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Abstract - Due to the rapid energy consumption and fossil fuel abundance reduction, the world is
progressively in need of alternative and renewable energy sources such as biodiesel. Biodiesel from
microalgae offers high hopes to the scientific world for its potential as well as its non-competition
with arable lands. Taking consideration to reduce the cost of production as well as to attain twin
environmental goals of treatment and use of animal waste material the microalgal cultivation using
piggery manure has been tested in this study. Unialgal strains such as Chlorella sp. JK2, Scenedesmus
sp. JK10, and an indigenous mixed microalgal culture CSS were cultured for 20 days in diluted
piggery manure using Small Scale Raceway Pond (SSRP). Biomass production and lipid productivity
of CSS were 1.19+0.09g L', 12.44 1 0.38 mg L' day ™, respectively and almost twice that of unial-
gal strains. Also, total nitrogen and total phosphorus removal efficiencies of CSS was 93.6% and
98.5% respectively and 30% higher removal efficiency compared to the use of unialgal strains.
These results indicate that the piggery manure can provide microalgae necessary nitrogen and
phosphorus for growth thereby effectively treating the manure. In addition, overall cost of micro-
algal cultivation and subsequently biodiesel production would be significantly reduced.
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ohieh, AN 2% AAPANIAL) Aol BoH el
o} (Georgianna and Mayfield 2012). A1) e =] == u}
o] 2 t] Al (biodiese)> A EA =x TEAH A8 F&
A 8- triglyceride®} alcohol®] transesterification ¥h-2-&-
E3] o1& fatty acid methyl esterE FA R o2 3= &
AzA, g5 22 Ado=w @ FAS Wy 9y
(Demirbas 2008). vlo] 2 v A2 A4 7]uk Aol u]s)
A H ez dArslet4, UHCs (Unburned hydrocarbon),
PM (particulate matter) 53} 72 Za|Ezlo] Hom xj
4 7b5-3he} (Gerpen 2005). w3k, vho] @ El S 7] 2] ol
A& Ao MzEA dx AAH A 4 glom (Altin
et al. 2001), H A 4% Fo] AALN= L4 5+ U
(Felizardo et al. 2006; Phan and Phan 2008). 28] 31 u}o]
2ol A G dEelA R di Al WA= CO,
T AE B Ef(algac)®] FA AEom oA FHe
Hlug Ay 715t g4 333 (carbon neutral) o]z}
z+31 9] o} (Sharma et al. 2008).

WAl T 54e 53 2 AT 52l vl v s
Z o83l ufoletA L A= A7) Eds] Al
) =) 17 ¢)o} (Ma and Hanna 1999; Chisti 2007). 221} v}
oleds A % vloler)x Y5 HREE o
4 A9 W AuHA o] e FHw Mk FF3} AA
A Heol AAl FE 7HAC & dkE mAE EAA
o] AA =31 ¢)o}(Chisti 2007; Pittman et al. 2011). o]e|
uhal], v 2F-E o] 83 vle] e v A AR e AT
> RS 7HA, s AR ket AlAl 3
E AR s A g =3 FEE] vl 7
Azfe e A4E3 ¥ AATHFS 7 ez
BuEa gle] F2E f9 vleledAle] A1 Qe
IAAE 5L 5 A& Aoz 7l dok(Chisti
2007; Mandal and Mallick 2009; Pittman et al. 2011). 18]
3 wpe] oAl S Aaketa 2 M EF FARES 7
ZIAFIG 7HE Alm, FAE 5o ds Aaks 9§
o]-8-2 4= gl (Spolaore ef al. 2006).

A 275 W oketr] $1siA = COy, & 2ol = N, P9}
e kAol AH7PE wt=Al Feshd, oj2f3t ok
Aol w82 A A v]g-o] FUkR o]ejxlth
oA w M 2R AAE B8-S Hakslr] 9l Aae)
ol Ade] TR AN - FAL FHg 9 =4 s 1)
Ml z25 w kel o] 83817 = o} (Kang er al. 2012; Cai et
al. 2013; Kang et al. 2013). 7}&25x A% <7} 7
uls Aol ok el olel Hp) % o4 wime
o}4 7hssieh ®A) e} JbEEn BAFe Az
46,534 Eolm, o] F = By} AA 38%3 17,843

X =z}
.

