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Abstract

Many decision variables are involved in designing avaluating different algae production systems.
For a tubular system i.e. species, latitude, tubeneter, biomass concentration, length of the tubes
and the distance between the tubes. To predictyybabmass production, a model is made to study
the effect of these parameters. This model usesaraharacteristics, dynamic sunlight and algae
species as inputs. Shading, reflection from theggicand surface, light penetration between tubds an
penetration of direct and diffuse light in the agaulture are taken into account. Each tube dieimet
has a specific optimal biomass concentration foickwlyearly production is optimal. Maximal tube
length is limited by oxygen accumulation. With gresented model maximal tube length as a function
of biomass production, and liquid velocity can hetedmined. For large scale cultivation multiple
tubes are placed parallel to each other. From ithelations we conclude that the production per
hectare increases with a larger tube diameter @amdrlbiomass concentration (larger volume). With

optimisation of the biomass concentration highedpction values can be reached.
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1 Introduction

Microalgae are sunlight-driven cell factories tltanvert carbon dioxide and water into biomass,
which contains lipids, proteins and carbohydrawgh this potential microalgae have become an
emerging source for the production of biodies@gclbemicals and food products, which has led to
substantial research in this field.

To cultivate algae on a large scale, different sypeproduction systems are used: open systems such
as raceway ponds, and closed systems like flatipane tubular reactors in different configurations
Open and closed systems differ in theoretical marinyield and production costs. It is generally
assumed that despite of a higher yield, the praoluéh closed reactors is much more expensive than
in raceway ponds. However, according to Wijffelsakét (2010), the cost price of algae in closed
systems will be lower after optimization than ireapsystems. Realistic estimates for algal prodoctio
in closed systems are between 40 and 80 tonnesyahditer per hectare per year (Wijffels et al.,
2010). The range for the estimates depends mamth@ technology used, the algae species used, the
reactor design and the location of production.

Tubular systems are of interest because they arentst promising systems for scaling up, which is
caused by a higher volumetric biomass producti@yisti, 2007). Tubular reactors often consistrof a
array of straight transparent tubes (see FiguréHg.tubes are usually made out of glass or plastic
have a diameter of 0.1 meter or less. Mixing isedaia circulation of air and pumping. In Figure 2 a
schematic overview of a tubular reactor with a dsgay column is shown. Oxygen can leave the
system via the degassing column and carbon diogiohserted.

The maximal areal productivity in
tubular reactors ranges from 0.02 to
0.03 kg.nf.day" (Del Campo et al.,
2001, Rebolloso Fuentes et al., 1999).
Due to the tubular shape, there is a
high surface-volume ratio which

should benefit a higher yield (Posten,

2009). Biomass concentration used in

the reactor is strongly related to the Figure 1 Horizontal tubular reactor system without

_ ) algae. Location: AlgaePARC Wageningen
tube diameter in such a way that the

dark zone must be minimized to limit biomass loag tb respiration (Molina Grima et al., 2001).
Areal productivity and volumetric productivity atenflicting parameters for large scale producti@dn.
high volumetric production requires a large areagéd a high overall production. A high areal
productivity means that a the production on an &eary, but the productivity in the volumes used

much lower.
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Tube length is limited due to oxygen accumulatiorttie non-aerated tubes; oxygen accumulation
mandates a certain liquid velocity and mixing itube of fixed length (Marshall and Huang, 2010).
Pumping is usually done by centrifugal pumps ofifaicirculators. Medium velocities between
0.20 m.g and 0.50 m$ are needed to achieve turbulent conditions leatbngcceptable light/dark
cycles (Posten, 2009).

harvest <«
exhaust
degassing
column
fresh &
medium

pump

Figure 2. A tubular photobioreactor with parallel horizontal tubes and degassing colurn
(Chisti, 2007) Algae are circulated and led through the degassewhere oxygen leaves tt
system.

The productivity of algae in tubular systems depetidis on design and operational aspects, but also
on the available sunlight at the production loagatidhich varies over the day and year. At this mamen
the number of commercially exploited algae culiwatsystems and the corresponding productivity
data are still limited. Comparing existing systemsiot straightforward as the systems are operated
under different weather and operational conditiofiserefore, to be able to compare productivity
characteristics for differently designed horizorti#bular systems at several locations, a modelling

approach is given in this work.

Growth of algae in tubular systems is modelled simulated for a single tube and for an area of
parallel horizontal tubes. The effect of differgrarameters like location, weather, reactor oriémtat

(north-south and east-west), biomass concentratiength, diameter of the tubes, oxygen
accumulation and carbon dioxide uptake in the tulagsbe evaluated with the model. Moreover, the

model allows optimization towards the best condiiand design for a chosen location.
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2 Model description

A mathematical model is needed to evaluate theldnlbeactor and get insight in the effect of diffier
parameters. The model calculates the light inputhencurved surface of the tube, based on direct,
diffuse and reflected light, depending on the pla&em this light input the irradiance profile inet
tube is calculated. Biomass production is compditedh the light profile. In this section, first the
structure of the mathematical model (Figure 3)xigl@ned. After that, the decision variables used i
the simulations are briefly discussed. An extensigscription of the predictive model for single and

multiple horizontal parallel tubes can be found\ppendices A and B.

2.1 Mathematical model
Algal growth in a tubular reactor is mainly influed by the light pattern in the tube. The tempeeatu
and the biomass concentration inside the reaceocantrolled and assumed to be constant over time,

which in practice means that the harvesting raggjigal to the growth rate.

Figure 3 shows the calculation scheme to computen&és production in a tubular reactor from
weather data, reactor design properties, charatitsriof algae species and location on earth (tit

at any time during a day during the year.

