 2.7, the system has to
reach a lower stationary cells concentration. In particular, this con-
centration should be the one of the continuous experiment without
recycle, as represented in Figure 2.13 (steady cells concentration of 1.2
g/L before the switch to recycle mode). For this reason, the code mass-
balance.m was modified in order to simulate the instantaneous change
from continuous mode with recycle to continuous mode without re-
cycle; inputs for this code are the following:
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e irradiance reaching the reactor I = 165 uE/(m?s);

* reactor volume V, = o0.25 L;

* depth of the reactor h = 0.012 m;

e micronutrients inflow at the reactor Vo = 0.151 L/d;
e reactor outflow V,e = 0.151 L/d;

e at t = o: values of cells concentration in the reactor cy, = 2.2
g/L and in the collecting bottle ¢, = 2.2 g/L, and collecting
bottle volume Vi, = 1-10 ° L;

* values of pm, K, ¢, pe as reported in the previous section, and
values of Ea and bEs determined by overall.m, Equation 4.13
and Equation 4.14.

Figure 4.5 displays the results: at day 0, the recycle ratio is set to zero,
151 mL/d of micronutrients are fed to the reactor and 151 mL/d of
biomass solution are extracted from it; steady state cells concentra-
tion calculated by the model is ca. 0.95 g/L whereas its experimental
value is 1.2 g/L.

Cells concentration, [g/L]

0.8 1 1 1 1
0 5 10 15 20 25 30 35 40

Time, [day]

Figure 4.5: Dynamics of lab-scale reactor with recycle when the recycle is
set to zero (day 0) using Ea = 114 m?/kg and bEs = 40 m? /kg.
Green circles represent the experimental stationary cells concen-
trations and the blue line represents the model correlation.

Both the simulations of the reactor with recycle and reactor without
recycle underestimate the experimental values of cells concentrations
at the steady state condition: for the first case, the model predicts a
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value of 2.05 g/L against 2.2 g/L; for the second case, a value of 0.9
g/L is calculated instead of 1.2 g/L. As the absorption and backscat-
tering coefficients are already optimized to represent also back irra-
diances, the term . can be slightly changed to enhance the model
accuracy. Table 4.4 resumes the calculated cells concentrations at the
steady state condition for the continuous reactor with recycle and
without recycle.

Table 4.4: Calculated cells concentrations at stationary condition using dif-
ferent maintenance constant. ¢y and cyj represent the calculated
concentration for the reactor with recycle and without recycle, re-

spectively.
e, [N cr, [g/L] e, [g/L]
8103 2.05 0.91
75103 2.11 0.95
7.103 2.18 0.99
6.5-103 2.24 1.03
6-103 2.31 1.06
2.6 . . , x .
241 1

Cells concentration, [g/L]

0 10 20 30 40 50 60
Time, [day]

Figure 4.6: Dynamics of reactor test with recycle using Ea = 114 m?/kg,
bEs = 40 m? /kg and e = 6.5-10~> h~!. Green circles represent
cells concentrations in the reactor measured experimentally and
blue line represents model correlation of cells concentrations.



4.2 OPTICAL PROPERTIES DETERMINATION

2.4 T T T T T

Cells concentration, [g/L]
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Time, [day]

Figure 4.7: Dynamics of lab-scale reactor with recycle when the recycle is
set to zero (day 0) using Ea = 114 m?/kg, bEs = 40 m? /kg and
lte = 6.5-1073 h™'. Green circles represent the experimental sta-
tionary cells concentrations and blue line represents the model
correlation.

A decrease of the maintenance term means that the part of income
light energy converted to new biomass increases and this is demon-
strated by the increase of the calculated cells concentration at steady
state.

A value of y, = 6.5-1072 h™! allows a good representation of both
systems (with and without recycle), as Figure 4.6 and Figure 4.7 show.
Table 4.5 summarizes the values of parameters used in the Cornet
model for the simulations of the lab-scale reactor tests.

Table 4.5: Values of parameter used in the Cornet model.

Parameter U.m. Value
Pm adim 0.8

K ME/(m?s) 75

¢ kg/uE 2771077
Ea m?/kg 114
bEs m?/kg 40

Le h™! 6.5-103
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4.3 PHOTOSYNTHETIC EFFICIENCY

The performance of the reactor test with recycle can be expressed in
terms of photosynthetic efficiency, that is the amount of inlet energy
which is stored as biomass. As clarified in Section 3.5, this term can-
not be higher than 30.68% of PAR, because of thermodynamic limits.
Photosynthetic efficiency is calculated at the steady state condition,
i.e., assuming a production of biomass P given by:

P=V,r, = vrecx,r - vbocx,b (415)

At steady state condition, cxp = cx,r = 2.2 g/L, Ve = 151 mL/d and
Vpo = 75 mL/d, so P = 0.16 g/d. In order to solve Equation 3.26,
enthalpy of formation of Scenedesmus obliquus has to be known. As
reported in Section 3.4.1, a predictive determination of this term can
be done once the elemental analysis and the fraction of oil are known;
for a 25% oil content, AH?ralgae = -10712.89 k] /kg. Accordingly, Eqiored
can be calculated: Egoreq = 3.3-10°2 W.

Fluorescent lamps are characterized by a visible emission spectrum
and for this reason the assumption of Ep, = 225.3 kJ/mol, which
corresponds to A = 531 nm, can be used. This assumption is the base
for the calculation of power of radiation hitting the reactor, Ein, which
can be expressed as:

Ein = IlayerEphoA (416)
where:

Layer PAR reaching the first layer of microalgae, that is
after the first sheet of polycarbonate, = I(1 — ypc),
[LE/(m?s)]. Value of ypc is reported in Table 2.2.

It results Ei, = 69.1-1072 W.

Solving Equation 3.22, photosynthetic efficiency for the lab-scale test
has a value of 4.78% of PAR, which corresponds to 2.05% of total
incident solar energy.

4.4 ENERGY BALANCE

The dynamic energy balance for a photobioreactor approximated to
a CSTR is expressed by the following equation:

dE . .
dcht = Ein,tot - I:—out,tot (417)

where:

Eintot €nergy entering the reactor, [W]

Eouttot energy exiting the reactor, [W]
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In particular:

F—in,tot = Ein + Hnut,in + Hnut,re + Hrec,in (4.18)
Eouttot = Eout + Hbio,out + Emain + Hnutout + Ec + Ex (4.19)
where:
Ein power of incident radiation, [W]
Hautin enthalpy of micronutrients entering the reactor, [W]
Hputre enthalpy of micronutrients entering the reactor
through the recycle, [W]
Hrecin enthalpy of biomass entering the reactor through the
recycle, [W]
Eout power of radiation lost to the environment, [W]
Hbio,out enthalpy of biomass exiting the reactor, [W]
Emain energy required for maintenance process, [W]
Hnut,out enthalpy of micronutrients exiting the reactor, [W]
E. convective heat transfer between the system and the
external environment, [W]
Ex conductive heat transfer between the system and the

Expanding Equation 4.17, in a stationary condition the system is mod-

external environment, [W]

elled as follows:

Ein + Hnut,in + Hrec,in + Hrec,in = Emain + Eout + Hbio,out + Hnut,out + J:/c + I‘_:k

(4.20)

where E. is neglected. In fact, it can be neglected because there is not
an appreciable movement of the liquid inside the reactor with respect
to the internal polycarbonate layer. Energy losses are so represented
by conductive heat transfer contribution only.

The previous expression can be further expanded:

I.':in +M+ T.nrec,inHalgae —"_M =
Emain + Eout + mbio,outHalgae + MautortHnut + Ey (4.21)

where:

mnut,in

Thnut,re

n'Tnut,out
Hnut
Ti'Lrec,in
Halgae

n'ALbio,out

micronutrients mass inflow entering the reactor, [g/s]
micronutrients mass inflow entering through the recy-
cle, [g/s]

micronutrients mass outflow exiting the reactor, [g/s]
micronutrients inlet enthalpy, [J/g]

biomass inflow through the recycle, [g/s]

recycle inlet enthalpy, [J/g]

biomass outflow, [g/s]

53



54

MODELLING RESULTS

The vital compounds are provided in excess to the culture and the
difference between the enthalpy of micronutrients entering the reac-
tor and exiting it is neglected with respect to the other terms.

It can be noted that:

mbio,outHalgae - Tilrec,inHalgae =P Halgae = l.:—stored (4-22)
and the last identity derives from Equation 3.26.
Finally:

Ein = Estored + l‘:—main + I'_:out + Ek (423)

Value of Egreq at steady state condition is provided in the previous
section, the other terms will be quantified in the following.

