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Abstract: Wastewater resources, CO, emission reduction and microalgae biodiesel are considered as current frontier fields
of energy and environmental researches. In this paper, we reviewed the progress in system of microalgae culture for biodiesel
production by wastewater and stack gas. Multiple factors including microalgal species, nutrition, culture methods and
photobioreactor, which were crucial to the cultivation of microalgae for biodiesel production, were discussed in detail. A
valuable culture system of microalgae for biodiesel production or other high value products combined with the treatment of
wastewater by microalgae was put forward through the optimizations of algal species and culture technology. The culture
system coupled with the treatment of wastewater, the reduction of CO, emission with the cultivation of microalgae for
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biodiesel production will reduce the production cost of microalgal biofuel production and the treatment cost of wastewater
simultaneously. Therefore, it would be a promising technology with important environmental value, social value and economic

value to combine the treatment of wastewater with the cultivation of microalgae for biodiesel production.
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Table 1 Some characteristics of some microalgae

wastewater resources, CO, emission reduction, microalgae, biodiesel, culture system
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Aloal strain Oil content CO, concentrations  Productivity Carbon source or wastewater
g (% dry wt) (%) (9/(L-d))
Chlorococum littorale 401
) . 4,300 gouz Swine Wa_stewater[“'“], cassava ethanol
Chlorella sp. 28-3211 >60!! o4 agial | fermentation wastewater™, municipal
: wastewaters*® glucose!*®
. [17] [17]
Green algae Chlorella protothecoides 69 Glucose
Scenedesmus sp. 1289 >0 0.220 Municipal wastewater!*®]
Scenedesmus obliquus 13-610% Olive-oil extraction wastewater!”!
Botryococcus braunii 25-75M31 0.03%!
Dunaliella 6-—101"
. Swine wastewatert™ 3], urinel?®
0 ) )
Cyanobacteria Spirulina sp. 6—7(2% 1§izvflit>?a?i(5)'rﬁ21”/o 0.05-2.70%%%1 molasses®”), sago starch factory
wastewater(?®!
_3q029] i 9
Eustigmatophytes  Nannochloropsis sp. 23?1?(318[11’ 1§ixvflit>?at1ia(;'r15[g]/o 0.17-0.2129
Diatoms Phaeodactylum 20-30M 1.52(% Glycerol®%

tricornutum
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Table 2 Two-stage cultivation process for microalgae culture
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Algal strain First stage Second stage Results Reference
Haematococcus Photobioreactor, a modified Open Ponds, nutrient-depleted The annually averaged oil production [52]
pluvialis Bold’s Basal medium culture medium rate was >420 GJ/hm?

Nannochloropsis sp. In nutrient sufficient media  In nitrogen deprived media Attained 60% lipid content [29,52]

Modified Watanabe medium

C. pyrenoidosa with 1.5 g/L KNO;

Chlorella
protothecoides

Grown autotrophically for
CO; fixation

In nitrogen-deficient condition

Metabolized heterotrophically
for oil accumulation

The biomass and contents of cellular
lipid in the two-step cultivation [53]
respectively increase by 6% and 22%
Achieved 69% higher lipid yield on

glucose (171
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Table 3 Operating data for open ponds

1273
Pzt 0 A 2
5.2.1 Bt Y IR I #E

X EY R A — R AR (— B
0.1 mZeA7 My pyaE B A AR il A [T
HHIE R, AR L . 8 SO RO A
RGBT W — MBI T Co, KEFRERMA, If
BRI Y Op, XI5 01 5 45 1 W i i 4, T
R ECE A AR TR S R S 5 2
PEFRDN, X A B RN 7k e A
VTR, i — B HI7E 14~75 cm/s (% 4). £ 4
AU, RN A A KIROE R, PE M
(2.3%~21.6%), BEAMMIAE B0, BRI e H T
A 3k | 25.0~27.8 g/(m*d) A& A7, XF I MR
3.5~10.6 g/L 247, RIFHCGHM 7 544, WG A
PN R HURR G i R R e pildn, fEER R R
it 700 m® ;AR R A,