Date and time
Inp ut lLocation lLocation
it Reactor :
Solar pgslltlon orientation & . ngh!:
mode dimensions intensity
Sun angles Direct light

Diffuse light

Subtract
reflection

Convert data

Calculate profile Calculate profile Carlgﬂ:f;e
diffuse light direct light groun
reflection
[ T :

Total light profile

\
\
\
\
\
\ \ ¥
\
\
\
\
\
\

| Light calculation T ——

Algae species Growth model
=/

l Growth rate

Biomass concentration ) .
—_— Biomass yield

Figure 3. Calculation scheme with parameters and intermedi® results to estimate alge
production based on solar radiation and design pamaeters./ / = Data,[__] = Calculation and
C D = Result.
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To estimate the production on each point in theetthe amount of light on each point should be
known. This amount of light depends on the lendtlthe light path and is predicted with the solar
position model which calculates the position of fhe any time at any positiornrfp) on the cross
section of the tube. This method is based on thé& wbMolina Grima et al. (1999) to obtain thedbc
irradiance. An incoming light beam entering a tipresented in Figure 4. The two main angles that
determine solar position are the hour angle onhttrezontal planes and the elevation angle in the
vertical planex,. Anglew in Figure 4 changes with a different reactor oaéinthy (see alsa\ppendix
A.1l)). With these angles known, the length of IR is calculated. This line is used later on to

calculate the light gradient caused by absorptidight.

Solar
beam

Zenith

A

———————————————————————————— a8

*
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

ul
|
|

Figure 4. Horizontal tube with direct light beam ard corresponding angles associad to the patt
for any point (r;,@) on the cross section of a horizontal tube.

In ‘Convert data’ the light intensities in the dsgtifor direct light are measured on a horizonkahe
and are corrected to the solar angles. The angteslso corrected to a north-south orientatiorhef t
reactor orientation. Another correction is neededalculate the light profile on the tube surfaCleis
surface is curved, and therefore, the angle of rdaetor surface with the earth surfgge(see
Appendix A.2.) is used to correct the incoming tigim a horizontal surface to a tilled surface. The
used data contains light intensities for every i0utes for different locations, split up in diresntd
diffuse light.
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Reactor characteristics and orientation of the t(dme Appendix A.l.) are taken into account to
determine the light profile on the tube surface #relirradiance profile in the cross section of the
tube. The total radiation is separated in direiftusk and reflected light. Not all light that falbn the
reactor reaches the algae culture inside the pdoeof it is reflected by the tube surface. Theref
the amount of reflected diffuse and direct lightthg reactor is subtracted from the incoming light.
Another amount of light is reflected by the growswface and is added to the total incoming light.
Lambert-Beer is used to describe the light gradieribe reactor, this is illustrated in Figure feT

length of the light path is calculated for everyrmp@n the cross section for every time stép

Figure 5 shows the irradiance profile at two timasMay 30, 2009 where the movement of the sun
over the reactor is clearly visible. Lambert-Begrapplied to calculate the light gradient, so light
absorption by the algae is included. The lengtitheflight path used here is derived from the solar

angles (see also Figure 4).

12:00 hour 16:00 hour

30 30

20 20

10 10
0 0
-10 -10

-20 -20

-30 : ‘ ‘ ‘ -30 : : ‘ ‘
3 20 -10 0 10 20 30 30 20 10 0 10 20 30

Figure 5. Irradiance profile inside the reactor at12:00 and 16:00 hour at May 30, 2009 in the
Netherlands. Algae species B. tricornutum, reactor orientation = north-south, biomass
concentration = 2 kg.m® and tube diameter = 0.06 m.

The light pattern is used to calculate the growatie (see Appendix B.). With a known growth rate and
biomass concentration the biomass vyield is predicigal production is estimated with the growth

model of Geider et al. (1996) which is basedoburves. To acquire realistic estimations of biosnas

production, radiation data of the World RadiationMoring Centre (WMRC) is used as input for the
calculations (Knap, 2009, Mimouni, 2009, Morel, 2D0

In case of horizontal parallel tubes there are isigadffects and penetration of diffuse light betwee
the tubes. Therefore, direct and diffuse light @erected for this (see Appendix A.2.). The number
and length of the tubes is determined from thd fiaduction area (ha) and the distance between the

tubes.

Algal growth in horizontal tubular reactors 7



Modelling oxygen accumulation and carbon dioxidesztonption in a single tube is done with the
model for a single tube as described above, exoampt the assumption that biomass concentration in
the tube is constant in the whole reactor. Foryepart of the tubelx, production is calculated and the
new biomass concentration is used as input focahaulation of the yield in the next piece of théee.
Stoichiometric factors (see Appendix B) are useddtermine the amount of oxygen, carbon dioxide

and other components involved in the growth.

2.2 Decision variables

Algal biomass production in tubular reactors iduahced by several decision variables. An overview
of the decision variables for production in tubsggiven in Table 1. Reactor type and temperature
were fixed in this study. Three locations (the Neldnds, France and Algeria) are compared to get
insight in the influence of latitude. Others, the diameter and biomass concentration were véoied

determine their effect on the production. Values@rosen in such a way that effects on the paramete

of interest are clearly visible. The remaining @tiexg conditions are assumed to be optimal.

Table 1. Decision variables

Decision variable Value

Cultivation location 51.97° N, 4.93° E (the Netherlands);
44.08° N, 5.06° E (France);
22.78° N, 5.51° E (Algeria)

Algae species Phaeodactylum tricornutum
Thalassiosira pseudonana

Reactor type Tubular PBR

Distance between tubes 0.005-1 m

Tube diameter 0.01-0.07m

Biomass concentration 0.1 — 10 kg.rt

Temperature Constant, ideally controlled

Optimal: 18° T. pseudonana) [12]
23° (P. tricornutum) [12]
Operating conditions Optimal, ideally mixed

The algae used in the simulations weFRalassiosira pseudonana and Phaeodactylum tricornutum,
which have a different maximal growth rate and #jmedight absorption coefficient. Relevant

parameter values are listed in Appendix B, Tableahd Table C.2.
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3 Simulation results

Results of the simulations for biomass productiod @valuation of decision variables are presemted i
the following paragraphs. First, results of thewdations with the single tube are presented, fatidw
by the results of the simulations with multiple ésbAlso the accumulation of oxygen in a singlestub

is studied.

