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The influences of light intensity, cell density, and light pathlength on photosynthetic activity of Chiorella vuigaris were investigated.
Since the light response curve varied according to reaction conditions, the parameters estimated from nonlinear regression were
proved to be apparent and could not be applied to various situations. The light response model incorporating the light penetration
through the microalgal suspension was developed based upon the spatial distribution of the photosynthetic activity. This model
showed a good agreement with experimental data at different cell densities and light intensities. Using the model the effects of cell
density and light pathlength were simulated and some discussions about optimization of operating conditions of photobioreactors
were carried out. Concludingly, the developed model can be useful for predicting microalgal photosynthesis and for determining the

optimal operating conditions.
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Front view

Figure 1. Schematic diagram of the photosynthetic activity
measurement reaction cell. 1: microalgal suspension, 2! inlet
of sample, 3. outlet of sample, 4. dissolved oxygen
electrode, 5: cooling water jacket, 6: inlet of cooling water,
7: outlet of cooling water, 8 septum, 9 magnetic bar, 10:
quantum sensor, 11 convex lens.
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Figure 2. Schematic diagram of the photosynthetic activity
measurement system. 1 reaction cell, 2: convex lens, 3:
quantum sensor, 4: quartz halogen lamp, 5: optical fiber, 6:
data logger, 7 magnetic stirrer, 8 water bath, 9: dissolved
oxygen electrode, 10 dissolved oxygen meter, 11: peristaltic
pump, 12! sample reservoir, 13: waste reservoir.
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Figure 3. Light attenuation through the microalgal
suspension with different cell density.

The cell densities are O: 0.11, @: 021, A: 0.27, A: 037,
and [ 047 g dry weight 1"

ol Z2F A|&E peristaltic pumpE o] &3t Whe-87)d] T
Hlen wEEr7t ARARRZ AAE AYAHAM 7)dREe)
EAstA da o)A T/1EE7 fHEA AAY R 89
g o5 o AFE W31 FAHEHS lx—‘o}‘ﬁi‘:} 2%
A 849 242 93T 4 Arlz =AY

XL FE FE At Wil &3 o}S’iE
71 MAG olF 1% ool HMEH F7hrt Al
FH A2QNEEE AAEGIT o9 2
71 2 oHEFe MEFRE WA EA 4

o o

_\ﬂ )
X2
|o

3

o

nﬂ

tag 29 4
o
=2

Sk 15 e k=3
dn Y S

Yol £3AY

Yol zFujdde B3l E38 o nqzFs} AT Q=
ZE Mad date] F4HNE sn We) Had wstd A
Hoz 2 u4zE A0 2o AAY)E s} o) 2
2% Wl A AAUSE 25 pestd AYHo2 Fds:
AL Yus ode Yolmz UwHoZT o< Beer-
Lambert 4} (1)2.2 7rd3] Fdstn Qtl & dAS N¥xn
(X004 Yat=E Wl AN 1) 0o SR Hol ue}
N Assedon gidta 7+ AzdAe wel Ay DE o
o3} o] E¥E £ gt}

I(X, )= I,exp(—eX) o)

lr

Al specific absorption coefficientelth, 2&u 99
F A7 =molgle SulE Eslo dAlol Eag
Holth, & w4 ZF okl Zo] Ma7t A
Astm AT ofsta] Ado] dojupe ALl o
48 & glon 53 U 332 ¢4 g
2 Afde LA & 0 24T 5 o) webd Beer-
Lambert 4-& AM-3}7] Y&l specific absorption coeffici~
entE A¥AHoZ Fa= Aol uFAsy FAd chlorophyll
|02 7HA3td AAEHE packaging effect 502 Qs ¢

o

- o

o oo xR
2= o o XM
=2,
rlr

lo =

o

=
oorowg

o
>
-
g oo



Yun, Y. S., Modeling of Microalgal Photosynthetic Activity

Log {Light intensitv}

Light path length [cm]

Figure 4. Semi-logarithmic plot of light intensity vs light
penetration length.
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Table 1. Apparent parameters of the light response curves.”