4.4.1 Radiation hitting the reactor

The term Ej, is calculated in Section 4.3 where it is defined as the
radiation reaching the first layer of microalgae, that is after the first
sheet of polycarbonate. Here, energy balance boundaries are set out-
side the sheets of polycarbonate and the equation which defines Ej,
becomes:

l.:—in = IEphoA (424)
so the polycarbonate light absorption is not considered. The result is
Ein = 77.7:1072 W.

4.4.2 Maintenance energy

Quantification of this term is not simple, mostly because of the vari-
ety of processes that have to be taken into account. A more general
consideration on this kind of energy per unit time can be performed
using Equation 3.8. In fact, the duplication process 1y p is limited by
Tx,m Which represents the amount of biomass per unit time that main-
tenance diverts from production; this mass per unit time is a loss of
energy, which is used for various cellular functions. For this reason,
maintenance energy is quantified as a potential Eg,req Which would
be entirely used for new cells formation if no maintenance processes
were required.

At stationary condition, cells concentration in the reactor is 2.2 g/L
and 1y, m = 0.343 g/(L-d), which corresponds to 0.09 g/d of biomass
diverted from duplication, for a 250 mL volume reactor. Comparison
between this value and 0.16 g/d representing the stationary produc-
tion of biomass obtained in Section 4.3 denotes the relevance of v m
on the overall growth process.

The energy per unit time related to 0.09 g/d of biomass is calculated
according to Equation 3.26 (with AH?{alga) and it represents the en-
ergy absorbed by cells in the reactor but is not used for duplication,
i.e., Emain. A value of Epain = 1.8-102 W is obtained.
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4.4.3 Radiation exiting the reactor

This term can be easily determined using Equation 2.5: at 2.2 g/L the
irradiance measured on the back of the reactor is 4.89 uE/(m?s). This
value is inserted in Equation 4.24, obtaining Eout = 23102 W.

4.4.4 Energy losses

This term is represented by the conductive heat transfer £y only. In
fact, at the stationary condition, the temperature inside the photo-
bioreactor is higher than the external one, leading to a heat loss quan-
tified as:

l.:—k = utAt(Tin - Tout) (425)
1 1 1 1

R + + .26
ut uair uPC umed (4 )

where:

U; overall heat transfer coefficient of the system,
[W/(m?°C)]

At reactor surface in contact with the external environ-
ment, [m?]

Tin temperature of the medium, [°C]
Tout temperature of the external environment, [°C]
U, air free convection, [W/(m?°C)]
Upc conductance of the polycarbonate, [W/(m?2°C)]

Upyeqg medium free convection, [W/(m?°C)]

A value of Uy, = 15 W/(m?°C) is assumed for the air free convection
outside the reactor, whereas U,.q =~ oo because of the low thermal re-
sistivity of water compared to air and polycarbonate. Conductance
for a 2 mm polycarbonate sheet is given by PALSUN® datasheet
Upned = 5.6 W/(m?°C). Thermal energy exits the system mainly through
two surfaces: the one facing the light source and the one facing the
opposite direction; each surface has an area of 209-10 4 m?2, so Ay =
418-10~% m?. Temperature measurements were performed using Tc
Direct K R5 thermocouple and Ti, = 29 °C, Tout = 25.5 °C were deter-
mined.

The energy losses contribution to the overall balance is so calculated
Ex =59.710 2 W.

Table 4.6 reports the obtained values of energy terms.

It is noteworthy that the energy balance is validated, since the sum
of the terms on the right side of Equation 4.23 is consistent with the
term on the left side. In particular:

* most of the inlet energy is converted into heat, represented by
a AT between inside and outside the reactor;
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¢ the energy required for maintenance process has a relevant value
with respect to the energy stored as biomass; this states that the
energy absorbed by the microalga is the sum of these two ener-
gies, but only a part is diverted to the formation of new cells.

However, this result is affected by a certain number of approxima-
tions:

e U, is considered 15 W/ (m?°C) which represents a mean value
of the air free convection range 5-25 W/ (m?°C);

e this so calculated Ey takes into account the two main reactor
surfaces; energy is also lost through the side reactor areas, and
through contact surface between medium and air on the top of
the reactor;

* temperature measurements have an high accuracy error and it
lacks of reliability.

Table 4.6: Energy contributions for the reactor test with recycle at the steady
state condition.

Term  Value, [W]

Ein 77.7-10" %
Egored ~ 3-310 2
Enain 1.8-10 2
Eout 2.3-102
Ex 59.7-10 2

4.5 MAXIMUM BIOMASS PRODUCTION RATE

The continuous tests were operated using T = 1.66 d; this value was
estimated by a tentative value of the specific growth rate K = 0.603
d~! which is linked to the residence time by Equation 2.10 at steady
state condition. The scope now is to determine the t-value which
ensures the maximum biomass production rate for the continuous re-
actor with recycle. At the beginning, the continuous reactor without
recycle (CSTR and PFR) is considered, then the system is simulated
as a PFR to understand the influence of the recycle on the maximum
biomass production rate.

The maximum biomass production rate can be investigated consid-
ering the biomass production rate r, as a function of cells concentra-
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tion coyut; the highest value of r, and the corresponding coyt are used
in the equation of a CSTR at the steady state condition:

0 :%_ vcout + Virx
= *vcout + Viry
- Cout

T= (4-27)

Tx

The residence time ensuring the maximum biomass production rate
can so be calculated. The lab-scale continuous reactor reached a sta-
tionary cells concentration of 1.2 g/L and a biomass productivity of
8.66 g/ (m?d) with a residence time of 1.66 d.

A Matlab® code developed for this scope, called rx_conc.m, provides
the value of ry at different coyt. Inputs for this code are:

e irradiance reaching the reactor I = 165 uE/(m?s);
 depth of the reactor h = 0.012 m;
* values of pim, K, ¢, Ea, bEs and . as reported in Table 4.5.

In particular, the biomass production rate is determined using Equa-
tion 3.7 for a cells concentration ranging from o.0o1 g/L to 3 g/L.
Figure 4.8 shows results for this simulation.

0.03

0.025

0.02

0.015

0.01

Biomass production rate, [g/(L*h)]

0.005

0 1 1

0 0.5 1 1.5 2 2.5 3
Cells concentration, [g/L]

Figure 4.8: Biomass production rate as a function of cells concentration.

The code provides a biomass production rate of 0.0275 g/(L-h) for a
stationary cells concentration of 1.2 g/L. As a consequence, the pre-
dicted biomass productivity is 7.89 g/(m?d) instead of 8.66 g/(m?d).
This difference is consistent with the reactor modelling reported in
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Section 4.2.1 which calculates a stationary cells concentration of 1.03
g/L instead of 1.2 g/L.
According to Figure 4.8, the maximum value for r, is 0.0294 g/(L-h)
and the corresponding cout is 1.75 g/L. If these results are used in
Equation 4.27 T = 2.48 d is obtained. In particular, for a 250 mL vol-
ume reactor:

T—\\/;:>\'/—Y;—22.i(;—101ml_/d (4.28)
So, running the photobioreactor with a micronutrients inflow of 101
mL/d and a microalgae solution outflow of 101 mL/d, would ensure
the maximum biomass production rate for the lab-scale continuous
reactor test. A corresponding maximum biomass productivity of 8.44
g/(m?d) is calculated. Table 4.7 resumes the obtained data.

Table 4.7: Simulated continuous reactor test performance. Biomass produc-
tion rate and biomass productivity labels refer to the predicted
stationary cells concentration of 1.03 g/L.

Data U.m. Value
Biomass production rate g/(L-h) o0.0275
Biomass productivity g/(m?d) 7.89
Maximum biomass production rate g/(L-h) 0.0294
Maximum biomass productivity g/(m?d) 8.4

4.5.1 Light attenuation

It is interesting to investigate the light distribution along the reactor
depth for the case of maximum biomass production rate.

In fact, this condition is characterized by the maximum duplication
rate, a term which is directly affected by the light availability at each
reactor point.