3.1 Single tubular reactor
A single tube is modelled to investigate the infloe of different parameters on the production,
without any effect of neighbouring tubes. Fluctaas of algal growth during the year and the eftdict

decision variables on biomass production are pteden

3.1.1 Yearly biomass production
To examine the algal production on different lomasi, daily biomass production Bf tricornutum is

predicted for a tube in the Netherlands, FranceAdgdria. Daily algal production during one year in
the Netherlands is shown in Figure 6, results fanEe and Algeria are shown in Figure 7 and Figure

8. Standard settings for these simulations aredist Table 2.

Table 2. Overview of standard decision variables

Decision variable P. tricornutum  T. pseudonana
Biomass concentration 1.5 kg.n?® 1.0 kg.n?’
Reactor orientation North — south North — south
Tube diameter 0.06 m 0.06 m

Tube length 100 m 100 m

Algal growth in horizontal tubular reactors 9



Production for P. tricornutum in the Netherlands reaches a maximum vyield in semmof
0.16 kg.tub&.day'. Negative productions occur during winter time dadow light levels. Overall
production per year is about 20.0 kg.tllyeai'. The specie3. pseudonana shows the same growth
pattern, but does not reach as high values foy dédmass production &3 tricornutum because of
the higher absorption coefficieat Total production foff. pseudonana is about 6.6 kg.tubeyear* for

given conditions.

Biomass Production

0.18 ‘ ‘ ‘ \ 24

T T T
I Daily biomass production
0.16 - m— Day|ength H

—20
0.14 - -

0.12
—16

0.1+

0.08 - 12

0.06 -

Daylength [hour.day 1]

0.04 =

| | WZ

0
-0.02 In‘ ! ! ! ! | | ! |
1-

1-09 1-2-09 1-3-09 1-4-09 1-5-09 1-6-09 1-7-09 1-8-09 1-9-09 1-10-09 1-11-09 1-12-09

Daily biomass production [kg.day'l]

0.02

|

Figure 6. Biomass production in 100 m tube during e year in the Netherlands for
P. tricornutum.

Production of algae in France shows less days wnethative production than in the Netherlands
(Figure 7). Due to shorter days in summer, compsréde Netherlands, maximum production is a bit
lower in France. Total production foiP.tricornutum is about 29.2 kg.tubeyear® and

11.7 kg.tub&.year" for T. pseudonana.
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Biomass Production

0-16 T T T T T T T 24
I Daily biomass production
0.14 - m—— Daylength H
—20
0.12+ -
0.1+ —116

Daylength [hour.day 1]

|
[ee)

Daily biomass production [kg.day'l]

iz

02 \ I | \ I I \ I I | \
1-1-09 1-2-09 1-3-09 1-4-09 1509 1-6-09 1-7-09 1-8-09 1-9-09 1-10-09 1-11-09 1-12-09

Figure 7. Biomass production in 100 m tube during we year in France forP. tricornutum.

Day length in Algeria varies less than in the Nddrds and France, therefore light levels are
relatively high in winter (Figure 8). Algal growtis more constant during the year, because algal
growth follows the pattern of day length. Total iigss production in Algeria under given conditions

will be about 36.8 kg.tubeyear® for P. tricornutum and 17.0 kg.tubkyeaf" for T. pseudonana.

Biomass Production

0.16 T T T T T T T 24
I Daily biomass production
0.14 - m— Daylength Ll
—20
< 012} -
&
g 16 =
= 1163
= o01f )
kel °
S 3
3 0.08 12 £
: ool 12 <
2]
2 oos I
: |y
Qo
= |
‘T 0.04
g |
4
0.02 Il

1-1-0 1-2-09 1-3-09 1-4-09 1-5-09 1-6-09 1-7-09 1-8-09 1-9-09 1-10-09 1-11-09 1-12-09

Figure 8. Biomass production in 100 m tube duringioe year in Algeria for P. tricornutum.
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Concluding, most production during one year océnrélgeria. Highest production can be found in
the Netherlands during the summer period. Negaireeuction values occur in The Netherlands and

France during winter. Algeria shows a more congtamdluction during one year.

3.1.2 Effect of decision variables
A sensitivity analysis is done to get insight ie #ffect of tube diameter and biomass concentration

the volumetric yearly biomass production. The dffgicoxygen accumulation on growth is not yet
considered here and growth conditions are assumbé bptimal. All other parameters are as listed in
Table 2.

From Figure 9 and Figure 10 follows that in theidelands, each tube diameter has a specific yearly
constant biomass concentrati@y for which the volumetric production is optimal. Adready
mentioned beforeR. tricornutum has an overall higher production compared .tpseudonana. For
both species a small tube diameter gives highedymtion values than a larger diameter, the reason i
the higher volume-surface ratio in for the thintdses. Production of biomass wihtricornutum is

less sensitive to biomass concentration than Withseudonana; i.e. theC, of T. pseudonana is more
critical to obtain a high yearly production. Theosiger decrease above the maximal production is
caused due to the low light penetration at higlwercentrations and the respiration that takes place

the dark areas of the tube.

250
— - I T T
e ~
200 /
— / —— —d=0.02m
5 / — - —d=0.04m
> 150 d=0.06 m
f?E / ————— d=0.08 m
g / ------ d=0.14 m
1= - T T —
£ 100} / . —~
% e —~
8 /, e
o
~
s0f /. T~
~
h ~
0 \\7~ | [ | | |
0 1 2 3 4 5 6 7 8 9 10

Biomass concentration [kg.m'3]

Figure 9. Effect of biomass concentration and tubdiameter on yearly volumetric production in
the Netherlands. Algae species B. tricornutum.
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Figure 10. Effect of biomass concentration and tubeiameter on yearly volumetric production
in the Netherlands. Algae species ¥. pseudonana.

Similar graphs were obtained for France and Algéfriee curves are, however, shifted. Table 3 gives
the yearly biomass productions for which the maxima@umetric production is achieved. These
results show that maximal volumetric productionré@ses with a higher biomass concentration and a
smaller tube diameter. This holds for both algaecigs and for the three countries. Algeria shows th
overall highest production values for a whole yeith a concentratiorC, of 8.0 kg.n® and a tube

diameter of 0.02 m.