Korean J. Biotechnol. Bioeng., Vol. 14, No. 4

Volumetric activity

Per cell activity

Parameters 0.133 ' 0532 ’ Parameters 0,133 0532 ’
g dm* g dm™ g dm? g dm™
180 595 135.0 1118

“/’/' -3 -1 app 11
P Vo mg 0z dm™ h (0.45) (2,00 P X mg O2g' b (337) 377
, 210 629 , 210 629

app -2 - app L2

KV 4Em”s (2.06) (861) KX wEm”s (2.06) (861)
, 052 157 39 296

app 3 -1 app 1yl
RV mg0ydm”h 041) (174) RX mg0O:g'h (306) 3.27)
r 0.99 0.993 P 0.99 0.993

* Standard ervors are given in parentheses.

P,

Ky 1.~ R 3

Paﬂb=

Table 1& 4222 ye MAZAARCENE ol g3l 348
WAIFE GEhlE gtk 3 oldzEe SEe] webd P
$342 ehie Ws7t 498 AolE woln gk

B ERSEAN TH ARFE o ZdselNe B9

4 dzsed 088 + gl Ald w4 5H4Y 2

%
‘.

e g Fste @)zl (apparent parameters)
ATk AT oA o] wel Hstale FurgZ
23171 falde 2y Fas4 2 "o g% o4z
ENL FAld nyste Bdo] g Htn & F °‘1:},

H

tlo tle 2 1k
v
1o

ot m&

1o x> g2 AL o

2 dfelA AHE B387E 18 ecmd FHAYE ZEe
A% AE IS $7ska AN w2k Yo B EA
g wep 4 sAel e vAzRE 247 g 2y A7)
of w=2zsol tkn 47T # ek old EAAAe| = o
A

ZF7F e o9 22TET BRARYU Px(X. D)2 5
A =29 W AZI(KX, ))el &2x 448 + 4
THA (4)).

P KX, )

PrlX 0= " 1x.0 ~

Ry (4)
7|14 &Hx Xe vy HxFH F8slu gle
A (4)el 289 diARFE EF 2H3ntrinsic) Folth 2
A 240 7Hed e wHEE7] YoM HAHoz AEE
g AAAAEE( P )l AAZ olzle] FAY diiol
g1 ¥ 4 At & A (@A EC’%?" A 7 A
B84 B4 A B8l el A4 B3 2ol Bl
of gt} E HFo)A AMEH ¥HgE7]e A9 o] Tl
g ol dAss] wWEe] Weo| FAR( L) distelAg 3
To] o]FojAW HArh

P9 2L

_51

L P (X, D
J, X{ K+ IX.]

fdz

- R }dl
PP= (5)

Table 2. Intrinsic parameters of the model’.

Parameters Unit Value Standard error
Prw mgOrg'h' 137 39.7
K ¢Em?s! 287 95
R x mg O g'n! 34 14

¥ =099, p value = 0.0001

WEE magnetic bard] 2]Fo
ong fAZFY AZEEE E_—E A A 2
o2 A (5)lAY HEAN drE !

4 (5 AUl 428 AAHE G
2 % 9 8tk

P app __

P ax I,+K
ln{

L Ioexp(——eXL)+K}_X Rx )

A ) EdHo e i dAFEL 48S Falo
ARz F¥ F ge Aoy o] Faiz ¥ 2 (Figure
62 wgoez FAg £ gl E AT Marquardt-
Levenberg algorithm(27)¢] we} SigmaPlot(4.0, SPSS, Inc.)
g o] 43ld HHYIAFHE Fegh ol Wioz T
o7 H4E Table 20 Uehigon A@xe AAxe vws
Figure 891A & # 3lth & 99 2de Zy] 02 uAqdzE
ATFToMY FeIAE 2 Yz JSE ¢ + AUtk
Aoz Ho H|7|-‘E ExAg e}
FEEBA0) gL Wonz Y F
7}7*q ato] wEold 4 (6)E WA wE FHETHEL 4
Z3ed {48 o)fd Aoz # 5t
‘”—4 7l HuaiAdA] Y4y
sgahcd A2 sjgde] YoM AT UE raceway
pondol M &t UG AdFolgtn & 4 vk wheba] ZFe| e
M BHAOE ol &H 3 QI raceway pondilM ZHo #
g4 AL dE3ed Bol 7hed Ao AUHNR). 2
By Z908 BEFHFAENHEIIY g Fee Sus FAE
grlel Ae 4 AS adE H8e 5 g Aotk gutdt

