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The primary requirements for high-biomass-concentration microalgal cultivation in-
clude a photon source and distribution, efficient gas exchange and suitable growth me-
dium composition. However, for mass outdoor production of microalgae, growth me-
dium composition is a major controlling factor as most of the other factors such as light
source and distribution are virtually uncontrollable. This work utilises an elemental bal-
ance approach between growth medium and biomass compositions to obtain high-den-
sity microalgal cultures in an open system. F medium, commonly used for the cultivation
of marine microalgae such as Tetraselmis suecica was redesigned on the basis of increas-
ing the biomass capacity of its major deficient components to support high biomass con-
centrations (¢ ~ 5.0 % for N, S and ¢ ~ 10 % P), and the entire formulation was dis-
solved in 0.2 um sterile filtered natural seawater. Results show that the new medium (F")
displayed a maximum biomass concentration and total lipid concentration of 1.29 g L!
and 108.7 mg L' respectively, which represents over 2-fold increase compared to that of
the F medium. Keeping all variables constant except growth medium, and using F me-
dium as the base case of 1 medium cost (MC) unit mg! lipid, the F’ medium yielded
lipid at a cost of only 0.35 MC unit mg™' lipids. These results show that greater amounts
of biomass and lipids can be obtained more economically with minimal extra effort sim-

ply by using an optimised growth medium.
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Introduction

The past few years have witnessed consider-
able activities relating to the production of micro-
algae for commercial purposes. From a modest be-
ginning in the late fifties, new endeavours have
emerged as specialised industries are aiming to pro-
duce animal feed, food additives, biofertilizers and
different natural products using microalgae.!? Pro-
duction of biodiesel from lipids extracted from
microalgae has been of recent interest due to in-
creasing petrol prices resulting from fossil fuels
depletion, and/or the alarming rate of global warm-
ing issues.>” Biodiesel is mainly produced via
trans-esterification reaction of triglyceride mole-
cules present in microalgal lipids with alcohol, such
as methanol. In this process, methyl/ethyl alcohol is
deprotonated with a base which turns it into a stron-
ger nucleophile to convert lipid triglycerides into
methyl/ethyl-esters.*> Microalgal biomass is ob-
tained from a renewable source, does not require a
large area of land for cultivation, possesses a high
growth rate and accumulates a satisfactory amount
of lipid for biodiesel production. Stationary phase
microalgal lipids are mostly neutral lipids due to
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their lower degree of unsaturation and their accu-
mulation in the microalgal cells at the early or late
end of growth stage depending on the strain.®” A
variety of photo-bioreactors have been utilised for
microalgae production.® ! Large open outdoor pond
cultivation is one of the earliest industrial systems
for microalgal cultivation. Closed systems have been
described for the production of microalgal biomass
and some fine chemicals.!""'> Enhancements in the
performance of different photo-bioreactors have
been obtained by optimising illuminating tech-
niques, efficient gas and liquid exchange units and
controlled nutrient supply.'*!* However, few studies
have focused on detail medium optimisation for
the production of high-density microalgal biomass.
Growth medium formulation dramatically affects
the performance of microalgal cultivation pro-
cesses, especially for an open photo-bioreactor sys-
tem where most of the major cultivation factors are
virtually uncontrollable.’> The type, source, con-
centration and the proportion of elemental ingredi-
ents present in the cultivation medium affect the
amount of biomass produced, as well as lipid volu-
metric titres. It is also probable that nutrient con-
centration directly bears on the physiology of the
microalgal cells by influencing their intricate regu-
latory systems and therefore controls their mitosis
or proliferation mechanism as well as lipid production.
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In a typical aerated closed transparent photo-bio-
reactor exposed to the atmosphere, growth inhibi-
tion is likely to occur through the depletion of spe-
cific major nutrients in the growth medium or the
secretion of inhibitory compounds by the micro-
algal strain.!’> Secretion of growth inhibitors is usu-
ally not typical of most marine microalgae species
including Tetraselmis suecica.'® Hence, growth me-
dium optimisation is essential to achieve high
microalgal biomass levels. A number of growth me-
dia for the cultivation of microalgae have been for-
mulated. Many of these are derived from chemical
analysis of the natural habitats of the microalgae.'”
There exists few growth media designs based on
detailed study of nutrient requirements and up-
take.!>!® The major elements required for the
growth of microalgae are N, P, K, Mg, Ca, S, Fe,
Cu, Mn and Zn and these elements are added in the
form of inorganic or organic salts.'>!%2% It has also
been observed that the nutrient uptake is a function
of various factors including biomass density, light
intensity and distribution, temperature, and pH.!>?!
Generally, reports on the experimental investiga-
tions of the effects of optimising biomass and lipid
production from a growth medium perspective is
limited. This limitation makes growth medium se-
lection more of a trivial process and this contributes
partly to the routine attainment of low microalgae
biomass and lipid yields. This work is geared to-
ward the optimisation of growth medium composi-
tion based on the elemental composition of the
microalgal biomass. The optimisation of growth
medium composition based on the cellular biomass
content renders the physiological nature of the cells
intact, improves lipid storage capacity and enhances
the proliferation rate of the microalgae cells. This
will potentially have a positive influence on bio-
mass and lipid concentrations. An economic evalu-
ation of the performance of the growth medium (as
in cost of medium per mg of lipid produced) which
has generally not been considered in the literature
to date is outlined here. Also, analysis of CO, fixa-
tion rate of microalgae cultivation systems is pre-
sented in this paper.