Algal growth in horizontal tubular reactors 13



Table 3. Overview of the combinations for tube diarater and biomass concentratiorC, (kg.m™)
that give a maximal yearly volumetric algal producton (kg.m®) for P. tricornutum and
T. pseudonana.

Algae species P. tricornutum

Country the Netherlands France Algeria
Tube diameter (m) C,  Production C, Production C, Production
0.02 6.0 227.8 6.0 331.8 8.0 436.4
0.04 2.9 110.0 3.0 163.2 4.0 214.6
0.06 2.0 726 2.0 108.3 25 142.4
0.08 15 542 15 81.0 20 106.6
0.14 0.9 30.8 0.9 46.3 1.0 60.0
Algae species T. pseudonana

Country the Netherlands France Algeria
Tube diameter (m) C,  Production C, Production C, Production
0.02 1.9 96.3 1.9 995 20 103.6
0.04 0.9 47.7 0.9 48.3 0.9 49.85
0.06 0.7 314 0.7 31.7 0.6 32.5
0.08 0.5 23.7 05 23.7 05 24.1
0.14 0.3 135 0.3 135 0.3 135

In these simulations substrate levels were assumedo be limiting at every place in the tube. In
practice tube length is limited by oxygen accumatatin the tube, and because of that, oxygen

accumulation and carbon dioxide uptake in a sitgde are simulated.

Simulations were carried out for one single tubant@stigate the effect of oxygen on the production
in the tube. These simulations are done for a wikie 0.06 m diameter in the Netherlands (see also
Figure 10). Two different biomass concentrations @hd 2 kg.i at the start of the tube) are used for
which yearly biomass production levels vary. Thguiil velocity was 0.5 mi’sand the oxygen
concentration at the entrance of the tube equal8ol6f air saturation (Molina Grima et al., 2001).
This minimal required liquid velocity to acquirerthulent flow is determined by the tube diameter. Fo
a diameter of 0.06 m a liquid velocity of about ME' is needed to obtain turbulence. The simulation
is a worst-case scenario because of the relatigelyiquid velocity and the chosen day of simulatio
high light levels occur on May 30 at midday. Resuwit this simulation are shown in Figure 11. The
increase in biomass concentration in the tube tig small and therefore, hardly visible in the graph
The tube with a higher biomass concentration ahomer biomass production rate shows a lower
accumulation rate of oxygen and therefore, a lohgee could be used. The uptake of carbon dioxide

shows the reverse pattern.

Algal growth in horizontal tubular reactors 14



CO2 and O2 concentration

1= ‘ ‘ 0

0.9- - ,

0.8+ -
7 401
h " 0.7F 7 4 @
£ - _ - £
Ke) \\\ 7 - _— - g
é 0.6 \\\\ o~ < — | I_c‘\l

N B

— D O
2 0.5- PN {-0.2 ©
9 7 — \\\ 8
3 — B e
5 04 - B 1 e
@ e 3 =
Q =~ — 0,05 kg.m @
8 0.3 ~ S
—+—0,2 kg.m'3 103 ©

0.2r ~-+--C0,05kg.m3| |

0.1 Co,2kg.m?> | -

0 L L 1 | 1 L | L L _04

0 10 20 30 40 50 60 70 80 90 100
Tube length [m]

Figure 11. Oxygen and carbon dioxide concentration(mol.m® for different biomass
concentrations in one single tube at May 30, 2009,2:00 am in the Netherlands.Tube
diameter = 0.06 m, liquid velocity = 0.5 m:5and algae species . tricornutum.

Maximum tube length. could also be determined from the equation 1, ehelbe length “is limited
by a combination of the acceptable upper limit ba dissolved oxygen concentration, the liquid
velocity through the tube and the rate of photdsysis” (Acién Fernandez et al., 200W). is the
liquid velocity (m.$) in the tube, Q,]i, and .]. are the dissolved oxygen concentrations (mol.L
at the entrance and the outlet of the tube Apgd is the volumetric rate of oxygen production
(mol O,.m*.s%). The formula shows the same results as in thalation, but only holds for a constant

biomass concentration in the tube.

_ UL([OZ]in — [Oz]out) (1)
= R,

L
2

A level of 300% air saturation of oxygen is assuntedbe the maximal value for the oxygen
concentration in the tube. With a liquid velocitiy®5 m.§" in our simulations this leads to a maximal
tube length of 150 m for a biomass concentratiod.5fkg.nT and a maximal tube length of 125 m for
a concentration of 2 kg.fn Oxygen accumulation is less for a biomass conaton of 0.5 kg.r
because of the lower biomass production. If theceatrationC, in the tube increases, biomass
production in the tube will increase and growtloaixreases with a higher production at a giver pip

diameter. The production of oxygen will be lowertife biomass production decreases with an
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increasing biomass concentration at given tube eliemThis effect will only be observable with a

very low liquid velocity or a very long tube, arglbiecause of that hardly visible in Figure 11.

Besides looking at the oxygen levels on differdatgs at one time moment, it is also interesting to
see the behaviour of oxygen production during oag ¢h Figure 12, the oxygen concentration is
simulated at the end of a 100 m tube for differkgtid velocities for May 30, 2009 in the
Netherlands. Oxygen production is directly relatedgrowth, so it follows the growth pattern.
Variations during the day occur due to varyingdiaace levels. The oxygen concentration at the end
of the tube is higher for lower liquid velociti€Bhe algae have a longer residence time in thedunlde
therefore, they have more time to grow and moregeryis accumulated. For countries with higher
growth rates during a day, oxygen levels will bghler at the end of the tube. A different tube
diameter will also lead to other growth rates dmgstalso to more or less oxygen build up (according
to the results in Figure 10 and Figure 11). Negatixygen production values occur during night due
to respiration. More respiration occurs at a lolgarid velocity and therefore, values at the endhef

tube differ during night.
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Figure 12. Oxygen concentration (mol.ij) at the end of a 100 m single tube at differeritquid
velocities at May 30, 2009 in the Netherlands. Tubdiameter = 0.06 m, lomass concentration €
the start of the tube = 1.0 kg.ri¥, algae species £. tricornutum.
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3.2 Multi tubular reactors

For large scale production, multiple tubes can lbequ parallel to each other. Placing tubes pdralle
also implies shading and light penetration effdm$wveen tubes (Slegers et al., 2011). These are
included in the model for the multi tubular reastdn this paragraph the yearly algal production fo
one hectare of tubes is presented for differenht@s and tube diameters. Also the effect of vayyi

distance between the tubes is studied.