For this purpose, the code rx_conc.m was modified in order to print
the light distribution inside the reactor for a given value of cells con-
centration. The trend of light intensity along the reactor depth is al-
ways calculated for the determination of r. Figure 4.9 represents the
light attenuation along the reactor depth at cout = 1.75 g/L (solid
line), that is at the cells concentration corresponding to the maximum
biomass production rate, at coyt = 1.61 g/L (dashed line) and cout =
1.88 g/L (dotted line). When coyt is lower than 1.75 g/L, the avail-
ability of light in the reactor is higher but a lower cells concentration
negatively affects the achievable ry; on the other hand, an higher cells
concentration could increase r, but the light availability decreases as
effect of more considerable scattering phenomena.
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Figure 4.9: Light attenuation along the reactor depth. Solid line refers to
Cout = 1.75 /L, dashed line refers to cout = 1.61 g/L and dotted
line refers to cout = 1.88 g/L.

4.5.2 CSTR vs. PFR

In the previous section, the lab-scale continuous reactor has been con-
sidered a CSTR because of its particular mixing condition, and using
this approximation, the maximum biomass production rate has been
evaluated. The reactor is now approximated to a PFR and the mi-
cronutrients inlet flow is set to 101 mL/d, so that different recycle
ratios can be tested. This condition fixes the residence time of the
overall system to 2.48 d, but the T-value of the photobioreactor, T,
changes with the recycle ratio. In fact, now the system is modelled by
the following equations (referring to Figure 2.14):

vO + vbo = vre
vbo = R\-/O
. dV, .
Vre = Ttb + Vbo
d Vo + Vio d (429)
Cx Vot Vpodcx
a A, dz ™
dc . . dVv,
Vb d:b = Vrecx,r - vbocx,b —Cx,b Ttb
where

A, cross-section area, [m?]
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and T, is expressed as:

= Ve (430)
Vo(1+R)

The hypothetical flow Vi, = Vj + Vp, enters the reactor from the bot-
tom and exits from the top; the cross section area for this reactor is
A, = m?2.
The equations describing the system can be solved at different recycle
ratio and corresponding stationary cells concentration can be evalu-
ated. These calculations have been carried out by the modified code
massbalance.m where the equation describing the CSTR is substituted

by the one describing the PFR. Table 4.8 reports results of calculation.

Table 4.8: Stationary cells concentrations and reactor residence time at dif-
ferent recycle ratios for the case T =2.48 d.

Recycle ratio  Cells concentration 7

[adim] [9/L] [d]
0.1 0 2.25
0.2 0.51 2.06
0.3 0.99 1.90
0.5 1.35 1.65

1 1.60 1.24
2 1.71 0.83
3 1.73 0.62

A plug flow reactor tends to a CSTR when the recycle ratio increases:
at the borderline case, a PFR with an infinite R corresponds to a
CSTR. The results demonstrate that the system presents the best per-
formance if the reactor is considered a CSTR. In fact, a decrease of
the recycle ratio leads to a decrease of the stationary cells concentra-
tion which is a measure of the biomass production rate, as the outlet
flow rate is kept constant in all simulations. The wash-out problem
occurs at R < 0.1, when the biomass production rate gets lower than
the biomass extraction rate, and the biomass in the photobioreactor
is totally withdrawn.

It is also noteworthy that a recycle ratio of 3 is enough to approximate
the CSTR conditions.

4.6 WATER ABSORPTION

In Section 4.4 the energy balance for the lab-scale reactor with recycle
is discussed. In particular, Table 4.6 underlines that most of the en-
ergy entering the reactor is converted into heat and this phenomenon
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is represented by a AT between inside and outside the reactor. In or-
der to understand the reason of the rise in the culture temperature,
it is useful to evaluate the absorption of water in the light visible
spectrum, that is the emission spectrum of the fluorescent lamp. Fig-
ure 4.10 shows the spectral power distribution of a Philips fluorescent
lamp, characterized by the same irradiance properties of the OSRAM
lamps used in laboratory.
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Figure 4.10: Spectral power distribution of a Philips fluorescent lamp, char-
acterized by a luminous flux Ly, = 1350 Im.

At each wavelength, the emitted power can be calculated, knowing
that the luminous flux is L, = 1350 Im for this lamp; the sum of all
contributions is the lamp total power: W, = 18.5 W.

A power corresponding to W - ypc is absorbed by the polycarbonate,
so the power reaching the first layer of microalgae is W, - (1 —ypc) =
W, = 16.5 W. This calculation is done at each wavelength. At this
point, the ratio between the transmitted light and the incident light is
given by the following expression:

w _
WO — e Ha(A)L (4.31)

where:

W transmitted light, [W]
W, incident light, [W]
la(A) absorption coefficient, [m~—']

L reactor path length, [m]

So, the absorption coefficient for water at each wavelength has to be
known. Pope and Fry 1997 reported these values for pure water.

The transmitted light after a path length 1 = 0.012 m can be computed
at each A and the sum of all contributions provides the total transmit-
ted light intensity. The result is W = 15.7 W.

It is clear that the water can be considered transparent in the light
visible spectrum, so the increase in internal temperature has to be a
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consequence of the part of light absorbed by the polycarbonate. In
fact, 2 mm thick polycarbonate sheet absorbs ypc = 11% of the inci-
dent light in the visible spectrum and this leads to an heating effect
of this material which can transfer thermal energy to the culture, thus
raising its temperature.

Different results are obtained when the energy source is the sun-
light. In fact, as Figure 4.11 underlines, the spectrum of the solar ra-
diation is represented by visible and infrared light, the latter ranging
from A = 700 nm to A = 1 mm.

1,8 1
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1,2—-

1,0 4

0,8

Q2; é WNNMVWW“\\\
0,0 T T T T T T T T T T Ml

T .
250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength, [nm]

Spectral power distribution, [W/mz]

Figure 4.11: Spectral power distribution of the reference solar radiation at
air mass 1.5 (PVGIS Solar Irradiation Data, 2007).

The reference solar spectral irradiance at air mass 1.5 (PVGIS Solar
Irradiation Data, 2007) is so used to determine the percentage of in-
frared radiation on the overall energy and the result is %IR = 48.01%.
Figure 4.12 shows 4 (A), [cm], for water at wavelength ranging from
less than 100 nm to almost 1 mm. It is appreciable that the water has
an absorption coefficient of 0.01 cm ™! at the end of the visible portion
of spectrum, whereas it assumes values about 10000 times higher at
A = 2500 nm. This high absorption of the infrared portion of sunlight
causes a heating effect of the water and its temperature could reach
values unsustainable for the microalgae growth.
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Figure 4.12: Absorption spectrum of liquid water (Water structure and sci-
ence).






PILOT PLANT

This chapter will focus on the simulation and design of a pilot plant
for microalgae production using the modelling criteria described in
Chapter 3 with the parameters values obtained in Chapter 4. A pos-
sible plant arrangement is firstly examined. An investigation on the
maximum biomass production rate is carried out for the case of con-
tinuous artificial radiation; the photosynthetic efficiency is calculated
and the energy balance is discussed in order to verify whether the
presence of a temperature control is necessary. The performance of
the photobioreactor is then simulated modelling day/night sunlight
cycles for the location of Padua. The photosynthetic efficiency and
the energy balance are determined, accordingly.

5.1 PILOT PLANT ARRANGEMENT

The photobioreactor proposed for the pilot plant installation is a hor-
izontal flat-plate type with an exposed area of 15 m2. The microal-
gae culture depth is a design parameter and it is investigated in Sec-
tion 5.3. The channel width and length are 0.75 m and 20 m, respec-
tively, and it is characterized by a "U" curve after 10 m, so that inflow
and outflow are placed on the same reactor side, as Figure 5.1 shows.

Inflow = T
7 . \‘, 1.5 m
|

Outflow lom
Inﬂowl l10.5m

Outlow | 1 [ 1 TLL T IT1

Figure 5.1: Photobioreactor layout. Dashed arrows indicate the flow direc-
tion along the channel.

The bottom of the reactor and the channel partition wall are made of
stainless steel, whereas the material of the other reactor walls (1 cm
thick) is polycarbonate.

The gas, that is CO,-enriched air, is ensured by three parallel sparger
lines placed on the bottom of the reactor and it exits through a chim-
ney close to the microalgae outflow. These spargers provide also an
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appropriate culture mixing and prevents microalgae from settling.
The most critical points for a good mixing are the two reactor an-
gles at the "U" curve: for this reason, two bent stainless steel foils are
placed on these points.

Three coils are placed over the three parallel spargers: heating or cool-
ing water can be pumped inside them to control the culture tempera-
ture.

A height of 50 cm separates the bottom and the top of the reactor; the
latter is made of polycarbonate panels (1 cm thick) hinged on the cen-
tral partition wall. In this way, the internal part of these panels, which
is exposed to the microalgae culture, can be periodically cleaned.
Temperature and pH affect considerably the microalgal growth con-
ditions and a control of these variables is necessary: two temperature
sensors and pH sensors are placed at the microalgae inflow and out-
flow, and another temperature sensor is located at the "U" curve. The
level control is provided by a pump and an overflow system.