=

rlr



Yun, Y. S., Modeling of Microalgal Photosynthetic Activity

70
E
=] 60.
£
g 9]
c o
55 3
2o
& 1
£
E 10
5 o
=
0

0 0 20 30 40 30 6 1

Volumetric oxvgen productlon rate {experimental)

Figure 8 Comparison between the predicted and experi-
mental volumetric oxygen production rate.

o) AFAE el el 0 EEE AU A

wol M7l MESE 2 Suielol BE MAYNSE
99 mUg olgste] FgFHe| A JFL AL o4
259 AXSE QW FiAzd de £33 Avsg,
ol ALgE WRRSFE Table 29 2ov] YAsE Bl A7)
T gosl ASATIRA BE4 BT AmRg
HA A z2F HEFE LL}% E3+= Figure 99 Vel
1;4 RHEREDE!
SRS ALSE
CICECREREE
o % AN ¥
EER Ag 249 A
£ AeE oA Itk13-5). weEkA Hdig
o 7]
2

of
ox
n
T
o[o

LH«] Aﬂzfﬂ5~ 3
Zagg Al

to
Y
32,
tjo
sy I

B2
o
o kI oz fu oo
ISP X
bl
rir
7
off
H1
N
ofN
N
mk o
oy 4r fL

o
= e
o o2 S oS o -

ue
ok
poc
L
_?4 O,

g vAzFe] AXFErE AT dueA g £33
7b dste A4 AP se Figure 100 debd vheh 2
R 249 ws AEL 99

o

do B 0o
NE,
lo
-

=R
R
ACH
2

B
lm
okl
o
o l'

tlo oft
rlo ofN 1
of
ofl
b
H‘l
N
e
rlo
o}!,
%
tlo
5w
oY L
% i
WT ¥o o

419
70
g T
5 / T
gi ! /'/
27, 40 T T T ——
5 % | /'// ‘‘‘‘‘‘‘‘
g 4
g 0] f =&
£ '/ T
3 101/ /\L\\
01 a T ——
0.0 3 1.0 15 20 25 30
Cell densitv [g dm ]
140
§ 120 1
g 100 -b\\'\.
e NN
BF 80 \\ \
o = AN
5] é‘ \ .
2 60 \ NN
Zp d e
S E AN \\ ~
= 40 .C ~ ~.
& o] S T~ Tl IITe—
~ T __ T
012 e
00 5 1.0 1.5 20 25 30

Cell density [g dm°)
Figure 9. Effect of cell density on the photosynthetic
activity at different incident light intensities.
The incident light intensities are a: 5, b: 25, ¢! 125, di 625,
and e 3125, The light pathlength is 5 cm.

4RI BTS04 ¥ % ¢ e o
sANEEE Fada gn. gdd 2o FAYE A &
48 NAAESE oA % 4 R8¢ ¢ 4 Ak 3
A URs BE 4o AT A9 9RT FAALAAE
439 ALANEES FAE 2oz Ui do. a3

2 A4se Ae ¥ o

e RIEEER ST
o) A7lsk g7 zeislojor &

e 3T 24 A3 T Az U9
B2 2 9ol A7lS ge Fa H Asiet At
% olAzFe $T4 B4S v

o =
g] [} Z}._

Ny

Aol s s ok 3& =
£ %9} raceway pond9 £8&39
ii—rﬂ £7] wiio] YAbFe] wWgle] w} Ao Mz
g gt} o2 gk Agole Z9oM9 dAES A4
2 &243lq o|2RE HALHMRAL A4, Hago

7

o)

oL

Iy
=
L ool & (o rlo

9 H%e 52T & 48 Aelth e, SuMael 3%

F9r we A3zgozA 4oz AYY 2ol Fsd
o 2 BABHSTINA HEA el ANE A$ oAz
$7h ARSUN ATEES d4doz WgdA Hoe 4%
$% 2 BTHALL $A0 DA F ATEEANY 3
4ol o 2AGE ARNelL T Rolth ARHoz B ATE