3.2.1 Yearly biomass production
Simulations are done for one hectare of tubes 6fri0placed with a distance of 0.01 m next to each

other. The results fdp. tricornutum andT. pseudonana at different tube diameters are shown in Table
4. The biomass concentrations used are the sarie atandard values (Table 2). Algal production
with T. pseudonana shows less variation than with tricornutum. The difference in minimum and
maximum yearly biomass production in the Nethertaims much bigger folP. tricornutum. The
optimal tube diameter fd®. tricornutum at a biomass concentration of 1.5 kg.im the Netherlands

is around 0.08 m, while fof. pseudonana this diameter is 0.04 m. Other combinations ofiass
concentrations and tube distances show the sanerpas in Figure 9 and Figure 10, but with lower

production levels.

Table 4. Yearly biomass production (tonnes.yed) for P.tricornutum (C, = 1.0 kg.m®) and
T. pseudonana (C, = 1.5 kg.m®) in the Netherlands, France and Algeria for 1 heetre of 100m
tubes. Distance between tubes = 0.01 m, orientation the tubes = north — south.

P. tricornutum T. pseudonana
Diameter (m) the Netherlands France Algeria thehbidnds France  Algeria
0.02 12.2 175 20.7 9.0 14.2 18.8
0.04 23.5 33.5 41.1 10.9 175 24.2
0.06 29.9 42.6 53.8 10.0 17.2 24.9
0.08 32.8 47.1 60.6 8.1 15.7 24.0
0.14 315 47.7 64.8 1.4 10.0 19.2

From the diameter of the tubes and the distanceedast the tubes, the number of tubes of 100 m per
hectare can be calculated. A hectare of tubes avdlameter of 0.06 m and the distance between the
tubes of 0.01 m contains 1428 tubes. Each tubehinarea produces about 96% of the mass
production of a single 100 m tube. This holds fer Netherlands, France and Algeria for both algae

species.
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The biomass concentration used in the previous lations was kept constant during the year at
1.5 kg.n’. Optimizing this value gives a concentration 076 kg.n? and a production of
30.8 tonnes.hayeai* for the Netherlands. OptimizingC, per month leads to a vyield of
32.5 tonnes.hayeai* which is 5.6% more than the optimized productioithwa fixed optimal
concentration. A daily optimization has a potentélabout 1.2% extra production on top of the
monthly optimized concentration. Optimizing the rogss concentration for different countries will

show an increase of the same magnitude.

In addition the biomass concentration per tube dieams optimized. The results are shown in FEgur
13. Yearly areal biomass production increases wildwrger tube diameter, while the optimal biomass
concentration per year decreases to minimize th& dane in the tube. Compared to the
non-optimized biomass productions (see Table 4ktieeno optimum and production still increases
till a diameter of 0.16 m.
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Figure 13 Production at optimized biomass concenttéons for P .tricornutum (left) and
T. pseudonana (right) in the Netherlands for different tube diameters.
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3.2.2 Influence of distance between tubes

A case of parallel tubes, an extra decision vagigbladded to the system; the distance between the
tubes. In Figure 14 the effect of distance betwbertubesn yearly biomass production is shown for
both algae species and three different countriesmAller distance between the tubes leads dirttly
more biomass production per hectare per year. fieians that production benefits more from extra
tubes per hectare than from capturing more refie¢iy the ground) and diffuse light reaching the

bottom of the tube. The same pattern is visibletierthree countries as well as for the differégaa
species.
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\ France - T.pseudonana
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Figure 14. Effect of distance between tubes on ydgaiiomass production in the Netherlands,

France and Algeria for T. pseudonana and P. tricornutum. Tube diameter = 0.06 m and reactor
orientation = north-south.
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4 Discussion

Algal biofuel feasibility studies use different nbhers for their production estimates. Different
productivities are reported in the literature fdosed photo bioreactors. Chisti (2007) reports a
volumetric productivity of 1.535 kg.fhday®, but gives no specifications about the reactoretyp
Eriksen (2008) gives volumetric productivities beem 1.15 and 1.52 kghay!, depending on the
photosynthetic photo flux density fd®. tricornutum. Molina Grima et al. (2001) reports values
between 1.15 and 1.90 kg’may® depending on the day of the year. Ugwu et al082Qgives
productivities forP. tricornutum between 1.20 and 1.90 kg*day* for an airlift tubular reactor.
These values were obtained at different biomassesurations or changing biomass concentrations
during the year. Highest production valuesPotricornutum in our work showed a yearly production
of about 227.8 kg.imyear" in the Netherlands and 436.4 kg.year' in Algeria. This corresponds to
an average productivity of resp. 0.62 and 1.20 Kgday'. Productivities in summer are of course
higher than in winter due to the difference in daygth and light intensities. The values from our
model give lower estimates than experimental esémeeported before. We must realize us that the
values from our model are based on year round atmuk. If we look to specific simulated periods,
higher and lower productions than average occussiBly, the reported values are based on a specific
period with beneficial conditions. From this modeé learn that using production values from
literature could lead to too optimistic productierels. Moreover, the simulated system is a hotedon
tubular system, where it is not always clear whatl lof reactor is used for the measurements or

simulations.