The photobioreactor is inserted in a process scheme as shown in
Figure 5.2: in particular, part of the extracted biomass is recycled back
to the reactor (VR) together with the fresh medium (V;), and the other
part exits the system (V).

VOI Cx,0 Vinr Cx,in vout/ Cx,out V, s Cx,p
PBR

VR, Cx,R

Figure 5.2: Scheme of the pilot plant. A recycle stream sends part of the
extracted microalgae culture back to the reactor.

Clearly:

Cx,out = Cx,R = Cx,p (51)

Furthermore, the volumetric flows in and out of the reactor can be
considered the same:

vin =V out (52)

The equations describing the system depend on the reactor behaviour.
In fact, a perfect mixing implies that the reactor behaves as a CSTR:

Vo + Vk = Vin

Vout = Vp + Vr

\:/OCX,O + \./RC.X,R = vinc.x,in (53)
Voutcx,out = Vp Cx,p + VRCX,R

dcx,out y .

V'r dt = VinCx,in — Voutcx,out + Vrrx
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The culture mixing system can alternatively be designed to provide a
good mixing along the flow cross-section only, so that the photobiore-
actor is approximated to a PFR:

Vo + Vg = Vin

Vout = Vp + V&

Voex,0 + VRCx,R = VinCx,in
voutcx,out = vp Cxp + VRCx,R
dex Vi dey

— = T
dt A, dz x

The make-up flow V, is the feed of the fresh medium, so Cx,0 = O.

Owing to the low concentration of microalgae, the output volumetric

flow can be assumed equal to the input one, so V}, = Vo. The make-up
flow and the recycle flow are linked by the recycle ratio R:

Vg =RV, (5.5)

Moreover, mass balance equation for CSTR needs an initial condition
at t = o, for instance:

Cx,out‘tzo =1g/L (5.6)

In the same way, the PFR approximation needs both an initial and a
boundary condition, such as:

Cxlo =18/L (5.7)
CX}Z:O = Cx,in (58)

The reactor is operated in batch mode until cells concentration reaches
a value of 1 g/L: at this point, the CSTR or PFR approximation is de-
cided and simulations of continuous photobioreactor can be obtained.

5.2 IRRADIANCE CONDITIONS
5.2.1 Continuous artificial radiation

As done for the experimental tests, fluorescent lamps are equally dis-
tributed over the photobioreactor: in this way, the photosynthetic ac-
tive radiation reaching the first microalgae layer, Iy, has a unique
value which does not change with time. As a basis for the calculation
of this value, the total solar energy reaching Padua in one year, Egun,
reported in Section 3.2.1, is used:

Equn%PAR  4541-10°-42.98%

= — 272 uE/(m3s) (5.
Epho 225300 - 365 - 24 - 60 - 60 LE/(m%s) (5.9)

Ip =

This value ensures that the energy reaching the photobioreactor in
one year does not exceed the thermodynamic limit of Egy, for Padua,
that is 4541 MJ/(m?y).
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5.2.2  Day/night sunlight cycles

Padua is located at a latitude of 45°24'N and at a longitude of 11°52"E.
PVGIS Solar Irradiation Data, 2007 provides the monthly direct and
diffuse solar radiation for this location reaching a horizontal surface;
Table 5.1 resumes these data.

Table 5.1: Solar radiation data for the location of Padua (ivi).

Total radiation Direct radiation Diffuse radiation

Month
[MJ/(m?d)] [MJ/(m?d)] [M]J/(m?d)]

January 4.63 1.81 2.82
February 6.82 2.80 4.02
March 11.11 4.89 6.22
April 15.04 7.22 7.82
May 18.31 8.60 9.70
June 21.38 10.90 10.47
July 21.82 12.00 9.82
August 18.40 9.94 8.46
September 13.96 7.54 6.42
October 8.51 4.00 4.51
November 5.25 2.10 3.15
December 3.70 1.26 2.44

The reported data represent the entire sun energy, whereas the inter-
est of the present work is focused on the photosynthetic active part.
For this reason, Equation 5.9 is used to determine the photosynthetic
active radiation from solar total radiation values. Figure 5.3 shows
the average daily trend of PAR for four months corresponding to the
four seasons of the year. It is appreciable the gap between the insola-
tion level of the different months: a peak of more than 1200 pE/ (m?s)
reaches the photobioreactor during summer, whereas 400 uE/(m?s)
does during winter at most. These leads to a high variation in biomass
productivity of the photobioreactor during the year.

The ratio between diffuse and direct radiation changes during the
year: in December it has a value of 0.66, in July a value of 0.45. Fig-
ure 5.4 underlines how the total photosynthetic active radiation is
divided into diffuse and direct parts during the day (July).
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Figure 5.3: Average daily trend of the total photosynthetic active radiation
reaching the photobioreactor for four characteristic months.
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Figure 5.4: Average daily trend of the total, direct and diffuse photosyn-
thetic active radiations reaching the photobioreactor for the
month of July.
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The values for the average daily trend of PAR in each month are
reported by the on-line database every 15 minutes; as the ordinary
differential equation solver built in Matlab® has a shorter integration
time, the PAR hitting the microalgae culture has to be estimated with
a higher frequency than once in a quarter of a hour: so, a polynomial
regression was used to relate the direct and diffuse PAR (y) to the
solar time (x) from the sunrise to the sunset. For the month of July,
direct and diffuse PAR reaching the photobioreactor during a typical
day are given by the following equations, respectively:

y =0.2181x* —10.467x> + 162.16x* — 877.51x +1522.6  (5.10)
y = —0.0789x* + 3.7888x> — 71.518x? + 625.26x — 1657.1  (5.11)

and for the month of January:

y = 0.2982x" — 14.324x3 4 242.43x% — 1691.9x + 41469  (5.12)
y = —9.1458x? + 219.5x — 1089.9 (5.13)
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Figure 5.5: Incident radiation angle with respect to normal direction of ter-
restrial surface during a typical day of July and January.

The database provides also 0, [rad], which is the incident radiation
angle with respect to normal direction of terrestrial surface at the
maximum insolation time, that is at 12:00. This value is needed at
any solar time to simulate the different positions of the sun in the sky
during the day, and can be calculated as a function of the solar time
and of 0;:

0= g - (7; - et> sin (Mn) (5.14)
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where:

t solar time
tin time of sunrise

tout time of sunset

Figure 5.5 shows value of 0 during a typical day of July and January.
In Matlab® code, 0 (y) is calculated at any solar time (x) using the
following polynomial regressions for the month of July:

y = —0.0001x* 4 0.0048x> — 0.0574x? — 0.0179x + 2.4453  (5.15)
and January:

y = 0.0241x% — 0.5794x + 4.6034 (5.16)

5.3 PLANT SIMULATIONS WITH ARTIFICIAL RADIATION

In Section 5.1, the geometrical properties of the photobioreactor are
reported, except for the microalgae culture depth h. In fact, the biomass
production rate r, quantifies the performance of the system and the
irradiance attenuation along the reactor depth strongly affects this
term; at a given value of cells concentration and irradiance reaching
the reactor, an increase of h leads to an increase of the dark volume,
thus raising the influence of the maintenance process on the overall
T« value (Equation 3.8). For this reason, three values of depth have
been considered in the photobioreactor simulation: 1.2 cm, 5 cm and
13.3 cm. Values of reactor volume are so fixed to 180 L, 750 L and
2000 L, respectively.

Operating a plant at the maximum performance is of primary im-
portance and the system has to be designed for this scope. Initially,
the photobioreactor is considered as a CSTR, so the recycle ratio is set
to zero and the following identities are valid:

VO = vin = -out - vp (5-17)

The highest performance is reached when the biomass production
rate T, is maximized: the same procedure developed in Section 4.5
was applied. In particular, the Matlab® code rx_conc.m is used with
the following inputs:

e irradiance reaching the reactor Iy = 272 puE/(m?s);
* depth of the reactor: h = 0.012 m, h =0.05 m, h =0.133 m;
e values of pm, K, ¢, Ea, bEs and . as reported in Table 4.5.

Figure 5.6 shows results of this simulation for the three different val-
ues of depth.
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Figure 5.6: Biomass production rate as a function of cells concentration for
the three considered values of depth.

Table 5.2: System properties at the maximum biomass production rate for
the three considered values of depth.