o
f o

(<3

HES A3 g)oH, 7IE=E 19 86.6% A=l 40,286
AEo] Hu] F AA w2 AFLEF ] oLy
(MIFAFF 2010). ¥, B8], 2 0] 5 t}ek3l 2tE A Al
ol 3 FAF FH4] LS I HE sl A o
F= Ars] $85e] gk (Lee et al. 2011; Park et al.
2011). 28vt ¥ E¥] 2 AH ¥ 8F o83 vAx
F Ao ze] AL sPsAdd I FW d7E W%
FE53E Ao, dj o] AFA FRe 3= 3l
o mEtd 2 QFAME B2 AA) vjse] ofe HA
A4 7Ps S S s &9 wieF A]2~E] (Small Scale
Raceway Pond)& o]-g-3lolom, A4 AH v]gF o
g 59 wjokellA 43 QRS e A ERRE A
Halazl shgle w3k, &9 wioFAAElE Fa A"
ute] emj A~ o] x|AgkeF 3 FAME 74 A&& &<l
sled wlo] o)A A3} s S delR A} 3.

ME o Y

LA zF dF

)

Mo

=A SpellM s B2 v 2RE Helsk
o} qle] A A7} %8} biomass PAke] -3
°

A
Z= Chlorella sp. JK2¢} Scenedesmus sp. JK10ZS 2-9]
%
A

=9
-

<

A28l (SSRP)ell 4435} w3t A &442] 3

3ge] 3 SSRPU| &3 =& mMxR{ CSS
(mixed culture)E Aldel o]8-3}9 o} (Kang et al. 2012;
Kang et al. 2013). Chlorella sp. JK2, Scenedesmus sp. JK10
o] Aufef2 BGI1 wiA| & o] g3t om, =] 242 o
<3} 7t} NaNOs (17.6 mM), KoHPO4 (0.22 mM), MgSO4
- 7TH,0 (0.3 mM), CaCl, - 2H,0O (0.2 mM), Citric Acid -
H,0 (0.03 mM), Ferric Ammonium Citrate (0.02 mM),
Na;EDTA - 2H,0 (0.002 mM), Na,COs (0.18 mM), H3;BO;
(46 uM), MnCl; - 4H,0 (9 uM), ZnSO4 - TH20 (0.77 uM),
Na,MoO, - 2H,0 (1.6 uM), CuSOy4 - 5H,0 (0.3 uM),
Co(NO3), - 6H20(0.17 uM).

2. 59] e ARl E8 A vE

E8 A v 8 o] 43 v EF vk $)8] SSRP
A= 5}31eh SSRP2] Zlo]i= oF 30cm, 5 60Lo]m,
ul2 paddle wheel S ©]4-3}e §< 30cmsec'2 $
o} (Kang et al. 2012; Kang ef al. 2013). Z7]%= air
pump?} diffuserE o] 83} 2™ (0.1 vvm), 1%2] COZ
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Fig. 1. Cultivation conditions in SSRP for operation period. Square;
pH, circle; water temperature.

A7bebdet. F9-L ek o]t en, AdHal W
3lol] 93t light/dark cycle (L/D cycle)& 53132, 3]%-4]
(batch culture) 0.2 A3}t 2 7oA SSRPE o
A kAol Adstaen, 20139 79 8Y
HE| 289U71A] A EACE 4717 F¢F SSRP W9
e FF 273+1.75°Cy o, pHE HF 7.68+0.54
£ vhebdle (Fig. D). =3 97 7] Hd| 274~33.2
°C, A& 22.5~26.2°C, F 252~28.9°Cyon, d=x
A7 0~12.8 hr ¢lo} (Fig. 2). Ao A3t Az H]
2 73*“#5 shgw g $Eee] §XT a5
‘EE& } A eA] Q2 5714 23 E82 o

=

_{

]"ﬁ 3R kr_% —Eﬂs}_ﬂ, Z}A) /KB OEL] ) A
tod A wlm R =ulg Yakstn glow,
30,000 ton (100 ton day ')¢] =R %2 2|3}

_ﬂzﬂ B2 AAELT Qo) AA] vl £A
232k TN 1,500 ppm, TP 135 ppmo 2 3¢l =] 3] e}.

2 chlorophyll-a2 &7
stk 21 xZek2 SSRP wjokel 10 mL-E 0.45um o=}
2ol A8 F 105°Col|A] 244]7F <t Zzste] A3}
43t}. Chlorophyll-ai= 90% o}H| B4 o] L3l $2949
34 Al w2t 3438kl o (APHA 2005).
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Fig. 2. Weather conditions in Daejeon for operation period. Bar;
hours of daylight, closed square; minimum temperature,
closed diamond; maximum temperature, open circle; average
temperature.