420
70
L
i 60
5 o —— —
‘aj‘= 10 \"\._ T~C S~
= ~ ~
g e ~ H\\\ ~
;' 6‘ 30 1 ~. \\\ ™
o E I~ T T~
L .5 ~—
% 20 ] \ ~ ~
£ ~. ~—
E 10 b~ —_— .
o] ® S——
0 2 4 6 8 10
Light path length [cm]
140
@ 120 A
N A
5 FS T T
.g T % \\ \\\ ~
a7 ~ ~ ~
£ ~ T~o ™
= '~ S~
58 o D A ~——
\ ——— —
E 2 . — - =
O E
0 2 4 6 8 10

Light path length [cm]

Figure 10. Effect of light pathlength on the photosynthetic
activity at different incident light intensities.

The incident light intensities are a: 5, b: 25, ¢ 125, d: 625,
and e! 3125. The cell density is 0.5 g dry weight dm™.

Fotol ANE e FHEA o Zde
42 4% 22081 A40ezas FAs

=

Al AHEE F S Aold

o ol
- =

£ drdAE vAzFY gds B3 Yo A5

Aoz rHs L ofF HlgoR FFM A& 428 F

T84 2dg FHIAY UA nAzRFY wFgelAe

Yol A%L Beer-Lambert 402AM R0z HE £ ¢

Atk HAzFY FHEE ALAMEEEA ehd AR v

279 FEsb 22 4SS W2 ko v oyl R g4
El

32

rr i

W
=)

T
ol o
oft
oft
o M
z
O
o o
ﬂn'
=
A
;
o ¢
.

€ d587] A
3 °l% %_ZI ol tzto
TEIAT =3 AgAH

FAen dFA9 dEAE
& gt 2dg ol &dtd 3

= HJQ] ,(-“7‘ H]i—‘*’-E al Hl_4
FHEAS 22 Fo AX st 2 FFE AHEG
o 2 23 Yo A7t ZEFE FPeEL FveAT 3

2t T ool o R ¥ orlo ¥
4
of
rir
o 3
43
lo
fu
4
o o
)
v
ta
ne oxl
~ m[o

B oox ki
oXx
=2

Korean J. Biotechnol. Bioeng., Vol. 14, No. 4

YIS AME 4TS BAL 5 AR AzRY 4
EFEe 4% B4 ¥ RAANEEE 9% AHY wob
AT 2 ¢ sgion ol 2Ad W 47l T A

45228 245 AAE 2ol 834 A44E £ R
Aoz dudn

& s 8
1. Borowitzka, M. A. and L. J. Borowitzka (1988),

Microalgal Biotechnology. Cambridge University Press,
Cambridge, UK.

2. Bulew, ]J. S. (1933), Algal Culture from Laboratory to
Pilot  Plant. Carnegie Institution of Washington
Publication, Washington, D. C..

3. Cresswell, R. C, T. A. V. Ress, and N. Shah (1989),
Algal and Cyanobacterial Biotechnology. Longman
Science & Technical, UK.

4. Becker, E. W. (1994), Microalgal Biotechnology and
Microbiology. Cambridge University Press, Cambridge,
UK.

5. Richmond, A. (1986), Handbook of Microalgal Mass
Cultures. CRC Press, Boca Raton, FL.

6. Svoboda, I. F. and H. ]. Fallowfield (1989), An aerobic
piggery slurry treatment system with integrated heat
recovery and high-rate algal pond. Wat. Sci. Technol,
21, 277-281.

7. Banat, J., K. Puskas, I. Esen, and R. Al-Dahar (1990),
Wastewater treatment and algal productivity in an
integrated ponding system. Biol Wastes, 32, 265-275.

8. Volesky, B. (1990), Biosorption of Heavy Metals. CRC
Press, Boca Raton, FL.

9. Wilde, E. W. and J. R. Benemann (1993), Bioremoval of
heavy metals by the use of microalgae. Biotechnol.
Adv., 11, 781-812.