Production has also limiting factors. Researchdsedon the effect of growth on oxygen levels at
different algae species fdlannochloropsis (Raso et al., 2011) ardeochloris oleoabundans (Sousa et
al., 2011). At low light levels, a decrease of &@b0% is reported at 200% air saturation for
Nannochloropsis. At high light levels this decrease already showsabove 100% air saturation. For
Neocloris oleoabundans, it is found that the effect of oxygen on growthncbe overcome by
increasing the carbon dioxide level (Sousa ef@ll,l) and at high light and oxygen levels, overds00
air saturation, a decrease in growth is observduksd observations show that if more detailed
information is available about the effect on growitiis could be included in our prediction models t

study the effect on production efficiency.

The effect of liquid velocity on the oxygen andlwam dioxide production was also studied by (Acién
Fernandez et al., 2001). We found a comparablenpator the oxygen accumulation during one day
for different liquid velocities as they did. Also the work of (Garcia Camacho et al., 1999) a finea
increase of oxygen in the tube is reported. Thakgbf carbon dioxide is faster at the begin of the

tube, and decreases through the length of the Thbe.difference is caused by the change in pH that
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is taken into account in the work of (Garcia Cansaehal., 1999). While in our model the pH is

assumed to be optimal in the whole tube.

Placing tubes closer to each other in a multiptetsystem leads to higher areal productions. More
tubes are placed on one hectare, but we obsergeraase in production per tube. The extra yield due
to more tubes per hectare delivers more additipr@uction than the extra yield per tube with more

light available.

In this research a model is made for horizontalfycleed tubes. In practice, also vertically stacked
reactors are used. Higher productivities per squagter ground surface could be achieved, but the
volumetric productivity could go down than becauss all tubes get the same amount of light.
Modelling these configuration of tubes gives sonmardifficulties with calculating light paths, bist

a necessary extension to the presented modelnBldw tubes as close as possible to each othkt cou
has some analogy with a horizontal plate reactecaBse of the bended surfaces of the tube the
surface receiving sunlight is a larger than in cakea plate with the same volume. The work of
(Slegers et al., 2011) also shows the relationghit Ipath and biomass concentration on the yearly
production. The results for the vertical singlet fimnel and the horizontal single tube both show

optima for the different algae species.
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5 Conclusions

Estimating algal biomass production is complex. Wae developed a model to predict biomass
production in horizontal tubes. Modelling algal wth gives information on the processes and
decision variables which play an important roldiomass production. This model provides estimates

of algal production in a single tube and on a laggle close to literature data.

Production in a single tube on three different tmres is compared to each other: the Netherlands,
France and Algeria, and for two algae speckedricornutum andT. pseudonana. Overall, higher
production values are reached on locations witbveel latitude and more hours with higher light
levels. Each tube diameter has a specific optinmgthass concentration for which the algal production
is highest and this varies per latitude. Highemi@iss concentrations are beneficial in tubes with a
small diameter; this gives a high volumetric prddity. To have a high volumetric productivity
relatively more ground area is needed. The maiisiecvariables that determine productivity in the
tubular system are the algae species, locationtldcombination of tube diameter and biomass
concentration. Production has also limiting factofube length is limited due to oxygen
accumulation. Therefore, the build-up of oxygertia tube is modelled. The maximum tube length

could be estimated based on simulations and giyeut parameters.

The results for a hectare of horizontal tubes skrowame trend for the sensitivity to biomass
concentration and tube diameter as single tubesa lraultiple tube system also the distance between
the tubes influences the production per hectaremRthe model we conclude that areal productivity
increases with a smaller distance between the tub@sthe number of tubes on one hectare will
increase. With extra tubes, more algae are prodpeegear than less tubes with the extra light, tdue
reflection and diffuse light, could deliver. We leaglso seen that each tube diameter has a specific
optimal biomass concentration for which the producper hectare is highest. Production per hectare
increases when for each tube diameter the optimatdss concentration is chosen, even with large
tube diameters and thus lower biomass concentgtlfith this research horizontal tubular systems
can be evaluated and compared on different aspdcyiald predictions for future algae plants can be

made.
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Appendix
A. Light

A.l. Solar incidence angle
Direct light falling on a tubular reactor variestlwthe solar position. To determine the solar ienizk
angle, the same model for solar position is used &Slegers et al., 2011) . The solar incidenaglean
6 on a tubular reactor depends on the solar deahmativhich is angular position of the sun at solar
noon with respect to the plane of the equator Jdtiride of the reactor locatiofy the slope of the
reactor with respect to the ground surf@gcehe surface azimuth angle between the normal of the
reactor surface and southand the solar hour angle. Figure A.1.1. gives an overview of the

parameters involved in the calculation of the silaidence anglé:

cos(@) = sin(5) - sin(¢g) - cos(B) — sin(8) - cos(¢) - sin(B) - cos(y) + cos(5) - cos(¢) (A.1)
- cos(p) - cos(w) + cos(8) - sin(¢) - sin(B) - cos(y) - cos(w) + cos(F)
- sin(B) - sin(y) - sin(w)

Y
Zenith

Figure A.1.1. Light beam falling on tubular reactor with different angles.

The angles, y are fixed during time (these are reactor charasttes), the angle» depends on the

solar hour and angkeon the day of the year.
The solar declinatiod for equation A.1 varies with the day number inykarN:

8§ = 23.45-sin (36022%) (A.2)
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and the solar hour angle, which is displacemetiti@&un from the local meridiamin
equation A.3, is given by
w = 15(tso1ar — 12) (A.3)

in which the solar times,, (h) depends on the actual tipdongitude of the reactor locatidn the

meridian of the reactor locatian and the equation of tine(see Equation A.4-A.6):

360
{=(N-— 1)@ (A.4)

e = 229.2- (0.000075 + 0.001868 - cos({) — 0.032077 - sin({) — 0.014615 - cos(2 - {) (A.5)
—0.04089 - sin(2 - {)

4-A—xK)+e (A.6)

tsolar = T+ 60

The zenith anglé,(°) and the solar elevation anglg(®) in Figure A.1.1 are given by :

cos(6,) = sin(¢@) - sin(d) + cos(¢) - cos(d) - cos(w) (A.7)
a,=90—-6, (A.8)

The orientationy of the reactor is shown in Figure A.1.2. for twituations. The orientation is the
angle measured from the normal of the reactor@sstiuth on the horizontal plane and is positiveafor
position in the S-E and N-W direction and negafiwea position in S-W and N-E. Angle is the

hour angle and is negative in the morning and jpesit the afternoon.