Depth Tx,max Cx out T Vo P,

[m]  [g/(L-M)] [g/L] [h] [L/h] [tons/(ha-y)]
0.012 0.0448 2.09 46.65 3.86 47.11

0.05 0.0108 0.49 45.37 16.53 47.30
0.133 0.0040 0.19  47.50 42.11 46.73

The obtained data are summarized in Table 5.2. Values of T and V,
are determined by Equation 4.27 and Equation 4.28, respectively. The
value of the culture depth clearly affects the biomass production rate
and in particular vy max, which is one order of magnitude lower at h =
13.3 cm with respect to h = 1.2 cm. On the other hand, the volumetric

flow rate increases with the depth.

The residence time at maximum production does not change appre-
ciably, and for the three cases, the expected areal productivity is about
47 tons of microalgae per hectare per year. The volumetric productiv-
ity depends on the reactor volume and for the three cases it is 393
kg/(m3y), 94 kg/(m3y) and 35 kg/(m3y), respectively.
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Figure 5.7: Irradiance trend along the culture depth at cells concentration
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Figure 5.8: Irradiance trend normalized on the culture depth at cells concen-

tration corresponding to the highest biomass production rate for
the three considered values of depth.
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Once the cells concentration and Iy are fixed, h has a negative effect
on the biomass production rate, as expressed at the beginning of this
section. Nevertheless, if the aim is to reach the highest performance,
an increase of the culture depth forces the system to operate at a
lower stationary cells concentration, so that the irradiance can be uti-
lized along all the depth; in this way, the best compromise between
the duplication and the maintenance processes is reached. Figure 5.7
shows the light attenuation along the culture depth for the three con-
sidered cases. It is noteworthy that if a normalized value of depth is
used (Figure 5.8), the irradiance trend is the same, and it ensures the
highest performance of the system.

5.3.1 Considerations on recycle

In the following part, the photobioreactor is modelled as a PFR and
different recycle ratios are simulated: in fact, the design of any biolog-
ical process should take into account a recycle flow which sends back
part of the extracted biomass, in order to avoid wash-out problems.
The procedure described in Section 4.5.2 is used to evaluate the per-
formance of the system with recycle for the three values of culture
depth. In particular, for each case, the residence time T and V, have
the same value as reported in Table 5.2, whereas T, and Vin change
depending on the recycle ratio R.

Values of the cross-section area A, ath =1.2cm, h =5cm and h =
13.3 cm are 9-10 > m?, 37.5:10~3 m? and 100-10 3 m?, respectively.
At this point, the code massbalance.m can solve the equations for a
PFR, reported in Section 5.1, at different recycle ratios, once the cul-
ture depth is set. Stationary cells concentrations and reactor residence
time T, are collected in Table 5.3.

As for the lab-scale reactor case, with the residence time of the system
determined so that the maximum biomass production rate is reached,
the simulation of the photobioreactor as a PFR yields a negative effect
on the performance. As expected, the performances of the plug flow
reactors always tend to those of the CSTRs when the recycle ratio in-
creases. This suggests that the photobioreactor can be designed as a
CSTR in order to reach the highest biomass productivity. In practice,
it is difficult to achieve a perfect mixing; instead, with a scheme like
the one in Figure 5.1, the reactor is likely to behave closer to a PFR.
So, the safety issues linked to the wash-out problem of a PFR force to
design the reactor as a PFR with a high value of the recycle ratio, in
this case R = 3.

Finally, a culture depth of 13.3 cm and thereby a culture volume of
2000 L are chosen for the design of the photobioreactor, as lower val-
ues are considered impractical for a pilot-scale plant.

Figure 5.9 shows the neglectable difference in terms of performance
using the CSTR and the PFR.
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Table 5.3: Stationary cells concentrations and reactor residence time at differ-
ent recycle ratios for the three considered values of depth. Values
of system residence time are T = 46.65 h, T = 4537 hand T =

47.50 h, respectively.

Depth  Recycle ratio Cells concentration T,
[m] [adim] [g9/L] [h]
0.1 0 42.39
0.2 0.33 38.86
0.5 1.58 31.09
0.012 0.7 1.77 27-43
1 1.9 23.32
2 2.03 15.54
3 2.06 11.66
0.1 0 41.25
0.2 0.04 37.81
0.5 0.35 30.25
0.05 0.7 0.4 26.69
1 0.44 22.69
2 0.47 15.12
3 0.48 11.34
0.1 0 43.18
0.2 0.04 39.58
0.5 0.15 31.66
0.133 0.7 0.16 27.94
1 0.18 23.75
2 0.19 15.83
3 0.19 11.87
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Figure 5.9: Cells concentration trend using the CSTR and the PFR for the
simulation, respectively.

5.3.2  Photosynthetic efficiency

In order to understand the percentage of inlet radiation which is used
for the formation of new cells, the photosynthetic efficiency is calcu-
lated for the PFR with R = 3. The biomass production rate at the
steady state condition for the 2000 L volume reactor is:

P=V,r,=192g/d. (5.18)

Using Equation 3.26, the energy stored as biomass can be determined
and the result is Egoreq = 39.7 W.
The power of radiation hitting the microalgae culture is:

Ein = loEpnoA = 918 W (5.19)

So, the photosynthetic efficiency for the pilot-scale photobioreactor is
4.32% of PAR, which corresponds to 1.86% of total solar energy.

5.3.3 Energy balance

The photosynthetic activity of microalgae strongly depends on the
environment temperature; in particular, when a continuous artificial
radiation is adopted, the temperature inside the reactor can exceed
the optimum growth temperature, resulting in a decrease of the sys-
tem performance. In fact, the portion of visible radiation which is not
used for photosynthesis leads to an heating effect of the microalgae
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culture.

For this reason, the energy balance is useful to evaluate if a tempera-
ture control system is necessary.

At the steady state condition, the energy balance for the PFR is ex-
pressed by the following equation:

mep a = I'_:in - Estored — Emain — I'_:k (5-20)

m  mass flow of medium, [kg/s]

cp specific heat capacity of medium, approximated to c,
of water, [J/(kg°C)]

temperature of medium, [°C]

longitudinal coordinate of the reactor, [m]

Ein power of inlet radiation, [W/m]
Esored  €Nergy converted into biomass, [W/m]
Emain energy required for maintenance process, [W/m]

Ex conductive heat transfer between medium and the reac-
tor walls, [W/m]

In particular, it is considered a variation in temperature only along
the longitudinal coordinate, as the gas delivery system provides a
good mixing along the vertical coordinate. The balance boundaries
are set outside the photobioreactor, so the power of inlet radiation is
calculated over the top polycarbonate sheets:

Ein = LsheetsEpnoA - Ly = 57.45W/m (5.21)
where:

Liheets PAR reaching the reactor, that is before the first sheet of
Io

(1—ypc)’

0.2 for a 1 cm thick polycarbonate sheet;

polycarbonate, = [LE/(m?s)]. Value of ypc is

L, reactor length, [m]

The energy converted into biomass for the entire system is provided
by the previous section, Egored = 39.7 W; in order to use this value
into the energy balance, Egreq has to be divided by the reactor vol-
ume, V;, and multiplied by reactor depth, h, and width, L,; the result
is Egtored = 1.98 W/m.

The same procedure is used for the energy required for the mainte-
nance process: for the entire system it is calculated as in Section 4.4.2;
this value is then divided by V; and multiplied by h - L;; Enain = 0.61

W /m is obtained.
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The conductive heat transfer Ey can be divided into two contributions:

Ex = Ek,1 + Ek,z (5.22)

The culture depth is 13.3 cm and the medium transfers heat directly
to the side reactor walls and then to the external environment: this
contribution is taken into account by Ek,]. In addition, the reactor
depth is 50 cm, and a space corresponding to (50 cm - 13.3 cm) = 36.7
cm is filled by air: the medium also transfers heat to this air, which
transfers energy through the side and top polycarbonate sheets to the
external environment; this contribution is represented by Ey ,.
Therefore:

E,1 = Ug 1 Le(T — Tamp) (5.23)
LU N B (520
ut,] umed uPC Llair >4
Ex2 = Ut 2((he —h) + L) (T — Tamp) (5-25)

1 1 1 1 1
= + + + (5.26)

ut,Z umed uair uPC uair

Tamb temperature of the external environment, [°C]

h, reactor depth, [m]

Values of Upeq, Upc, and Uy, are set to oo, 4.6 W/(m?°C) and 15
W/(m?°C), respectively. So, U1 = 3.5 W/ (m?°C) and Uiz = 2.9
W/(m?°C) can be calculated.