Experimental

Materials

Potassium nitrate (KNO,) (BDH Chemicals Pty
Ltd, MW 101.10, 99.0 %), sodium phosphate mono-
basic (NaH,PO,) (Merck Pty Ltd, MW 119.98,
99.5 %), manganese chloride (MnCl,) (BDH Chem-
icals Pty Ltd, MW 125.84, 98.0 %), zinc sulphate
(ZnSO,) (BDH Chemicals Pty Ltd, MW 161.47,
99.5 %), cobalt nitrate (Co(NO;),) (BDH Chemi-
cals Pty Ltd, MW 182.94, 97.5 %), copper sulphate

(CuSO,) (Prolabo Pty Ltd, MW 159.61, 98.5 %),
sodium molybdate (Na,MoO, - 2H,0) (AJAX Che-
micals Pty Ltd, MW 241.95, 98.0 %) and glycerol
(C;H5(OH);) (Merck Pty Ltd, MW 92.10, 99.5 %)
were used for growth medium preparation for
microalgal cultivation, hexane (CH,(CH,),CH;)
(Sigma-Aldrich, MW 86.18, 99.0 %) was used for
lipid extraction from microalgae and methanol
(CH,;0H) (Sigma-Aldrich, MW 32.04, 99.0 %) was
used for chlorophyll extraction from microalgae.

Microalgae strain

The microalgal strain used throughout this body
of work is Tetraselmis suecica cultivated in bag
photo-bioreactor located at Monash University, Clay-
ton (Victoria, Australia). The culture was obtained
from CSIRO Microalgac Research Centre (Hobart,
Australia). Tetraselmis suecica is a marine green flag-
ellate with a satisfactory amount of lipid, thus making
it a potential source for biodiesel production.?

Growth medium preparation

F medium commonly used for the cultivation
of most marine microalgae is used as a base me-
dium to develop an optimised medium. This work
seeks to develop an optimum growth medium to
boost the biomass capacities of the vital elemental
ingredients present in F medium by balancing the
elemental composition of the microalgae with that
of the growth medium. This technique has previ-
ously been reported by Mandalam and Palsson,
1998.15 The elemental composition of Tetraselmis
species (in mole per mole of phosphorus) as re-
ported by Ho et al. 2003%3 is shown in Table 1. The
source of carbon for microalgae growth is CO,
which will be supplied by flue gas from Monash
University Engineering boiler house, and com-
pressed air mixture sparged into the bag photobio-
reactor. The remaining elements N, P, S, K, Mg, Ca,
Sr, Fe, Mn, Zn, Cu, Co, Cd and Mo must be pro-
vided by the growth medium. The composition of F
medium is as shown in Table 2. The elemental con-
stituents of F medium were evaluated for biomass
capacities based on the average values of the dry
cell mass composition. The concentration of each
element in the F medium (as in gram of element per
litre of F medium) was calculated from the elemen-
tal compositions given in Table 2. The maximum
biomass capacity of each element was determined
by considering the concentration of each element,
g L' of F medium and the fraction of the element in
the dry cell mass as given in Table 1. The biomass
capacity (%) of element 7 is calculated as in eq. (1).