S S

Figure A.1.2. Reactor orientationy and hour angle @ for two situations y = -45° (left) and
y = -45° (right).
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A.2. Light input single tube

The data for direct light is measured perpendictdahe incoming light beam. Therefore a correction
is needed to calculate the light level on the fwrial plane. This is done by multiplying incoming
direct light with the cosine of the solar zenitlglEn(Equation A.9)lg.e is the measured direct light
available from the dataset ahg 4ret IS the corrected amount of direct light. Each painthe tube’s
contour has a different angle of the reactor serfacso correction is needed to calculate the light
profile on the surface. Correction for the tiltedrface anglef (see Figure A.2.1.) is done with
equation A.10 (Liu and Jordan, 1960) wh&g. andGgs are geometric factors. Total radiation on

the tubes surface is calculated by Equation A.19.

Ihor.direct (B, £) = lgirect = c0s(0;) (A.9)
0(B, A.10
Gairect(B) = % ( )

A correction for diffuse sky light is also need@&tiis factor is a function of the reactor surfacglag
and the sky view angleto correct for diffuse sky light penetration:

1+ cos(f +u) (A.11)
Gaiffuse = - 3

In which u is a function of the height of the reactoand the distance between the tubes
(see Figure A.2.1)

u=tan™? (g) (A12)

for multiple tubes and u = 0 for a single tube.

The tubes at the border of the algae plant havieaaht light pattern. For a large scale produttize
assume that this effect is negligible and all tubss treated similarly in the simulations. Ground
reflection only occurs if the sun is above a certaight that direct light can hit the ground, degiag

on the angles of the sun.

W 4’

Figure A.2.1. lllustration of the shadow area in tle tube and reflection via the ground.
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Angle g is illustrated in Figure A.2.1. wheteis the angle, combined with the radiRsdescribing

each point on the surface expressed in polar coates. Ground reflected light also contributesho t

total amount of light falling on the reactor. Thiere, the amount of light reflected by the grousad i
added to the total amount of light (Equation A.19).

—

Reflected
Beam radiation
radiation Diffuse
radiation

Figure A.2.2. lllustration of angle # to Figure A.2.3. Longitudinal section of a tube with
calculate the diffuse light profile on the incoming light falling on the tube and light losse due
tube surface. to reflection.

Not all the light that falls on the reactor surfaeaches the algae inside the tube. Losses oceutodu
reflection of different material interfaces: lighiom the air to the reactor material (glass) arainfr
glass to the algae solution. The amount of refteligght depends on the difference in refractiveexd
of the two interfaces. Diffuse light penetrates tbactor from any direction that is why the reféett
radiation could have any direction as well. Reftattof direct light occurs in one certain direction
(Figure A.2.3.). The angle of refracted light toetmormal is calculated with Snell's law
(Equation A.13). For diffuse light, an angle of G6°assumed to be angle of incidence (Duffie and
Beckman, 1991).

Sin(6;) _n, (A.13)
sin(6,) n;
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The amount of reflection by the tube follows frohe tFresnel equations (Equation A.14 and A.15).
The reflection of s-polarized lighRis given by Equation (A.14) and reflection of p-mated lightR,
by Equation (A.15)n; andn, are the refractive indices of the material befond after the interfacé;

is the angle of incidence afd is the angle of refraction measured to the noohttle surface.

o /ni - cos(6;) —n; - \/1 - (7% sin(@i)z)\z (A.14)
s n; - cos(6;) +n,- [1— n; . sin(6;)?
\ [ )
/ " J 1= (- sin(@2) =n - 605(90\2 (A.15)
Rp =

\ni -Jl - (Z—; . sin(6i)2) +n; cos(@i)/

Because normal sunlight is not polarized, it isassary to adapt the results of the Fresnel equsatiion
the right conditions. Therefore, the average of rigfection coefficientdR,, for s- and p-polarized
light is used (Equation A.16).

R +R, (A.16)
2

Rior =

The amount of reflected light calculated with thedhel equations, does not contribute to growth in
the tube, so this amount of light must be subtchfttem the total amount of light. This is done by
Equations A.17 and A.18 where the amount of lighmhultiplied by one minus the fraction reflected
for direct and diffuse light separately e refiected.tube aNA | giffuserefiected.ube A€ respectively the amount of

light reflected by the surface of the tube for dirend diffuse light fraction of the light.

[direct,reflected,tube = Ihor.airect * Gairect * (1 — Reotairect) (A'l7)

Idiffuse,reflected,tube = Idiffuse ' Gdiffuse ' (1 - Rtot.diffuse) (A'18)

From all corrections and calculations before th&lt@mount of light on the reactor surface is

calculated for direct lightoa girect @and diffuse light o dgiffuse:

Itotal,direct (ﬁr t) = Gdirect (,8) ' Ihor.direct (t) - Idirect,reflected,tube (t) (A.19)

Ltotar,dif fuse (B t) (A.20)
= Gdiffuse (.B) ' Ihor.diffuse (t) + Irefelected,ground (t)

- Idiffuse,reflected,tube (t)
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From the total light input on the tubes surfacelémgyth of the light path is calculate® . is based
on non-refracted light. From this lend®j,«, the biomass concentrati@, the absorption coefficient

Ka the local irradiance is calculated with Equatfo@3 and A.24.

— . a—Ka'Cx'Pgi
Ilocal.direct(ri'g) _Itotal.direct e~ “atxtdirect (A-21)

Ilocal.diffuse (ri' ‘9) = Itotal.diffuse ' e_Ka.Cx.PdirECt (A-22)

The total irradianCqa irradiance @t €ach point in the tube is than calculated ®&ijhation A.25

[total.irradiance (Ti: 5) = [local.direct + [local.diffuse (A-23)
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B. Algae
B.1. Algal productivity

The accumulation of algae biomass in the reactduragion of the time is given in Equation B.1. The
biomass concentratidd, is assumed to be constant in the reactor. Theathgrowth rateu therefore
equals the dilution ratB. This assumption leads to a small overestimat@nowth is calculated for
every point in the circle.