The external temperature T, depends on the month of the year; for
July and January, average temperatures for the location of Padua are
25 °C and 5 °C, respectively.

The system is represented by the photobioreactor which behaves as a
PFR with a recycle ratio R = 3; so, the mass flow entering the reactor
is calculated as follows:

M = Vo(1+R)pn,0 (5.27)
where:
pu,0 density of water at 25 °C and 1 atm, [kg/ m?3]

The result is 1 = 4.68-10 2 kg/s.

In order to solve Equation 5.20, a Matlab® code, called energybal-
ance.m, was developed; in particular the inputs for this code are the
terms described in Table 5.4, where the final results are also reported.
Figure 5.10 and Figure 5.11 show the temperature of the medium
along the reactor length for the month of July and January, respec-
tively.
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Table 5.4: Data referring to the energy balance.

Data Symbol U.m. Value
Reactor depth h, m 0.5
Reactor width L, m 0.75
Reactor length L m 20
Reactor volume V; m3 2
Irradiated area A m? 15
Culture depth h m 0.133
Medium specific heat capacity Cp ]/ (kg°C) 4186
Mass flow of medium m kg/s 4.68-10772
Polycarbonate thickness s m 0.01
Polycarbonate light absorption ypC Yo 20
Energy to biomass Ectored 1% 39.7
Energy for maintenance Emain \%1% 12.3
External temperature” Tamb °C 25
External temperatureb Tamb °C 5
Medium free convection Uneg  W/(m?°C) 00

Conductance of polycarbonate Upc W/(m?°C) 4.6

Air free convection Wair W/(m?°C) 15
Irradiance Io nE/(m?2s) 272
Temperature of inlet medium T; °C 25
Temperature of outlet medium” Tout °C 29.7
Temperature of outlet medium? Tout °C 23.4
#in July

bin January

The trend of temperature inside the microalgae culture really changes
depending on the season of the year. During the summer period,
temperature of almost 30 °C can be reached, whereas in winter pe-
riod, temperature slightly lower than 25 °C are calculated. As re-
ported in literature (Xin, Hong-ying, and Yu-ping 2011), the species
Scenedesmus maintains an high growth rate in the temperature range
20-30 °C; so, the irradiance Iy = 272 pE/(m?s) hitting the microalgae
culture would not raise overmuch the internal temperature, and at
low T,mp it would ensure proper growth conditions.
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5.4 PLANT SIMULATIONS WITH SOLAR RADIATION

This section will investigate how the system behaves when the only
radiation entering the photobioreactor is provided by the sun. Dur-
ing a typical day, the sun rises, reaches the highest point above the
horizon at 12:00, and then it sets down. In summer, the day is longer
than night and the irradiance reaching the terrestrial surface is the
maximum, whereas, in winter, the light energy is low and available
for a shorter period of time. For these reasons, a change in the photo-
bioreactor performance during the year is a crucial issue.

The system is simulated in the months of July and January, as repre-
sentative of summer and winter period, respectively. The photobiore-
actor is firstly considered as a CSTR with the following operating
conditions:

¢ volume of the reactor V; = 2000 L;
* depth of the culture h = 13.3 cm;
¢ volumetric inflow of medium Vy = 42.11 L/h;

All simulations are performed by the Matlab® code massbalance.m.
In particular, the inputs are now represented by the operating condi-
tions above, by the parameters summarized in Table 4.5 and by the
irradiance, changing along with the day. The implemented solver cal-
culates I4;(0), I4i¢(0) and O using the regression equations reported
in Section 5.2.2 during the day; so, the irradiance along the reactor
depth can be determined using the Cornet model and, after the de-
termination of the average growth rate with respect to the depth, the
mass balances are carried out.

It is expected that the cells concentration inside the reactor has a peri-
odical trend during the day, as the available irradiance is zero during
the night and has a maximum at 12:00; furthermore, when no light
reaches the culture, the growth rate r, has a negative value, since
only maintenance process are active, as Equation 3.11 demonstrates.
The same code has been modified to simulate the photobioreactor as
a PFR with a recycle ratio R = 3, Vi, = V(1 +R) = 168.44 L/h and
the same operating conditions as above.

Figure 5.12 shows the cells concentration change with the month of
July when the CSTR and the PFR assumptions are made, respectively.
The stationary cells concentration is 0.12 g/L for a CSTR, o.10 g/L
for a PFR. In terms of productivity, P, = 29.51 tons/(ha-y) and 24.59
tons/(ha-y) for the CSTR and the PFR, respectively.

Table 5.5 reports simulation results for the PFR at different recycle
ratios for the month of July.
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Figure 5.12: Cells concentration trend during the month of July using the
CSTR and the PFR for the simulation, respectively.

Table 5.5: Results of the PFR simulation at different recycle ratios for the
month of July.

Recycle ratio  cxout  Tr P; Py
[adim] [g/L]1 [h] [tons/(ha-y)] [kg/(m>y)]
0.1 0 43.18 0 0
0.2 0 39.58 0 0
0.5 0 31.66 0 0
0.7 0.03  27.94 7.38 5.5
1 0.06  23.75 14.76 11.1
2 0.09 15.83 22.13 16.6
3 0.10 11.87 24.59 18.4

It is noteworthy that the PFR has to maintain a high recycle ratio to
avoid the wash-out problems. Nevertheless, the productivity achieved
at high recycle ratios, that is in a condition similar to a CSTR be-
haviour, is about half of the productivity when the artificial continu-
ous radiation Iy = 272 pE/(m?s) is used.

The simulations are performed considering the month of July, when
the amount of solar energy is the highest. It is clear that the perfor-
mance of the reactor lowers during the other months and the wash-
out problems can not be avoided either if the reactor behaves as a
CSTR. Figure 5.13 shows this condition for the month of January.
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Figure 5.13: Cells concentration trend during the month of January using
the CSTR simulation.

The solar radiation reaching the terrestrial surface and the day/night
cycles are the limiting factors for the biomass productivity and they
can not be changed. So, other operations or plant adjustments, which
will be not further developed in the present work, are here described
in order to improve the performance of the system using solar radia-
tion:

* an investigation, similar the one performed for the artificial con-
tinuous radiation, can be carried out to determine the correct
value of the system residence time T which ensures the manxi-
mum biomass production rate; in this way, the make-up inflow
Vo has a different value depending on the month, i.e., on the
availability of light;

e it can be useful to evaluate the convenience of stopping the
make-up inflow, and so the biomass outflow, during the night;
in fact, when no light is available, microalgae do not grow and
a continuous extraction of biomass during this period, together
with the effect of the maintenance process, decreases the cells
concentration and, in the following morning, a lower number
of microalgae can duplicate. On the other hand, the biomass
productivity could be negatively affected by the fact that the
biomass is not extracted from the system 24 hours a day;

® a mix between solar and artificial radiation contains the advan-
tages of both configurations: during the day, the costless solar
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radiation can be used for the microalgae cultivation; during the
night, microalgae continue to grow and duplicate using the ar-
tificial radiation. In this way, the loss of biomass due to the only
maintenance process is avoided;

¢ mixotrophic conditions could enhance several times the biomass
production relative to the only phototrophy, as reported by Bhat-
nagar et al. 2011; this microalgae growth condition would be
used especially during the winter, when the availability of light
is limited.

5.4.1 Photosynthetic efficiency

In this section, a PFR with a recycle ratio R = 3 in the month of July is
considered. At steady state condition, the daily amount of extracted
biomass corresponds to:

P= vOCx,out = vpcx,p =101g/d (5.28)

Estored is determined using Equation 3.26 and the result is Egoreq =
20.9 W.

The power of radiation entering the system is provided by Table 5.1:
for a typical day of July, Ei, = 21.82 mJ/(m?d) which corresponds to
Ein = 3788 W for the 15 m? exposed area.

The photosynthetic efficiency is so p = 0.55% of total solar energy,
that is 1.28% of PAR.

5.4.2 Energy balance

As reported in Section 5.3.3, the portion of visible light which is not di-
verted to photosynthetic processes leads to an increase of the culture
temperature; using sunlight, this effect is amplified by the infrared
portion of the spectrum, which represents almost half of the solar ra-
diation hitting the terrestrial surface. For this reason, the temperature
along the reactor length is simulated at 12:00 of a typical day of the
month of July, when the irradiance conditions are the strongest one.
The irradiance reaching the photobioreactor at 12:00 is I1(0) = 1228
uE/(m?s), which corresponds to a total solar irradiance Q = 644
W/m?2. £, can be so determined:

Ein=Q L, =483W/m (5.29)

The values of Egioreq and Epmain for the energy balance are determined
as in Section 5.3.3: the results are Egoreq = 1.04 W/m and Epain = 0.32
W/m.