5, = _Vie 100 (D)
WiPsWe
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Table 1 — Elemental composition of Tetraselmis sp. as re-
ported by Ho et al., 2003

Table 2 — Compositions of F and F' growth media in mg
compound per L of solution

Elemental Compositions/ Average Nutrient | F medium compositions/ | F* medium composition/
constituents mol mol™' P mass fraction, w/% compounds mg L mg L'
C 199 +43 81.626 KNO, 150 1155
N 26+53 12.442 NaH,PO, 11.3 103
P 1 1.059 MnCl, 7.2 2.4
S 1.33+£0.01 1.455 ZnSO, 0.4 4.5
K 1.47 % 0.04 1.959 Co(NO;), 0.2 0.07 ~ 0.1
Mg 0.23+£0.01 0.188 CuSO, 0.196 0.71
Ca 0.86+0.019 1.176 Na,MoO; 0.126 0.04 ~ 0.1
Sr @25+ 1.01) - 102 0.075 FeC(H;O, 9 3
Fe (3.9+0.42) - 1073 7.451 - 107
Mn (4.0+0.25) - 103 7520 - 1073 Table 3 — Calculated biomass capacities of the elemental
constituents of F and F' growth media
Zn (0.44 +0.075) - 1073 9.844 - 10
s , Elemental F medium biomass | F" medium biomass
Cu (0.5140.009) - 10~ 1.107 - 10 constituents capacity, ¢/% capacity, ¢/%
Co  (0.112+0.018) - 103 2256 - 10 N 0.67 512
Cd (0.15£0.007) - 1073 5.777 - 10°* P 1.01 9.95
Mo (0.028+0.006) - 107 9.229 - 105 S 0.03 498
K 11.72 90.12
Where 0, is the biomass capacity of element 7, Mn 165.81 55.27
v, 1s the mass of element i per litre of F medium, 7n 65.20 65.2
w . is the dry mass fraction of fresh cells, w, is the
f E
: . Cu 27.84 27.84
mass fraction of element i in dry mass of cell and
P is the density of fresh microalgal cells. Dry Co 113.36 37.79
mass fraction and density of the microalgal cell Mo 272 89 90.96
were taken to be ~0.25 and ~1.01 g mL"! respec-
Fe 109.98 36.66

tively.?* The biomass capacity of each element in F
medium is as shown in Table 3. The results show
that the medium is deficient of N, P and S and zero
amounts of Mg and Ca, and the lack of these vital
nutrients presents various effects on the growth of
the microalgal cells. For example, the absence or
limitation of Ca and Mg results in growth retarda-
tion and reduction of photosynthetic activity and
chlorophyll content. Also, cell mitosis is hindered
in sulfur-deficient microalgae cultures.?>?’ The re-
sults also show that F medium is rather rich in
micronutrients and trace metals such as Mn, Zn,
Cu, Co, Mo and Fe. F medium was redesigned by
increasing the biomass capacities of each deficient
macronutrient (¢ ~ 5.0 % for N, S and ¢ ~ 10.0 %
P) to support high biomass concentration. The con-
centrations of the micronutrients (Mn, Co, Mo and
Fe) were slashed down to a third as their concentra-
tions exceeded the maximum biomass capacity;
thus impacting positively on the cost of medium
preparation. The composition of the new medium
F' is as shown in Table 2. The entire formulation

was dissolved in 0.2 um sterile filtered natural sea-
water with an ionic fraction of ~3.4 % obtained
from Chelsea Beach (Victoria, Australia). The
availability of Ca? * and Mg? * ions in seawater sup-
plemented the F’ growth medium as a source of cal-
cium and magnesium for microalgae growth.

Simple outdoor cultivation of microalgae
in bag photo-bioreactor

Two ¢ = 20 % inoculum cultures were estab-
lished in two 100 L outdoor bag photo-bioreactors
containing F and F' growth media with compo-
sitions dissolved in 0.2 um sterile filtered natural
seawater as shown in Fig. 1. The temperatures of
the cultures were recorded to be between 17-24 °C,
corresponding to ambient temperatures between
20-28 °C. The cultures were aerated with flue gas
(sourced from Monash University Engineering
boiler house) and compressed air mixture (20 : 80)
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Fig. 1| — Schematic diagram showing the flow of flue gas/compressed air system, inoculum and growth medium into
the bag photo-bioreactors. The flue gas/compressed air mixture is cooled first before feeding to the photo-bioreactor. In-
sert: Two bag photo-bioreactors for microalgae cultivation. Bag photo-bioreactor A contains F medium and 20 %
microalgae inoculum, and bag photo-bioreactor B contains F' medium and 20 % microalgae inoculum. The picture was

taken during the accelerating phase of the growth profile.

at 34.5 kPa (gauge) mainly as a source of CO,. A
schematic view of the gas systems, growth medium
and inoculum additions is shown in Fig. 1. The
sparging rate of the gas also creates uniform culture
mixing. The composition of the original flue gas
stream is N, (78-80 %), CO, (11.7-12.5 %), O,
(4.8-5.9 %), CO (70-110 - 10°), SO, (418-430 - 10°9),
NO, (120-130 - 107%) and ash (48.5-53.4 mg L).
Dry cell mass concentration, lipid concentration,
and culture pH were monitored offline by taking
daily samples in the early mornings before sunrise
and/or afternoons before sunset. The evaporation
rate of water from the cultures was estimated to be
less than 60 mL d~!. The cultivation was terminated
after the stationary growth phase was obtained in
the two media.