CO, Flow

Productivity

Depth Area (m?), Light Mixed . Y cpeix X PE
content rate  Algal strain o References
(cm) volume (L) source %) methods (cmis) g(Ld) g/(m?d) (9/9) (g/L) (%)
450, . Paddle - _
30.0 135 000 Sun Air wheel 30 S. platensis 0.05 2.0-15.0 0.061 0.47 [22]
. . Arthrospira 0.15 12.2 0.067 0.90
80.0 3.8,300 Sun Air  Bubbling platensis 013 10.2 0.074 1.60 [61]
30.0 1, 300 Sun Air Tﬁg{:f 35 Anabaena sp. 0.24 9.0-23.5 0.056 0.11-0.23 2.22-2.45 [48]
417, . Paddle -
12.0 5 0000 Sun Air wheel H. pluvialis 15.1 0.206 4.40 [58]
Paddle Chlorella sp. 8.2 0.30 4.15
200 099,200 Sun 10 \heer 18 Chiorophyta sp. 132 0.50 6.56 (51]
0.6 224,2000 paddle 60 11.1-23.5 40.0 5.98-6.48
0.8 100,1000 Sun 0.1-0.2 wheel 66 Chlorella sp. 4.3 5.42-6.07 [10-11]
0.6 224,2000 60 38.2 40-50 7.05
37.1, - Paddle - B
50.0 10 000 Sun Air wheel Spirulina 21.6 0.50-1.24 [62]
15.0 35,420 Sun Air Paddle 15 D.salina a [63]
wheel
10.0 20 sun 100 raddle oo calina 1.6-3.2 b [64]
wheel
1 000, Paddle .
20.0 20 000 Sun 100 wheel 20 D.salina c [65]
100, Paddle -
20.0 20 000 Sun 100 wheel H. pluvialis 24.4 1.83 [57]

a: 3.6x10° cells/mL; b: (0.7-1.1)x10° cells/mL; c: (0.8+0.2)x10° cells/mL.
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Table 4 Operating data for tubular photobioreactors
FI ivi
Diameter Pipe Area(m?), Length Light Temperature Mixed ow . Productivity PE X
Reactor type (cm) materials  volume (L) (m) source (°C) methods rate Algal strain (%) (o/L) References
0
(cmis) g/(m*d)  gl(L-d) g
. Spirulina
Horizontal loop 13-14 80, 8 000 Pump . 25 [66]
Polyethyl S Porphyrid
tube OYEIYIENe 160, 7 000 un Pump orpnyridium 20-25 [67]
cruentum
Two layers of Polymethyl
horizontal loop 2.6 methacrylate 7.8, 145 Sun Airlift Spirulina 27.8 6.6 35 [68]
tube tube
Parallel sets of ;. Anabeana
2.8-5.0 PVC 10 Sun Airlift . . 0.31-0.55 2.0 [59]
tubes siamensi
a-shaped 2.5-3.2 PVC 12, 300 Sun Airlift C. pyrenoidosa 72.5 10.0 [69]
Horizontal | Plexigl
orizontat foop 5 X018 514,200 988  Sun 2152 Airlift P. cruentum 15 3.0 [70]
tube tubes
Two layers of polymethyl
. 6 80 - 35-50 Phaeodactylum 20 1.2 2.4 [71]
h tal | th lat 12, 200 S 20£2 Airlift .
onizontat foop methacrylate un r 40 tricornutum 32 1.9 2.3 4.0 [47]
tube tube
Tubular
. 31-35 - . 47.7 2.7 7 6.0
undulatilng row 1 pPvC 0.5, 11 22 Sun 30 Airlift ~ 18-75 A. platensis 95 4 292 47 8.12 [23-24]
photobioreactors
. Polymethyl
Helical tubul
elical tubular 3 methacrylate 75 106 Sun 28 Airlift 30 P tricornutum 14 158 303  [44]
reactors
tube
. Polymethyl
H tal |
tu(;:zon 2l foop 3 methacrylate  10.3,55 98  Sun 20 Airlift H. pluvialis 0.41 7.0 [72]
tube
Combined
airlift-tubular 12 Grass 0.4,55 21 Artificial  30%1 Airlift 21  S. platensis 0.42 8.1 10.6 [25]
reactor
Horizontal loop . 186, - -
tube 38 Plastic 25 000 245 Sun 16-18 Airlift H. pluvialis 10.2 3 0.3 [52]
Helical tubular - Chlorella
'cal tubu 16 PVC 1 49 sun  26-36  Airlift i 30 8.66 [12]
reactorsl sorokiniana
Tubular Polymethyl
photobioreactors 17.1, 220 78 - 14 . 0.5-2.04 2.0-6.6
. methacrylate Sun 20+2 Airlift P. tricornutum 21.6* 43
with tubey 6.1, 50 7 ! o 16 cornttu 1.1-2.76 3391

