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Abstract: Microalgae is a single-cell organism with the characteristics of high light energy utilization rate, fast growth
rate, high-value bioactive components and high energy material content. Therefore, microalgae has broad application
prospects in food, feed, bioenergy, carbon sequestration, wastewater treatment and other fields. In this article, the
microalgae biotechnology development in recent years were fully consulted, through analysis from the literature and patent.
The progress of microalgal biotechnology at home and abroad is compared and discussed. Furthermore, the project layout,
important achievements and development bottlenecks of microalgae biotechnology in our country were also summarized.

At last, future development directions of microalgae biotechnology were discussed.
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WA 16.17 I, HIR Ry 26 B AR KR, F- 28
UKL 15 . HE L ERH AR ST
P 5 AT AR A, P R e o =
WO A TR . 2011 4R LUK TR E7E

P K SCREBG KA, & SRR TR E,
ot T HALE R EIX (B 2), XHirER
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O3 M K FEe SCHY BRI LA 45 SRR,
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1 SCI-Expanded #[#EF#2% 2| #9E & L “microalgae” i TR IAA B E
Table 1 The annual quantity of published papers searched from SCI-Expanded database with the topic word “microalgae”

Years 2006 2007 2008

2009 2010 2011 2012 2013 2014

Quantity of published papers 340 372

554 639 897 1127 1512 1673

Il Numbers of published papers

1 600 - I Annual growth rate of published papers ] 100

1 400
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800 _
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200

Annual growth rate of published papers (%)

2006 2007 2008 2009 2010 2011 2012 2013 2014

1 SCI-Expanded #{1EFE#ZRE 89 “microalgae” A EFIAMIE X B E R FEKET K
Fig. 1 The annual quantity and growth rate of published papers searched from SCI-Expanded database with the

topic word “microalgae”.
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R2 2006-2014 FREEMEM R A X EMERT 20 fIAERSH X
Table 2 The published papers information of top 20 counties/regions in 2006—2014

Proportion in total Total number of Average number of
No. Country/region Published papers publiI;he d papers (%) citations cgitations H-index
1 USA 1479 19.49 23 290 15.75 64
2 China 1030 13.57 9 709 9.43 40
3 Spain 550 7.25 6992 12.71 36
4 France 496 6.54 7 280 14.68 38
5 Australian 421 5.55 6570 15.61 40
6 Germany 406 5.35 6563 16.17 38
7 South Korea 370 4.88 2 850 7.70 25
8 Indian 321 4.23 3757 11.70 31
9 Japan 303 3.99 2 098 6.92 22
10 Italy 294 3.88 4268 14.52 28
11 Brazil 277 3.65 2176 7.86 24
12 UK 272 3.59 4241 15.59 30
13 Canada 258 3.40 3166 12.27 27
14 Portugal 240 3.16 4 144 17.14 26
15 Netherlands 207 2.73 3384 16.35 30
16 Mexico 189 2.49 1 644 8.70 22
17 Taiwan, China 188 2.48 2 895 15.40 27
18 Belgium 148 1.95 1 960 13.24 24
19 Malaysia 133 1.75 1523 11.45 21
20 Turkey 128 1.69 2 097 16.38 24

350
300
250
200
150
100

50

Numbers of published papers

B2 2006-2014 FF EERS M XBRTFIE L LERIER
Fig. 2 Annual quantity of published papers of main counties/regions in 2006—2014.
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&3 20062014 FRERTUHA R L X EMERT 10 LA
Table 3 Top 10 microalgae research institution in published papers quantity in 2006—2014

Quantity of

Total number of Average number

No. Research institution published papers citations of citations H-index
1  Centre National de la Recherche Scientifique 316 3 890 12.31 31
2 Chinese Academy of Sciences 301 2783 9.25 22
3 gfg;lgpzzrﬁ:;?g;ge Four Le 141 1408 9.99 18
4 University of California System 139 2420 17.41 24
5 gz;;jglj:ﬁggzgfeInvesugamones 122 2307 18.91 25
6  United States Department of Energy (DOE) 109 3704 33.98 26
7  Ifremer 98 1074 10.96 17
8  Wageningen University Research Center 95 1590 16.74 21
9  Russian Academy of Sciences 91 575 6.32 13
10  University of Nantes Angers Le Mans 83 776 9.35 15