5117

4.5 Ay

SSRP] W)k} 2edmfet A Fshe] 0.45 um A 2
748 F AF INT P2 =2%3)lch TN%} TP
Standard method S ©]£-3}o] 23193} (APHA 2005).

5. Lipid 32 Wy

A zF2o M=z W x|k Bligh & Dyere] HHY
<+ W33 wpoz EAsIH. M 2F A& Chloro-
form : methanol 2: 1 v/v)E o] whl & =555 A7}
&led 2% Chloroform : methanol : water®] B]&o] 1:1:
0.97)} ¥l=2 zAslgdth 28]% chloroform==& 71 %A
7A AAZEE =A 39t (Bligh and Dyer 1959; Lee et
al. 2010).

6. FAME 54w

A ¥FAF W|®] o] AF| (Fatty acid methyl esters, FAME)
24 BAS 93] Gas chromatograph (Shimadzu GC-2010,
Japan)E E3te] BAsIgH nA2F A& 50mgd 1

Le] KOH-CH;OHZ test tubeol] 75°CollA] 10, 5%
HCI3} methanol& do] 75°CellA 1087F ¥H-E-A|F o)
1 %], hexane3} (CH3);COCH3 S ol WH3-AIZ] & =57
58 ekl FAMEZ Z¥sle] 4l 3¢ $e59)
o}. X ¥FAFS Gas chromatography (GC-2010, Shimadzu,
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Fig. 3. Dry cell weight (A) and chlorophyll-a (B) according to the operating time of the SSRP using piggery manure. Square; mixed microalgae

CSS, circle; Chlorella sp. JK2, triangle; Scenedesmus sp. JK10.

Japan)E E3}lo] EA 39} (Lee er al. 2010). GC detec-
tor= flame ionized detector (FID)S A}£-3}9 ¢ Ritx-
wax capillary column (30 m X 0.25 mm X 0.25 um) (RESTEK,
USA)E AF8-3193 0} Injectore} detector:= 300°C= A A
3}l em, column €5+ 170°CZ 1% =& 5°C min ')
&= 23k 250°CellM 12% <t fFAEL &
BN S 29802 AYse

Za o =9

upol Qv Al AYAE A] wjcfel] A
1o A B AR AN G g
2Ael niol oAl Ak $lsiA = PAlEF i<k ¥
£9) 747} 279 BGH MAS o &sto) ulHl 27
£ R A B el o 8F Aeuct o 125%
A& Falsts
(Iab-scale, 22 1A A]). 28} BG113} 722 wfx]2] o]
&2 AAh| g2 F7ER o]o]A]7] wjEo| AAl A
A olgabrlol ofelge] wEnh meb Q7oA
AR Ak v ES WET] Sk iR, E

)
rr
]

e loler|a QS 2

A4 A4 e FAskaA shadeh

LuAzF 4% 54 2

d B upolemj = A

E AT A& SSRP oA 3%z A E =& AA ]
B2E o] g3l Tl v|M=F Chlorella sp. JK2, Scenede-

smus sp. JK10¢} &3+ &2 wH 27/ CSSE 247 vk
stalet. & Aol A lab-scale ¥ A3}, =A] 42
e 29 oY mAERE B dA vl wieF
stgl o, 7= Chlorella sp. JK2, Scenedesmus sp. JK10
o A JPRFE A 40D Aoz Fals
o] B dFo]| o] 833} (Chlorella sp. JK22] A 49} <l
A AL 84.9%, 71.4%, Scenedesmus sp. JK102] 2 A2}
1 A A& 88.9%, 70.6%) (AF2 w]A|A]). 3k, 2 3}
BRI A Bee] 2 Aol Sald £
2k o)A Z5F CSS (mixed culture) S A &Hsled 2-¢] uj
Fol] o] 8819} (Kang et al. 2012; Kang et al. 2013). 7z}
o) wlA 2Rl 44 BAE S A Az 29
5} chlorophyll-a®] 9312 20817H =453k Wk %
2 AAe 4 209R 9] Chlorella sp. JK2, Scenedesmus
sp. JK10, &3} =& u|Hz7F CSSe AxFHe 77
0.56+0.03g L', 0.50+£0.02g L', 1.194+0.09g L' =
CSS2) vho] ouf 2cpe] ThE % el wla) 2] |4}
3=9}c} (Fig. 3A). =3}, chlorophyll-a= CSSelA] 19.18+
0.02ppmez 7} ¥ AF}E el gl (Fig. 3B).
Chlorella sp. JK2, Scenedesmus sp. JK10, CSS2] n}o] &
u) A2FS uho]l Qu A AJAMAY S 747t 27.834+1.57mg L]
day™!, 25.17+1.15mg L™ day™', 59.5+4.58 mg L"! day ™"
2 Chlorella sp. JK2, Scenedesmus sp. JK10l] B]8] CSS
o] upe]wja AT e] Y53 B AE HAT 4
Uk o] Aas B 2d mAHzRE

Fetel HEN FHE A9} oln] Al A 25
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WE £ THERE A FU9L ArE vus £
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Fig. 4. Total nitrogen (A) and total phosphorous (B) according to the operating time of the SSRP using piggery manure. Square; mixed micro-
algae CSS, circle; Chlorella sp. JK2, triangle; Scenedesmus sp. JK10.