Determination of dry cell mass concentration
of microalgae

The microalgal cultures were mixed thor-
oughly before each sample was collected. 50 mL
aliquot of the culture was pipetted and transferred
into a 50 mL centrifuge tube. Centrifugation
(Heraeus, multifuge 3S-R, Germany) was perfor-
med at 4500 x g rpm for 20 min. The supernatant
was carefully poured off from the tube in order not
to disturb the pellet or pour off any unsettled mate-
rial. The pellet from the centrifugation was rinsed
with 10 mmol L' HCI solution, transferred to
a pre-weighed heat-resistant crucible and dried at
105 °C in an oven overnight.?® The sample was re-
moved from the oven, kept in a desiccator and
weighed. This weight minus the weight of the
empty crucible gives the dry cell mass which was

converted to dry cell mass concentration by divid-
ing it by the sample culture volume. Samples were
generally run in triplicate for each data point.

Solvent extraction of chlorophyll a and b

Chlorophyll ¢ and b were extracted from the
microalgal culture samples using 100 % methanol.
The samples were diluted 10 times by methanol,
wrapped with aluminum foil and kept at 4 °C for
40 min. The samples were then centrifuged at
10 000 x g rpm for 10 min. The absorbance of the
green supernatant was measured at two wave-
lengths: 4 = 650 and 665 nm. The chlorophyll a,
chlorophyll » and total chlorophyll concentrations
in mg L' were then calculated using the equations
described by Hitkins and Baker, 1986.%

Solvent extraction of lipid
from microalgae biomass

Oven dried microalgae biomass samples were
pulverized and interacted with 20-40 mL of 99 %
pure hexane. The mixtures were tightly covered,
vortexed for 30 min and incubated overnight at
30 °C. The resulting mixture was filtered and the
biomass residue was washed twice with the same
volume of hexane and added to the extracted frac-
tion. The hexane fraction was evaporated to dryness
and the residual extract, mainly lipids, was weighed
and the total lipid content determined gravi-
metrically. Each of the lipidic extracts obtained was
analyzed by gas chromatography to determine their
fatty acid composition.>® All experiments were car-
ried out in triplicate.
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Results and discussion

Effect of growth medium composition
on biomass concentration

The biomass growth rate of microalgal cells in
F and F' growth media and daily temperature read-
ings of the culture suspensions during cultivation
are shown in Fig. 2. Different biomass growth pro-
files of the microalgae cells were portrayed by the
different media. The results show a general increase
in the biomass concentration up to 0.58 g L' and
1.29 g L' in the stationary phase for F and F’
growth media respectively. The exponential phase
of the microalgal cultivation process exists from
day 3 to day 6, where the biomass concentration in-
creased from 0.16 g L' to 0.48 g L! for F medium
and 0.3 g L' to 1.04 g L' for F' medium. This is
the region with the highest differential biomass
growth per unit time and F' medium displays a
better biomass concentration increment in this
phase than F medium. The growth rate of the cells
in the different media was about the same in the
first 2 days of lag period. The microalgae growth in
F medium started stabilizing after 6 days to reach a
maximum concentration of 0.64 g L' and declined
slightly to 0.58 g L!, whilst F'" medium increased
through the exponential phase and stabilised at
1.29 g L', The significant variation existing in the
cell density profiles of the two media is attributed
to differences in the amount of active nutrients
present in the different media. The declination of
microalgae concentration after day 9 is due to the
exhaustion of active nutrients present in the me-
dium. Microalgal cells in F and F' media attained a
maximum growth rate of 0.17 and 0.33 respec-
tively. The cultivation was halted in day 10.

1.4

& biomass conc. in F' medium
® biomass conc in F medium

29

12 —m— temperature of culture

27

25

0.8
23

0.6 1 o

temperamre/"c
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dry biomass concentration/g L™
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time/d

Fig. 2 — Dry biomass concentration and temperature pro-
files for 2 x 100 L outdoor cultivation of microalgae in
bag photobioreactors containing F and F' growth media.
F' medium displays a higher final biomass concentration than

F medium. Both cultures displayed a temperature range of

17-24 °C. The results represent the average values of 3 repli-
cates (n = 3,0 < 0.03).