=4

20062014 FRGETIHAR AL ENEF 10 ML AIE R E

Table 4 Top 10 domestic microalgae research institutions in published papers quantity in 2006—2014

Quantity of

Total number Average number

No. Research institution published papers of citations of citations H-index
1 Chinese Academy of Sciences 301 2783 9.25 22
2 Ocean University of China 71 357 5.03 12
3 Ul?iversity of Chinese academy of 67 302 451 10

sciences
4 Zhejiang University 49 476 9.71 10
5 Tsinghua University 46 917 19.93 17
6 Jinan University 43 198 4.60 7
7 South China University of Technology 37 677 18.30 14
8 Xiamen University 34 234 6.88 10
9 University of Hong Kong 27 677 25.07 13
10 Chinese Academy of Fishery Sciences 23 79 3.43 5
HERE R R R SC 301 4, UK T B Hh P A

Freatgeh, AmEE . hIERE B B
WA E, FEAH BAYREN S I A
LI, WEOESE AT . RS BT P . i
DUKAAEFER ) P RE BT T e 45 2Bl
¥y, A SCHYF- R 05 IR H-45 5CAE T 6 7

FE N BLAE b, A O T R SO I
PP G EBRERE RS PEEER
FOWHTRS . RS B R A R
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Table 5 The distribution of microalgae research papers in main research direction in 2006—2014

Numbers of published

Proportion in total published

No. Main research direction papers papers (%)
1 Biotechnology & Applied Microbiology 2378 31.34
2 Marine & Freshwater Biology 1585 20.89
3 Energy & Fuels 1484 19.56
4 Environmental Science & Ecology 1295 17.07
5 Agriculture 1048 13.81
6 Engineering 1000 13.18
7 Chemistry 745 9.82
8 Plant Sciences 503 6.63
9 Biochemistry & Molecular Biology 450 5.93
10 Oceanography 411 5.416

2500 ¢

2000 r

15001

1000 r

Quantity of papers

500 ¢

0
2006 2007 2008 2009 2010 2011 2012 2013 2014

Years

= Biotechnology & Applied Microbiology
= Marine & Freshwater Biology

= Energy Fuels

_ = Environmental Sciences Ecology
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Fig. 3 Distribution of microalgae research papers in time in 2006—2014.
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Table 6 The information of top 20 microalgae research papers in citations in 2006-2014

Total Annual
No. Title of research papers References Journal name Year number of citations on
citations average
Microalgae for oil: strain selection,
1 induction of. lip.id synt.hesis and outdoor [31] B%otech.nolo.gy and 2009 631 90.14
mass  cultivation in a  low-cost Bioengineering
photobioreactor
Second generation biofuels:
2 high-efficiency microalgae for biodiesel [32] Bioenergy Research 2008 536 67
production
3 Life-cy?le asses§ment of  biodiesel [33] Environmental Science 2009 373 53.29
production from microalgae & Technology
Journal of Industrial
Mi 1 terial for biofuel
4 Vicroagac as a taw matenial fof BIOTEIS 1341 Microbiology & 2009 339 48.43
production .
Biotechnology
Lipid productivity as a key characteristic .
. . . J 1 f Applied
5 for choosing algal species for biodiesel [35] ournat 0 ppiie 2009 323 46.14
. Phycology
production
6 Environmental .life cycle comparison of 36] Environmental Science 2010 296 493
algae to other bioenergy feedstocks & Technology
Toxicity of nanoparticles of CuO, ZnO .
S f the Total
7 and TiO, to microalgae  [37] Eifﬁzimzm ¢ O 2000 293 41.86
Pseudokirchneriella subcapitata
8 Biofuels from microalgae [38] Biotechnology Progress 2008 277 34.62
9 Effec.tsl of nitrogen sources on cell growth [39] Applic.sd Microbiology 2008 )74 34.25
and lipid and Biotechnology
Effect of temperature and nitrogen
concentration on the growth and lipid Chemical Eneineerin
10 content of Nannochloropsis oculata and [40] . . & 2009 231 33.00
. L and Processing
Chlorella  wvulgaris  for  biodiesel
production
Biodiesel ducti b i lgal .
11 ocdieset  broduction By microaisa [41]  Applied Energy 2010 230 38.33
biotechnology