DC,(t) (B.1)

X = (W) = D) €

The growth model used in this simulations is tredet of (Geider et al., 1996). This model is valid

for an ideally mixed system at constant optimalgerature.

(—o-I-(y,z,t)-G)(y,z,t)) (B.Z)
.u(y,Z,t)=PCm<1—€ Plm >_Tm

With:  P¢,, = tmax + Tm

The overall/net growth ragedepends on the maximal chlorophgiand carbon ratio in the cél,, .,
the functional cross section of the photosynthapiparatuss, local irradianceloca.irrandgiance @Nd the

maximum carbon specific rate of photosynthé@$js
The chlorophylla:carbon ratio is given by:
1 (B.3)

1+ Omax * 0 * liocalirradiance (y: Z, t)
2-P§

G)(y:Z: t,)= Omax

With 0,,,,, the maximal chlorophyk:carbon ratio

All the used parameters are listed in Table C.1Tatde C.2.
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B.2. Substrate consumption and oxygen production

Stoichiometric factors are used to determine thbstsate consumption rates and the oxygen

production rate from the biomass production ratee fleaction stoichiometry is based on the values in

Table.

The reaction stoichiometry for growth Bf tricornutum on nitric and phosphoric acid is:

CO,+ 0.1181 HNQ@+ 0.7800 HO + 0.068 HPO, = CH; 69860.320MN0.11880.006sF 1.41622 Q

and for growth off. pseudonana:

CO,+ 0.1564 HNQ@+ 0.7381 HO + 0.0125 HPO, = CHy 67000.3150N0.15680.01251 1.4712 Q

To calculate the accumulation of oxygen on eacbhepia the tube Equation B.2.1 is used Wh%feis

the increase in biomass concentration per unegmgth ands the liquid velocity.

dc,
—=ut) Cy(x,t) + v ———

dC,(t)
dt dx

Table B.1 Overview of general parameters.

Parameter Value
Hair 1.0008
”dgaesolmion(water) 1.51
ﬂreadorwall(glass) 1.33

O; diffuse 60°

Table B.2 Algae specific parameters.

(B.4)

Parameter T. pseudonana  P. tricornutum  Dimensions

Ka 269 75 m.kg™

Himax 3.29 1.4 day

Rm 0.05 0.05 day

G 10 10 m.mol* photons

Omax 0.08 0.08 g ChlaC

Topt 18 23 °C

Biochemical composition 14-20-33 11-20-56 Carbohyes-lipids-proteins
Average phosphor — carbon ratio 1:80 1:147 -
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C. Nomenclature

Cx Biomass concentration (kg Y Azimuth angle, angle between the normal of
D Dilution rate (&) the reactor orientation and the line due south,
G Geometric factor, used to convert with negative angles towards the east and
horizontal measured light radiation to a positive angles for the est (°)
tilted surface (-) ) Declination of the sun, angular position (°) of
I Light intensity (W.n) the sun at solar noon with respect to the plane
Ihor Measured light intensity on a horizontal of the equator, for locations on the northern
surface (W.rf) hemisphere the angle is positive and for the
Iprc Photon flux densityymol.m?.s?) southern hemisphere the angle is negative
L Straight tube length n loop (m) € Angle describing each point in the circle and
Ka Spectrally averaged absorption on the contour of the circle in polar
coefficient of algae (fkg™) coordinates (°)
N Day number, 1 January is 1 (-) ni Refractive index of material before interface
Pairec Length of light path (m) O]
B¢ Maximum carbon specific rate of Nt Refractive index of material after interface (-)
photosynthesis & 3 ‘true day’
R Radius of the tube (m) 0 Angle of incidence, the angle between the sun
Ry Reflection coefficient fop-polarized rays and the normal of the reactor surface (°)
light (-) 0; Angle of incoming light (°)
Rs Reflection coefficient fos-polarized 0; Angle of refraction (°)
light (-) 0, Zenith angle, the angle of incidence on a
Riot Overall reflection coefficient for the air- horizontal surface
reactor interface (-) K Meridian to which the reactor location
U, Superficial liquid velocity in the tube belongs (°)
(m.s?) o Functional cross section of the photosynthesis
[Oalin Dissolved oxygen concentration at apparatus
entrance of solar tube (mol*). (g C (mol* photons) rig™* Chl a)
[O2]out Dissolved oxygen concentration at the 1 Distance between parallel tube (m)
outlet of solar tube (mol:f) A Longitude of the reactor location based on the
Ro2 Volumetric rate of oxygen generation prime meridian (East-positive, West-
(mol O, m*.sY) negative) (°)
n Growth rate (3)
h Height of the reactor, equals two times pn.,  Maximal growth rate (§
the radius R (m) Latitude of the reactor location for locations
Nshadow Height of the shadow measured from the on the northern hemisphere the angle is
ground (m) positive and for the southern hemisphere the
ri Radius describing points in circle (m) angle is negative (°)
tsola Solar time (h) ® Hour angle, angular displacement of the sun
% Liquid velocity (m.&) from the local meridian caused by the
u Sky view angle (°) rotation of the earth on its axis, the angle in
negative in the morning and positive after
Greek letters noon (°)
C] Chlorophylla and carbon ratio in the cell
(g Chlag*C)
Omax Maximal chlorophylla and carbon ratio  Subscripts
in the cell (g Chh g* C) Direct Direct light
Oy Solar elevation, angle between the Diffuse Diffuse light, solar light scattered by
direction of the sun and the horizontal the atmosphere
(the complement of the zenith angle) (°) Ground Reflected light by the ground
B Slope of point on reactor, angle that the Reflected Solar radiation that is reflected by the

reactor surface makes with the surface of

the earth (°) Tube

Algal growth in horizontal tubular reactors

ground, it is assumed to be diffuse
Reflected light by the tube

33