Effect of growth medium composition on pH
and dissolved CO, profiles

F and F' media cultures presented different pH
profiles during the cultivation process. The results
show that pH values recorded for F' medium are
higher than that of F medium, and this is due to the
different consumption rates of CO, by microalgal
cells present in the different media. Microalgal cells
in F' medium are fed with stoichiometrically opti-
mised nutrients in the right proportion; hence have
a higher metabolic rate than those of F medium.
Also, nitrate uptake generates alkalinity. Higher ni-
trate concentrations are generally accompanied by
higher absorption rate and an increase in alkalinity.
This results in a higher CO, consumption rate by
the cells in F' medium, thus, increasing its pH. Ac-
cording to Fig. 3, the daily (afternoon) pH of the
cultures increased rapidly from 5.7 to a maximum
value of 8.4 for F medium, and 5.8 to a maximum
of 8.7 for F' medium after the introduction of the
inoculum. This is due to the initial uptake of CO,
by the microalgal cells during the day. The daily pH
values of the cultures decreased slightly and stabi-
lised at 8.2 and 8.4 respectively for F and F' media
after the fifth day — resulting from the buffering ca-
pacity of the seawater and the complete adaptation
of the microalgal cells to the culture environment.
During the night, the pH values of the cultures de-
crease massively as the microalgal cells do not
photosynthesise (do not make use of CO,) but un-
dergo respiration to release more CO, which turns
the culture suspension acidic with pH ~5.7 for both
F and F' media. This result is confirmed by early
morning and afternoon quantifications of dissolved
CO, levels during the cultivation process. As shown
in Fig. 4, the afternoon dissolved CO, level de-

« F medium afternoon pH readings
u F' medium afternoon pH readings

A F medium early morning pH readings
e F' medium early morning pH readings

o 1 2 3 4 5 6 7 8 9 10 1
time/d

Fig. 3 — Early morning and afternoon pH profiles during
the cultivation of microalgae in outdoor bag photobioreactors
using F and F' media. The results represent the average values
of 3 replicates (o < 0.05).



366 M. K. DANQUAH et al., Cultivation Medium Design Via Elemental Balancing for ..., Chem. Biochem. Eng. Q. 24 (3) 361-369 (2010)

A

N i
. ) E )
w

F 3
-

[{u]

a{w
+n
»|

» F' medium afternoon dissolved CO,
* F medium afternoon dissolved CO4
# F' medium early marming dissolved COp
& F medium early morning dissolved 002

dissolved CO; concentration/mmol L

0 1 2 3 4 5 B 7 g 9 m N
time/d

Fig. 4 — Early morning and afiternoon dissolved CO, con-
centration profiles during the cultivation of microalgae in out-
door bag photobioreactors using F and F' media. The results
represent the average values of 3 replicates (0 < 0.04).

creased from 9.05 mmol L! to 6.83 mmol L! for F
medium, and from 9.10 mmol L' to 6.34 mmol L!
for F' medium during the first 4 days after inocula-
tion and remained stationary afterwards, whilst the
early morning dissolved CO, level maintained a
constant and the similar value of ~9.12 mmol L
for both F and F' media after inoculation. Dissolved
CO, quantification was performed by titrating the
culture samples with standard HCI to determine the
stoichiometric amount of HCO7; converted into CO,
gas. In brief, there is a maximum accumulation of
CO, during the dark phases of the cultivation cycle
when the microalgal cells do not photosynthesise
but rather respire. Hence, low pH levels are encoun-
tered during the night.

Dependency of chlorophyll concentrations
on growth medium composition

A significant difference was observed in the
concentration profiles of chlorophyll ¢ and b and
total chlorophyll content for the two media, F and
F’, during the cultivation process. As shown in
Fig. 5, chlorophyll @ and b contents of F' medium
culture cells increased continuously to a maximum
of ~19.1 mg L' and 13.4 mg L' respectively, and
this is 2-fold higher than that of F medium in terms
of chlorophyll @, and ~3-fold higher than that of F
medium in terms of chlorophyll 5. The higher chlo-
rophyll content of cells in F' medium reflects the
enhanced capacity of the medium to maintain
photoautotrophic cultures. The pattern of increase
in total chlorophyll content was similar to that of
biomass growth in the case of the F' medium, but
the scenario was different for F medium. The chlo-
rophyll content in F medium cultures did not in-
crease after the 6th day although its biomass in-
creased up to the 8th day. The maximum total chlo-