The external temperature for the month of July is the average Tymp =
25 °C and the medium is fed into the reactor at the same temperature.
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Figure 5.14 shows the result obtained with the Matlab® code energy-
balance.m.

The temperature reaches 65 °C at the reactor outflow, a condition un-
suitable for microalgae growth, leading to cells death. So, a cooling
system has to be considered when the design of the reactor is per-
formed.

In reality, the simulation is carried out at the steady state condition,
that is when a continuous irradiance of 1228 uE/(m?s) hits the mi-
croalgae culture, whereas the irradiance has a sine trend during the
day and the highest values are reached only around 12:00, i.e., for
few minutes. The assumption used in the simulation can be valid if
the time required by the medium to cover the length of the channel
is in the order of minutes; nevertheless, the residence time of the pho-
tobioreactor shows that this time is in the order of hours, being T, =
11.87 h.

70 T T

65 b

Temperature, [°C]

P P (&) [6)] D
o (6] o (8,1 o
T T T T T
1 L 1 1 1

w
[$)]
T
1

w
o
T
L

25 1 1
0 5 10 15 20
Reactor length, [m]

Figure 5.14: Temperature of the medium along the reactor length at 12:00 of
a typical day of July, when Ty, = 25 °C.

However, the result in Figure 5.14 demonstrates that the culture has
to be somehow protected from the irradiance peaks which can seri-
ously worsen the performance of the system.

In parallel, it is clear that also an heating system has to be designed
for the photobioreactor; in fact, especially during the winter period,
the solar irradiance could not provide a sufficient heating because
of its low value and, moreover, this effect is visible during the night,
when no light is available. Figure 5.15 shows the simulation of the
temperature along the reactor channel during a typical night for the
month of January.
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Figure 5.15: Temperature of the medium along the reactor length during a
typical night of January, when T,,,, = 5 °C.

5.4.3 Conclusions

When an artificial radiation of 272 pE/(m?s) is used as energy source,
the best system performance are provided by a PFR with an high re-
cycle ratio (R = 3): in this way, the reactor acts as a CSTR and the
wash-out problems are avoided. The culture depth h is set to 13.3 cm,
so that V; = 2000 L, because a lower value is impractical on a pilot-
scale. A biomass productivity P, = 46.73 tons/(ha-y) and a photosyn-
thetic efficiency 1 = 4.32% of PAR are reached. The energy balance
demonstrates that the irradiance entering the system is sufficient to
maintain proper microalgae growth conditions during the winter and
that it does not heat overmuch the culture during the summer period.
The investigation of the system behaviour when the energy source is
given by the solar radiation leads to different results. Good perfor-
mances are reached only during the summer period, whereas wash-
out problems are encountered during the winter time. Some consid-
erations to avoid this conditions are proposed in Section 5.4. In the
month of July, a biomass productivity P, = 24.59 tons/(ha-y) and a
photosynthetic efficiency \ = 1.28% of PAR are reached. In addition,
the optimum growth temperature can be maintained during the year
only if the cooling/heating system, represented by the coils placed
on the bottom of the reactor, is operated.



CONCLUSIONS

In this thesis, the microalgae production of Scenedesmus obliquus was
tirstly investigated at laboratory scale. Two continuous reactors were
set up, and the steady state condition was reached in both systems.
The second reactor was then equipped with a pump to partially recy-
cle the biomass. The reactor residence time T, was kept at the same
value as in the operation without recycle: the steady cells concentra-
tion increased but the biomass productivity slightly worsened.

In order to simulate the behaviour of the microalgal culture in the
reactor with and without recycle, the Cornet model, generalized by
Pruvost, was programmed in Matlab®. This model refers to systems
in light-limited condition, that is when the light is the only limiting
nutrient. The biomass production rate ry is the sum of two contribu-
tions: a positive term, accounting for the duplication process, which
depends on the irradiance along the culture depth, and a negative
term to describe the maintenance process, which is a function of the
cells concentration only. The light attenuation inside the reactor plays
a fundamental role in the correct determination of r, and it depends
on the optical properties of the microalga, i.e., the absorption coeftfi-
cient Ea and the backscattering coefficient bEs. The values of these
parameters were obtained by fitting values of both back irradiance at
different cells concentration and of the dynamic reactor with recycle,
approximated to a CSTR. The maintenance term was then tuned in
order to predict the correct value of stationary cells concentration in
the continuous reactor with and without recycle.

The photosynthetic efficiency was calculated to be 4.78% of PAR, a
small value compared to the maximum achievable (30.68%). The en-
ergy balance demonstrated that the incident energy converted into
biomass is less than 5% of the total one; most of the irradiance is in
fact used for the water heating.

A study on the maximum biomass production rate was performed to
determine the value of T which ensures the highest performance of
the continuous reactor with recycle. In particular, the maximum 7,
is characterized by the maximum duplication rate which is directly
affected by the light availability at each reactor point: this condition
forces the system to operate at a cells concentration such that the light
can penetrate through all the culture depth. Once the optimum resi-
dence time was calculated, the reactor with recycle was approximated
by a PFR. The system performances were found to worsen when the
recycle ratio R decreased. So, a PFR with high recycle permitted an
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high productivity and moreover it avoided wash-out problems.

The optimized model parameters were used to simulate an ac-
tual pilot-scale photobioreactor. The artificial irradiance was initially
considered, and a study on the maximum biomass production rate
was performed. Three values of culture depth were analyzed: it was
shown by the simulation that the areal productivity does not change
substantially; in fact, as the depth increases, the stationary cells con-
centration lowers so that light can penetrate through all the culture,
but on the other hand the extraction rate increases, and the produced
mass flow of biomass per unit area remains almost constant. As ob-
tained for the laboratory reactor, a PFR with high recycle ratio has
the highest performances and avoids wash-out problems.

The photosynthetic efficiency which can be achieved in this case was
found to be 4.32% of PAR. The energy balance was discussed for
the months of July and January, representative of the summer and
the winter period, respectively: the artificial continuous irradiance
reaching the culture was sufficient to preserve the proper microalgae
growth conditions, so a cooling/heating system is not required.
Operating the system under the sunlight has a clear benefit, as the en-
ergy used by the microalgae is costless. On the opposite, several dis-
advantages were found to limit the use of solar radiation only. In the
summer period, the photobioreactor can reach good performances
in terms of productivity, whereas in January the wash-out problems
cannot be avoided: this is due to the low value of irradiance reaching
the culture during winter time, and to the long night periods when
the microalgae are continuously extracted and the maintenance pro-
cess on the biomass production prevails on the duplication process.
In order to limit these problems the system residence time which en-
sures the maximum biomass production rate should be determined
for each month; furthermore, during the night, especially in winter
periods, the extraction of biomass could be stopped or the system
can be operated with artificial radiation.

The photosynthetic efficiency for the month of July is 1.28% of PAR,
that is only 0.55% of total solar energy. The energy balance showed
that the microalgal culture has to be protected from the irradiance
peaks, typical of summer, and that the solar energy is not sufficient
to maintain proper growth conditions in the winter period. For these
reasons, the design of the pilot plant has to include a cooling /heating
system.



LIST OF SYMBOLS

Acronyms

CSTR continuous stirred tank reactor

DW  dry weight, [g/L]

LHV lower heating value

OD  optical density, [adim]

PBR photobioreactor

PFR  plug flow reactor

Greek letters

oy initial slope of the relation between p¢ and I, [m?s/(1E-d)]

o linear scattering modulus, [adim]

Sgif  diffuse two flux extinction coefficient, [m? /L]

8gir  direct two flux extinction coefficient, [m? /L]

€ extinction coefficient, [m?/cell]

Mba  biomass accumulation efficiency, [adim]

Nt photons transmission efficiency, [moles of transmitted photon-
s/moles of hitting photons]

Nfw  photons utilization efficiency, [moles of used photons/moles
of transmitted photons]

A wavelength, [nm]

Ha(A) absorption coefficient, [m~—']

e maintenance constant, [h~']

Heff  specific growth rate measured experimentally, [h""or[d "]

¢ mass quantum yield for Z-scheme of photosynthesis, [kg/uE]

P photosynthetic efficiency, [adim]

Pmax maximum photosynthetic efficiency, [adim]

Ppm  maximum energetic yield for photon conversion, [adim]

pu,0 density of water at 25 °C and 1 atm, [kg/ m?3]
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Pdm

T
T

0

Ot

Ec

€1

Efin

density of biomass dry material, [kg/(m?)]
residence time, [h] or [d]
reactor residence time, [h] or [d]

incident radiation angle with respect to normal direction of
reactor surface, [rad]

incident radiation angle with respect to normal direction of
terrestrial surface at the maximum insolation time, that is at
12:00, [rad]

relative error between calculated and experimental cells con-
centration, [adim]

relative error between calculated and experimental back irra-
diance, [adim]

absolute difference between estimated and calculated backscat-
tering coefficient, [adim]

Roman letters

A

Ay
At
A750
b

bEs

irradiated area, [m?]
cross-section area, [m?]