10. Yun, Y-S, S. B. Lee, J. M. Park, C.-I. Lee and J.-W.
Yang (1997), dioxide fixation by algal
cultivation using wastewater nutrients, J. Chem. Tech
Bioetchnol., 70, 451-455.

11. Karube, T., T. Takeuchi and D. J. Barnes (1992),
Biotechnological reduction of CO: emissions. Adv.
Biochem Eng./Biotechnol.,, 46, 63-79.

12. Hall, D. O. and ]J. 1. House (1993), Reducing atmp-
spheric CO. using biomass energy and photobiology.
Energy Convers. Manag., 34, 889-896.

Carbon



Yun, Y. S., Modeling of Microalgal Photosynthetic Activity

13.

14.

-

15.

16.

17.

18.

19.

20.

Richmond, A. (1988), Large scale microalgal culture and
applications. Prog. Phycol. Res., 7, 1-62.

Soeder, C. J. (1980), Mass cultivation of microalgae:
results and prospects. Hydrobiology, 11, 274-280.
Goldman, J. C. (1979), Outdoor algal mass cultures: IL
Photosynthetic yield limitations. Wat. Res., 13, 119-136.
Pirt, S. J, Y.-K. Lee, M. R. Walach, M. W. Pirt, H. H.
M. Balyuzi, and M. ]. Bazin (1983), A
photobioreactor for photosynthetic production of biomass
from CO» Design and performance. J. Chem. Tech
Biotechnol., 33B, 35-38.

Roubicek, R. V., K. H. Patton, K. H. McCorkle, and A.
L. Rakow (1986), Cultivation of microalgae
photobioreactor. Algal Biomass Technologies (W. R.
Barclay and R. P. McIntosh, eds), pp. 218-221, Cramer,
Berlin, Germany. :

Mori, K. (1985), Photoautotrophic bioreactor using solar
rays condensed by fresnel lenses. Biotechnol Bioeng.
Symp., 15, 331-345.

Tredici, M. R, P. Carlozzi, G. C. Zittelli and R.
Materassi (1991), A vertical alveolar panel (VAP) for
outdoor mass cultivation of microalgae and cyano-
bacteria. Bioresource Technol., 38, 153-160.

Burgess, J. G., K. Iwamoto, Y. Miura, H. Takano, and
T. Matunaga (1993), An optical fiber photobioreactor
for enhanced production of the marine unicellular alga
Isochrysis aff. Galgana T-Iso (UTEX LB 2307) rich in
docosahexaenoic acid. Appl Microbiol. Biotechnol., 39,

tubular

in a

21.

22.

23.

24.

26.

21.

. Yun,

421

456-459.

Geider, R. J. and B. A. Osborme (1992), Algal
Photosynthesis. Chapman & Hall, Inc., New York, NY.
Starr, R. C. and ]J. A Zeikus (1993), UTEX: the
Culture Collection of Algae at the University of Texas
at Austin, J. Phycol, 29 (Suppl.), 1-106.

Vonshak, A. (1986), Laboratory techniques for the
cultivation of microalgae, Handbook of Microalgal Mass
Culture (A. Richmond, ed), pp. 117-145, CRC Press,
FL.

Yun, Y.-S. and J. M. Park (1997), Development of gas
recycling photobioreactor system for microalgal carbon
dioxide fixation. Kor. J. Chem. Eng., 14, 297-300.

. Dubinsky, Z., P. G. Falkowski, A. F. Post, and U. M.

Van Hes (1987), A system for measuring phytoplankton
photosynthesis in a defined light field with an oxygen
electrode. J. Plankton Res., 9, 607-612.

Yun, Y-S, S. R. Lim, K-K. Cho and ]J. M. Park
(1997), Vanations of photosynthetic activity and growth
of freshwater algae according to ozone contact time in
ozone treatment, Biotechnol. Lett., 19, 831-833.
Marquardt, D. W. (1963), An algorithm for least square
estimation of parameters, J. Soc. Ind. Appl Math, 11,
431-441.

Y-S, J. M. Park, and B. Volesky (1999),
Simultaneous treatment of carbon dioxide and ammonia
by microalgal culture, Kor. J. Biotechnol. Bioeng., 14,
328-336.