external-loop

PE——photosynthetic efficiency, %; X——cell density, g/L; *——max; **——average.
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Table 5 Operating data for flat photobioreactors

RATREF R FOEIR  (Sab/h  AZBRCRR . 41
PRAE L ENET . TARE . ERA S, dEr
B A 7 B TR RIS P A1 28 e R0t B 7
S0 g T AR IR 58 1) 2275 JE AL SE 11
e R I A T T 7K B FR AV 14 S 4

Reactor type Inner diameter Area  Volume  Temperature Algal strain Productivity References
(cm) (m%) (L) (°C) g/(m>d)  g/(L-d)

Flat tank 10.0 1.20 64 Spirulina maxima 60.0 1.2 [75]
Rigid panels 1.8 8.00 120 C. pyrenoidosa 16.2 1.1 [76]
Vertical alveolar panel 1.6 220 25-27 S. platensis 18-24 1.5-2.0 [78-79]
Laminar flat plate 25 436.00 6000 25 1.3  [80]
Flat reactor with a tilt angle 2.6 0.63 12 S. platensis 49.4 2.1 [81]
Flat plate 10.0 500 2742 Nannochloropsis sp. 10.0-14.2 [77]
x6 ARMREFRAFZHLLE
Table 6 Comparison of various culture systems for microalgae

Raceway ponds Tubular photobioreactor Flat photobioreactor Fermenter

The complexity of
system components

Space required

Variability as to
cultivatable species

Weather dependence
Carbon resource
Contamination risk
Water losses

PE

Biomass concentration

Productivity
Production period
Process control

Controllability of the
production

Cleaning and
maintenance

Energy consumption
Scale-up

Investment costs
Cost of production
Harvesting costs

Simple
Extremely high

Limited to a few strains
of algae

Affected by climate and
geography
Air

Extremely high

Extremely high
Low

Relatively complex
High

Nearly all microalgal
species

Relatively small impact of
climate and geography
CO,

Low, some degree of wall
growth

Almost none
High

Low, approx. 0.1-1.6 g/L High, approx. 2-10 g/L

Low

Long, approx. 6—8
weeks®!

Not given

Little control of culture
conditions

Easy to clean up, easy
maintenance

Low
Easy
Low
Low
High

High

Relatively short, approx.
2—4 weeks

Given

Gradients of pH, dissolved
oxygen and CO, along the
tubes

Diffcult to clean up

Relatively high
Relatively easy
High

Relatively low
Relatively low

Relatively complex
Low

Nearly all microalgal
species

Relatively small impact of
climate and geography
CO,

Low, some degree of wall
growth

Almost none

High

High, approx.2—18 g/L[“®!
High

Relatively short, approx.
2—4 weeks®!

Given

Difficulty to control
culture temperature

Easy to clean up

Relatively low
Difficult

Relatively low
Relatively low
Relatively low

Complex and sophisticated

Very low

Microalgal species that could
be cultured heterotrophically or
mixotrophically

Weatherproof
Organic substrate
Low

Almost none

Very high, approx.2—116 g/L!*®
Extremely high

Short, approx. 1 weeks

Given

Easy

Easy to clean up

High
Difficult
High
High
Low
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