35
& F', chlorophyll a

30 m F, chlorophyll a

AF', chlorophyll b
25 o F, chlorophyll b
o F', total chlorophyll

20 ©F, total chlorophyll

15

10

chlorophyll mass concentration/mg L™

time/d

Fig. 5 — Concentration profiles for chlorophyll a, chloro-
phyll b and total chlorophyll content during the cultivation of
microalgae in outdoor bag photobioreactors using F and F'
growth media. The results represent the average values of
3 replicates (0 < 0.11).

rophyll content achieved in F and F' media cultures
are 14.2 mg L' and 30.7 mg L' respectively. This
study has used the simple cellular elemental com-
position as the basis for redesigning microalgal
growth media stoichiometrically. It is often as-
sumed that the limiting nutrients are nitrogen and
phosphorus, and the other elements are always in
excess in the medium so it is always suggested that
addition of the major elements can increase the
overall capacity of the medium in terms of biomass
growth. However, a stoichiometric balance in the
medium composition needs to be established in or-
der to continuously increase the chlorophyll content
as well as the biomass concentration.!”

Analysis of lipid extracts from microalgae

Extraction of microalgal lipids from dry bio-
mass with hexane is a very promising method as
only non-polar intracellular molecules are ex-
tracted. This is because of the highly non-polar na-
ture of hexane; hence there are no issues with
co-extraction of chlorophyll. The concentrations of
the extracted lipids were analyzed gravimetrically
and their fatty acid compositions were determined
using gas chromatography. According to Fig. 6,
analysis of lipid samples extracted from F and F’
media biomass showed different lipid yield kinet-
ics. After 2 days of near negligible lipid production,
the volumetric yield of the lipid extract increased
over the next 8 days reaching 47.9 mg L' and
108.7 mg L! for F and F’ media respectively. There
is a clear distinction between the lipid extract volu-
metric yield characteristics of F and F' media; this
is attributed to the compositional balance and
stoichiometrically designed F' growth medium con-
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Fig. 6 — Lipid volumetric yield profiles during the cultiva-
tion of microalgae in outdoor bag photobioreactors using F

and F' growth media. The results represent the average values
of 3 replicates (0 < 0.15).

taining optimized concentrations of major and mi-
nor nutrients necessary for lipid production, hence
presents a higher lipid yield profile. Fig. 7 shows
the lipid specific yield trends for the different me-
dia, F and F'. The specific yield of lipid from the
microalgae was determined between 62.5-92.6 mg g
cells, with a maximum of 92.6 mg g cells for F’
medium and 86.5 mg g' cells for F, both occurring
in day 4. The higher maximum specific yield of
lipid obtained from the F' medium has an advanta-
geous effect on lipid purity since the quantity of un-
wanted intracellular molecules existing with the
lipid extract molecules per unit mass of cell is mini-
mal. Lipid extracted from F and F’ media biomass
displayed an identical fatty acid profile and this is
shown in Table 4.

Table 4 — Fatty acid profile of lipids extracted from micro-
algae obtained from F and F' media cultures

Abbreviation Fatty acid % FAME
16:00 hexadecanoic acid 23
16:1 w5 11-hexadecenoic acid 29
16:1 w7 9-hexadecenoic acid 2.5
16:02 7,10-hexadecadienoic acid 1.6
16:03 7,10,13-hexadecatrienoic acid 5.8
20:05 5,8,11,14,17-eicosapentaenoic acid 11.7
18:00 octadecanoic acid -
18:1 w9 9-octadecenoic acid 24.6
18:1 w7 11-octadecenoic acid -
18:2 w6 9,12-octadecadienoic acid 5.1
18:3 w3 9,12,15-octadecatrienoic acid 22.7
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Fig. 7 — Lipid specific yield profiles during the cultivation
of ‘microalgae in outdoor bag photobioreactors using F and F'

growth media. The results represent the average values of
3 replicates.

Economic analysis and CO, fixation

The cost inventory for typical batch microalgal
cultivation for high-density microalgae biomass
production and lipid extraction encompasses all ma-
terials and equipment for cultivation and extraction.
The cost of lipid extraction is disregarded as it is
identical for the two media, hence it will not affect
the comparative cost analysis. For an open system
of production where most of the parameters are en-
vironmentally dependent, the medium is a key criti-
cal input as it has direct impact on the biomass
yield, lipid yield (as shown earlier) and the cost.
Growth medium selection for microalgal growth
and lipid production is often based on following
previously developed protocols or, at best, trial and
error with no prior cost per yield analysis. This is
one of the main reasons for the low lipid yields at-
tained even for expensive medium formulations. A
medium cost (MC) per mg lipid analysis was per-
formed for F and F' medium using F medium as a
base scenario of 1.0 MC mg™! lipid. The cost of me-
dium per mg lipid was calculated based on the fol-
lowing equation.