W, £ oAERIE 22 vl enla AUHE hAE
Aow glsglch ol Al 7 UelA] nlgBES
SAden ARt ALe T8 sue, o vgE
3 #9845 JERAE olFE AR AR
4o 27 v 2 39 oHzRuc o
F> o] i A Ak FA A A (stability) & 2b
T o Rz gloew, o]3 3t AAMS “Overyielding”
X2} (Weis et al. 2008; Smith et al. 2010). X}
g £3F 2R ©Y Sl vlE o
o] Qw2 A I} A YA S ZEa glom,
ek E£3F A ERAME FARE 84t
o3 A& x )t} (Smith et al. 2010; Stockenreiter
eral.2012). WMoz & AHe] Y= w4 Bl
27 ARUE €S58 A5 Y Fol vl w2 47
& wolrl, xe AW ANAE 2 Aoz nad =
W &3 HAEF 2 S0 BEake uheleel )
53] (flocculation) & f-=3}e] v zF &
LolatAl & 4= = 7FsAd el ok (Lee et al. 2013).
=2 &3 nAl 2R CSSe] A& B, F2 Chlorella
vulgaris®} Scenedesmus obliquus?} $-713}3. )t} (Kang
et al. 2012; Kang et al. 2013). C. vulgaris= 52724 1L
= o]Atgletse) WEF WAl o] =01 (Yun et al. 1996),
o2 Chlorella 2Rt} AAEx7)l w23 o]AldlelAs
A7} 58e] =2 Aoz ¥ ¥} Jeong ef al. 2003).
32 C.vulgaris®} S. obliquus’= 714 Hl4 W] 12
mrjoby Aal 3 el S4ahel, s o)

bR
FE o, A AL, A& AASEY B &8

<

2 K

R

H

-

2 ofd rlo ot
(o
i

1o (O M

Lo

zFe

< vepdotz g8 x )} (Gonzélez et al. 1997; Yun et
al. 1997). 3| S. obliguus’= A+ |4 U 9] ol4d, 7=
B 22 S35 Al7Ee b o142 o= o (Cain
et al. 1980; Omar 2002). =3}, C. vulgaris®} S. obliquus=
wo A gFe 23 Qo] v
ol o o)Al YA ol Fof| o] L= 31 I} (Scragg ef al. 2003;
Mandal and Mallick 2009).

wE we Y 4

2. 2% AA nlEe 9T AA

SSRPOIA £ A vl2E 3%z skl sz
58 W T wloFle] AF & & (Total nitrogen,
TN)2} = <l (Total phosphorous, TP)e] ¥H3E 20¢ %
o BAsholen, 27 A4 By a4 vze 3 2
29} Q9] s=+ H3t 44.8ppm} 4.04 ppm o] et wl
% T8 AR A 20949 F A2 s Chio-
rella sp. JK2, Scenedesmus sp. JK10, £3 &% n|Az=HF
CSS<] ujjofollofA] Zzt 13.47+0.84 ppm, 14.57+0.72
ppm, 2.83+0.38 ppm o2 eElyt} (Fig. 4A). o] A=
E3l Chlorella sp. JK2, Scenedesmus sp. JK10, CSS2] &
A AAES 47 69.1%, 66.3%, 93.6% = &3 =2 0]
A 27 CSSelA =2 wi¢ AL A75S HAF
w3h et =8 A" E= Q9] ¥xX Chlorella sp.
JK2, Scenedesmus sp. JK10, CSS2] wjj eFel o A 247} 0.80
+0.10 ppm, 0.83+0.06 ppm, 0.07 +0.06 ppm .2 }E}yE
t} (Fig. 4B). Chiorella sp. JK2, Scenedesmus sp. JK10, CSS