. . . 2
reactor surface in contact with the external environment, [m~]

absorbance at A = 750 nm, [adim]

backscattering fraction, [adim]

backscattering mass coefficient, [m?/ kgl

bEsc calculated backscattering coefficient, [m?/ kg]

bEspypo estimated backscattering coefficient, [m?/ kgl

c

C1

C1

Cx
Cass
Cin

Cout

cells concentration, [cell/mL] or [g/L]

calculated stationary cells concentration for the reactor with

recycle, [g/L]

speed of light, [m/s]

specific heat, [J/(kg-K)]

cells concentration, [g/L]

absorption cross-section, [m?]

cells concentration entering the reactor, [g/L]

cells concentration exiting the CSTR, [g/L]



Csca
Cx,calc
Cx,exp

CII

Cx,0
Cx,in
Cx,out

Cx,b

Ea
Eapigi

Es
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scattering cross-section, [m?]
calculated cells concentration, [g/L]
experimental cells concentration, [g/L]

calculated stationary cells concentration for the reactor with-
out recycle, [g/L]

cells concentration in the make-up flow, [g/L]
cells concentration entering the reactor, [g/L]
cells concentration exiting the reactor, [g/L]
cells concentration in the collecting bottle, [g/L]
cells concentration exiting the system, [g/L]
cells concentration in the recycle stream, [g/L]
cells concentration in the reactor, [g/L]

biomass heat of combustion, [J/g]

carbohydrate heat of combustion, [J/mol]
average energy per mole of photons, [J/mol]

yearly total solar energy reaching the system per unit area,

[/(m2y)]

absorption mass coefficient, [m? /kg]

in vivo spectral mass absorption coefficient of pigment i, [m? /kg]
scattering mass coefficient, [m? /kg]
depth of the culture, [m]

Planck constant, [Js]

reactor depth, [m]

recycle inlet enthalpy, [W]

specific enthalpy of each reactant, [J/kg]
micronutrients inlet enthalpy, [W]
specific enthalpy of each product, [J/kg]
irradiance, [uE/(m?s)]

photosynthetic active radiation, [LE/ (m?s)]

Ipack,cale calculated back irradiance, [WE/ (m?s)]
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Ipackexp €Xperimental back irradiance, [LE/ (m?s)]

Ipack  back irradiance, [uE/(m?s)]

I4i¢(0) diffuse PAR at depth 0, [LE/ (m?s)]

Lgif(z) diffuse PAR at depth z, [LE/ (m?s)]

I4ir(0) direct PAR at depth 0, [LE/ (m?s)]

I4ir(z) direct PAR at depth z, [LWE/(m?s)]

layer PAR reaching the first layer of microalgae, [WE/ (m?s)]
Isheets PAR reaching the reactor, [LE/(m?s)]

K half saturation constant for photosynthesis, [LE/ (m?s)]
K specific growth rate, [d ']

Ka imaginary part responsible for absorption, [adim]

l cuvette path length, [m]

Ly  luminous flux, [Im]

L, reactor length, [m]
m complex refractive index of the particle, [adim]
n real part responsible for scattering, [adim]

nce moles of carbon, [mol]
N,  cell number density, [1/ m3]

Nco, red yearly CO, moles reduced to carbohydrate per unit area,
[mol/(m?y)]

Mpho  moles of photons, [mol]

biomass production, [kg/s]

<~ U

o)

areal biomass productivity, [g/(m?d)] or [tons/(ha-y)]

P, real biomass productivity, [tons/(ha-y)]

P, volumetric biomass productivity, [kg/(m>d)] or [tons/(m3y)]
Pmax maximum biomass production, [tons/(ha-y)]

Q total solar irradiance, [W/m?]

QR quantum requirement, [moles of photons/moles of reduced
CO,]

R recycle ratio, [adim]



Tx
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biomass production rate, [g/(L-d)]

Tx,max Maximum biomass production rate, [g/(L-h)]

Tx,out
Tx,m

Tx,p

biomass production rate, [g/(L-d)]
maintenance process rate, [g/(L-d)]

duplication rate, [g/(L-d)]

Tx,p(z) duplication rate at depth z, [g/(L-d)]

Tx,t

S

global reaction rate, [g/(L-d)]

polycarbonate sheet thickness, [m]
temperature of the medium, [°C]

time, [h] or [d]

temperature of the external environment, [°C]
temperature of the medium inlet, [°C]

time of sunrise

temperature of the external environment, [°C]
time of sunset

reference temperature, [K]

overall heat transfer coefficient of the system, [W/(m?°C)]
air free convection, [W/(m?°C)]

medium free convection, [W/(m?°C)]
conductance of the polycarbonate, [W/(m?°C)]
collecting bottle volume, [L]

reactor volume, [m?3]

mean (Sauter) particle volume, [m3], taking into account the
given size distribution

transmitted light, [W]

lamp power reaching the first layer of microalgae, [W]
mass fraction of carbon in microalgae, [adim]

lamp total power, [W]

mass fraction of oil in microalgae, [adim]
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Wpigi mass fraction of pigment i, [kg/kg of biomass]
Wresidue Mass fraction of residue (non-oil) in microalgae, [adim]
X longitudinal coordinate of the reactor, [m]

Xow in vivo volume fraction of water in the cell, [adim]
xco, CO, fraction in inlet flow, [%]

Xalga biomass weight per mole of carbon, [g/molc]

ypc  polycarbonate light absorption, [%]

z reactor dimension along the reactor depth, [m]
Einarea power of solar radiation per unit area, [W/ m?]
Ein,tot energy entering the reactor, [W]

Ein power of incident radiation, [W]

Emain energy required for maintenance process, [W]

Eouttot €nergy exiting the reactor, [W]

Eout power of radiation lost to the environment, [W]
Estored.area €nergy flux per unit area stored as biomass, [W/m?]

Ec convective heat transfer between the system and the external
environment, [W]

Ex conductive heat transfer between the system and the external
environment, [W]

AH?  standard enthalpy of formation, [J/kg]
AHcomb,algae lower heating value of microalgae, [J/kg]

AHcombelem lower heating value of biomass elemental compounds,

[/kgl
AH?; standard enthalpy of formation of species i, [J/kg]
AH  enthalpy rate of change due to a reaction, [J/s]

Hpioout enthalpy of biomass exiting the reactor, [W]

Hputin enthalpy of micronutrients entering the reactor, [W]

Hputout enthalpy of micronutrients exiting the reactor, [W]

Hputre enthalpy of micronutrients entering the reactor through the
recycle, [W]
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Hiecin enthalpy of biomass entering the reactor through the recycle,
[W]

m mass flow of medium, [kg/s]

Mpioout Diomass outflow, [g/s]

min  mass flow of reactant, [kg/s]

Mputin Micronutrients mass inflow entering the reactor, [g/s]
Mnutout Micronutrients mass outflow exiting the reactor, [g/s]
Mnutre Micronutrients mass inflow entering thorough the recycle, [g/s]
Mout mass flow of product, [kg/s]

Trecin biomass inflow through the recycle, [g/s]

MM_co, molar mass of carbon dioxide, [g/mol]

MMc molar mass of carbon, [g/mol]

MMpy,0 molar mass of water, [g/mol]

MM molar mass of oxygen, [g/mol]

%PAR PAR percentage of total solar energy, [%]

Y volumetric flow, [L/d] or [L/h]

Vo inlet volumetric flow of make-up, [L/h]

Vi recycle volumetric flow, [L/h]

Vpo  recycle volumetric flow, [L/d]

Vgas CO,-enriched air flow, [L/h]

Vin  inlet volumetric flow, [L/d] or [L/h]

Vout  outlet volumetric flow, [L/d] or [L/h]

Vie reactor volumetric outflow, [L/d]
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