Cy = L zai,kmi,k + Zﬁj,ij,k (2)

ml,k i=1 j=1

Where C, is the total cost of medium & per unit
mass of lipid, m,, is the mass of lipid produced
from biomass from medium £, ¢;, is the cost per
unit mass of components 7 existing in medium £,
m,; is the mass of component i present in medium
k, B, is the cost per unit volume of components j
existing in medium &, and ¥}, is the volume of com-
ponent j present in medium k. From the results ob-
tained from the economic study, the cost of F’' me-
dium per mg lipid was 0.35 MC. F’' medium in-
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creased its lipid yield to an extent that reduced its
cost of medium per mg lipid drastically. However,
costs of compressed air and utilities cannot be omit-
ted in a complete cost evaluation of the batch run.
Considering this medium cost evaluation, there is a
great cost per yield advantage of using F' medium
for small-scale batch production as well as large-scale
production of lipid from microalgae.

In determining the CO,-capture attributed to
microalgae, Benemann and Oswald, 19963! deter-
mined that the ash-free dry mass of microalgae may
be multiplied by 2.193 to obtain the mass of CO,
fixation. The elemental compositions of the micro-
algae ash-free dry mass, microalgae cell culture
supernatants and photosynthetic rates are useful
to determine CO, fixation levels. A mathematical
model of the growth of microalgae on CO, as a sub-
strate is useful to understand the mass transfer ki-
netics of the system in order to quantify and maxi-
mize CO, consumption and the microalgae growth
rate. Important parameters such as the mass transfer
co-efficient, volumetric, specific and time yields are
needed as the key parameters of the system. Fig. 8
shows the CO, fixation profiles obtained for F and
F' growth media cultures. Generally and as ex-
pected, the CO, fixation rate increased rapidly dur-
ing the exponential growth phase and stabilised in
the stationary growth phase. F' medium displayed
a higher CO, capturing rate than F medium, thus
presents a better carbon audit than F medium.

0.3

& F' medium
0.25 |

m F medium

0.2

0.15 -

0.1

quantity of CO; fixed/kg

time/d

Fig. 8 — CO, fixation profiles during the cultivation of
microalgae in outdoor bag photobioreactors using F and F'
growth media

Conclusion

The vast range of industrial uses of microalgae
requires the need for high-density viable cultures.
The main objective of this body of work was to dis-
play the achievement of higher biomass concen-
tration and hence lipid yield economically simply

by using an optimized and elementally balanced
growth medium. The pivotal factor here is the me-
dium cost (MC) per unit mass of lipid produced.
Since most outdoor microalgae cultivation practices
have a high degree of uncontrollability and are val-
ued identical in terms of compressed air usage, sun-
light, utilities, pH and temperature, the medium
composition is the main factor that differentiates
cultivation yields and cost in a comparative study. It
is therefore essential to know how much is con-
sumed and how much is being produced. This en-
ables increased productivity using cheaper growth
medium materials. The increase in biomass concen-
tration, chlorophyll content and hence lipid yield in
F’ medium cultures has demonstrated the enhanced
capacity of the medium to support high-density cul-
tures for the development of vital consumer prod-
ucts. This study has underlined the significance of
medium development in achieving high-density
cultures for lipid and chlorophyll production.

ist of symbols

— total cost, mg™!

— mass; mg, g

— number of replicates
— volume, L

— mass fraction, %, 107°

— cost per unit mass, g

— mass concentration, mg L
— biomass capacity, %

— density, mg L!

— volume fraction, %

L

C

m

n

V

w

B — cost per unit volume, L™!
a

Y

0

p

P

A — wavelength, nm

References

1. Cohen, Z., Products from Microalgae. in Richmond, A.
(Ed.), Handbook for Microalgal Mass Culture, CRC Press,
Florida, 1986, pp 421-454.

2. Borowitzka, M. A., Borowitzka, L. J. (Eds.), Microalgal
biotechnology, Cambridge University Press, Cambridge,
1988, pp 466.