o] ol AALL 79.8,77.7,98.5% 2 CSSeA m-¢ =2
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Gualtieri 2005). SSRP gtoll:= u|Hz2H < ookst =7
o] wle|gjolse] A FE3ta 9lct wtHlE oo A
ol A4 e Aoz s T2 Fig 3B¢} Fig. 4
2 B3l o] mlAM 272 chlorophyll-a®] ko] =
7hgtell wheh wjoFe W] F A4} F Qo Fxrt A
+ £ 5 ook F AR AR vl st
AF7E Aashs Ae A 4 Qe o] A3}
= Hu] W] odkd i Al tEE ot

iy & P
J?. -
25; rlr
jukif) )'i

o
B
rd

dEFET Azl 23 7|7t ¥ Iua Idd 5
et

f7] AU FHolle AAR (NOy), o}&AkE (NOy),
ZAHHNOs), =% (NHyY), b=y o} (NHy), A4 7hA
(N2)& o] 7ol Qe o] & =golut gEfote} 3
< gEYed AALNH:-N)E mAEe] AWTHe=
4ol 753 Fejo] iz deA 9l7] Wil 713
238t Aaeleh n|EEo] AAsIHA ghr el
20 =7 WA Aask FHel AAR A A (NOs-N)
4 ZAF3E] & A (nitrate reductase)
o] Aol drdotell o3 FAAL DAl A= 7]
w29l o= otelx glt}(Morris and Syrett 1963; Syrett
orris 1963; Smith and Thompson 1971; Guerrero et
al. 1981). =% HA| v]ge] A4 AFEE djiie] =
Jold Aaz 7R} glek webal wA2FA} ol
sp7lel b AR e JuE 2w o 2ed 3
wEe] hmeld Aot 28 AzFel SHez
Agalel vEF AR wla LA glew,
WAERe) sheleld s WAS ol wel oF 25~
1,000 mmol L™'2 o¥e)#] ¢t} (Caier al. 2013). T8] 2
1 A ¥EE nHER ek o]43h] SlsiA=
HEEA] 31434 ALgs) of ahe,  AFoA = i o
A vlgF M3t e=e] gryetyd A4E 50ppm
olsbz o] saahaleh. ghuriol el EowA
AL, ¢ AA &L =2 C. vulgaris® S. obliquus7}
AL = CSSellA] 7HE 22 Aa, 2 AAES
Bolow, @ mM 2R FF o8l uls|AM °F 30%
ol ¥ A, <l AlATE 7 Aoz FlHg

=
o
<

3 ubol el 2o) A4 G 8 AU 24

“

SSRP A 20 3 Chlorella sp. JK2, Scenedesmus sp.
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Fig. 5. Lipid contents and lipid productivity of microalgae obtained
from SSRP after 20 days of cultivation
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s
ot
)
a

=% vl CSSe) vkl oz ue] w4
gsle] w27 o] A4 e (lipid content)
et A, AzZeF gu] 27t 18.36+0.69%, 23.84
2%, 20.91£0.65% 2 Scenedesmus sp. JK10| 4] 7}
A vk el 2178 AR dipid productivity)
}7zF 5.1140.19mg L™ day™!, 64+0.33mg L' day ™!,
+038mg L™ day'= E3 =3 mdzF CSSQ
Aol el 58 AESNAE Wt 20 o
A} 3k Fig. 5). P EFE o] 83 vlolesld 44
AN A Fekol ¥ plAERE Adahs o] 3
eatet AERE 2o @k A AR gl s
F % 0E 20~50%2 YeA e, 1 F 54 3
FEe A A Tee Az T 0% o4 SAE
4= 9lv}(Chisti 2007; Hu et al. 2008). A 34 C.
vulgaris®] 73 7Ax3=F i8] <k 40%, S. obliquus®] 73
$ oF 43%8] AW Weke AL Aoz wwdel 9
o Zeh} ARl Eobn a2 £ AL ohiek
Botryococcus braunii= °F 86%2] A& kS zki1 glo
v ARG =L w9 22]7] d el nio] oAl Al &
fo] x| g2 Aoz 4ex ¢)o} (Mandal and Mallick
2009). whebr wio] e v AAES 917 WA 2/E A
FFe FoAT A A o] ¥ #FE AE3)
= 7o) wlgkA]sle} sk, SSRP 4 204 & Chlorella
sp. JK2, Scenedesmus sp. JK10, CSS2] njofol o 2 B E]
A 2FE 3t vA2F We] A& FAMER
Agkste] A upAl 2A40E £33 (Fig. 6). v]AH 272
FAME+= &2 Linolenate (C18:3n3), Linoleate (C18 : 2n6c¢),
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Fig. 6. FAME compositions of microalgae obtained from SSRP
using the diluted piggery manure.
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