3. Ma, F., Hanna, M. A., Bioresource Technol. 70 (1) (1999) 1.

4. Peterson, C. L., Hustrulid, T., Biomass Bioenerg. 14 (2)
(1998) 91.

5. Rashid, U., Anwar, F., Fuel 87 (3) (2008) 265.

6. Casadevall, E., Dif, D., Largeau, C., Gudin, C., Chau-
mont, D., Desant, O., Biotechnol. Bioeng. 27 (1985) 286.

7. Goldman, J. C., Water Res. 13 (2) (1979) 119.

8. Oswald, W. J., Large-scale algal culture systems (engi-
neering aspects). in Borowitzka, A, M., Borowitzka, J. L.
(Eds.), Microalgal biotechnology, Cambridge University
Press, Cambridge, 1988, pp. 357-394.

9. Terry, K. L., Raymond, L. P., Enzyme Microb. Tech. 7 (10)
(1985) 474.

10. Juettner, F., Biotechnol. Bioeng. 19 (11) (1977) 1679.



M. K. DANQUAH et al., Cultivation Medium Design Via Elemental Balancing for ..

., Chem. Biochem. Eng. Q. 24 (3) 361-369 (2010) 369

I1.

12.
13.

14.

15.

16.

17.

18.
19.

20.

21.

Pirt, S. J., Lee, Y. K., Walach, M. R., Pirt, W. M., Balyuzi,
H. H. M., Bazin, M. J., J. Chem. Technol. Biot. 33 (1)
(1983) 35.

Lee, E. T. Y., Bazin, M. J. A., New Phytol. 116 (1991) 331.
Miyamoto, K., Wable, O., Benemann, J. R., Biotechnol.
Lett. 10 (1988) 703.

Mori, K., Photoautotrophic bioreactor using solar rays
condensed by fresnal lenses. in Symposium on Biotech-
nology for Fuels and Chemicals, Wiley, New York, 1985,
p 331-345.

Mandalam, R. K., Palsson, B., Biotechnol. Bioeng. 59
(1998) 605.

D’Souza, F. M. L., Kelly, G. J., Aquaculture 181 (3—4)
(2000) 311.

Vonshak, A., Laboratory techniques for the cultivation of
microalgae, in Richmond, A. (Ed.), Handbook of micro-
algal mass culture, CRC Press, Florida, 1986, pp 117-145.
Provasoli, L., Printner, 1. J., Acad. Sci. 56 (1953) 839.
Oh-Hama, T., Miyachi, S., Chlorella, in Borowitzka, A. M.,
Borowitzka, J. L. (Eds.), Microalgal biotechnology, Cam-
bridge University Press, Cambridge, 1988, pp 3-26.
Kaplan, D., Richmond, A. E., Dubinsky, Z., Aaronson, S.,
Algal nutrition. in Richmond, A. (Ed.), Handbook of micro-
algal mass culture, CRC Press, Florida, 1986, p 147-198.
Rai, L. C., Rai, P. K., Mallick, N., Environ. Exp. Bot. 36
(1) (1996) 99.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

Chisti, Y., Biotechnol. Adv. 25 (3) (2007) 294.

Ho, T. Y., Quigg, A., Finkel, Z. V., Milligan, A. J., Paul, K.
W., Wyman, K., Falkowski, P. G., Morel, F. M. M., J.
Phycol. 39 (2003) 1145.

Mpyers, J., Laboratory cultures. in Lewin, A. R. (Ed.), Phys-
iology and biochemistry of algae, Academic Press, New
York, 1962, p 603-615.

Bogorad, L., Chlorophylls. in Lewin, A. R. (Ed.), Physiol-
ogy and biochemistry of algae, Academic Press, New
York, 1962, p 385-408.

Hase, E., Cell division. in Lewin, A. R. (Ed.), Physiology
and biochemistry of algae, Academic Press, New York,
1962, p 617-624.

Wiesnner, W., Inorganic micronutrients. in Lewin, A. R.
(Ed.), Physiology and biochemistry of algae, Academic
Press, New York, 1962, p 267-286.

Shunxin, L., Shahua, Q., Ganquan, H., Fei, H., Fresenius’
Journal of Analytical Chemistry 365 (1999) 469.
Hitkins, M. F., Baker, N. R., Photosynthesis: Energy trans-
duction. IRL Press, UK, 1986.

Carvalho, A. P., Malcata, F. X., Journal of Agricultural
and Food Chemistry 53 (2005) 5049.

Benemann, J. R., Oswald, W. J., Systems and economic
Analysis of Microalgae Ponds for Conversion of CO, to
Biomass. Final Report to the DOE, Aqua KE Government
Documents, 1996.







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'Za tisak'] [Based on 'Za tisak'] [Based on 'Za tisak'] [Based on 'Za tisak'] [Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks true
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (None)
      /DestinationProfileSelector /WorkingCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 14.173230
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /WorkingCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [1417.323 907.087]
>> setpagedevice