cjb@im.ac.cn
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ik 6
Effect of i th lipi Bi
12 &e 0. 1r9n on growth and lipid [42] ioresource 2008 229 28.62
accumulation in Chlorella Technology
A high th hput Nil thod ft
1g . roughput Nile red me oq .or Wisisiilos o]
13 quantitative measurement of neutral lipids [43] 2009 220 31.43
o Methods
in microalgae
Biosorption of lead from aqueous
J 1 of Hazard
14 solutions by green algae Spirogyra [44] ourne? © azardous 2008 217 27.12
. .. e . Materials
species: Kinetics and equilibrium studies
15 The pot.entiallof sustainable algal biofuel [45] Bioresource 2011 215 43.00
production using wastewater resource Technology
Biomass and lipid productivities of Chlorella
16 wulgaris under autotrophic, heterotrophic and [46] Biotechnology Letters 2009 196 28.00
mixotrophic growth conditions
i f 1 h fi Bi
17 Comp_arlsgn' 0 seyera met. ods for [47] ioresource 2010 194 1233
effective lipid extraction from microalgae Technology
Lipid accumulation and CO(2) utilization .
. . Bioresource
18 of Nannochloropsis oculata in response to [48] Technolo 2009 188 28.86
CO(2) aeration =
Micro and macroalgal biomass: A Bioresource
19 . 49 2011 182 36.40
renewable source for bioethanol 491 Technology
20 The promise and challenges of [50] Biofuels Bioproducts & 2009 181 25.86

microalgal-derived biofuels

Biorefining-biofpr
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Fig. 4 Distribution of microalgae biotechnology
patents in year in 2006—2014.

22 ERMMANERREX S

BT 2006-2014 A SR OCE R AR
FeAE e X A (8 5), H R R R A
21093 Wi, BHEH G 2R E (468 1), £



R Z/ETF YRR ORI R RRES

(445 T90), A i = A Rk R A
B 67%, ULIREBE A YR I K A
FUARAPAEIX 3 AR RZ BN AL .

2009 4FE LI, B Sl ST G £ A K
M, i HAR E S (B 6), RUITHK
TACBE AR 5% i S B AR T e A F ] Aol B A~ R
Fz B EM, BOFARRSART WA TSI K

A 5 o

Mexico, 56 —_
Spain, 59

Canada, 59

France, 61

y

Australia, 116

Japan, 139

\

Europe’ 100 \__/

Others, 333

23 BRI EKBSH

20062014 4 {8 451 5l AH 5 & ) %) 7 L Ay
T T =24 P 7E BO4-FOBA (¥ 2K) .
DO05-A03 (KBS E). D05-HO8 (40l K 4H 4%
F%) 1 D05-HO2 ($557%6 ) (R 7), XLELHHF
B R RN . B3R T AR ROV AR A AR,
Uk B IT & 5 80 K5 3% 120 R0 A ) S0 i 2 i
W KRR SR AR Y 2 H T e U A ISR A

Taiwan, China, 56
India, 55

Russia, 50

Germany, 39
I South Africa, 22

Others, 111

5 20062014 ERCREMHARBEREFNRENEREHRX 2%

Fig. 5 Distribution of patents in countries or regions in 2006—2014.
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Fig. 6 Distribution of patents of main countries or regions in 2006—2014.
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RT 20062014 ERBEHAXENBEFFIABSH
Table 7 Distribution of microalgae biotechnology patents in Derwent Manual Code
Derwent

Quantity of
patent family

Proportion in total

Fields of technology patent families (%)

manual code

B04-FO8A Algae 523 30.51
D05-A03 Fermentation apparatus [general] 414 24.15
D05-H08 Cell or tissue culture 384 22.40
D05-H02 Culture apparatus 253 14.76
AL-WIIL g)rcr)llr}rllzlt;irlij::)) enzymes or microorganisms, microbiology 199 1161
D05-C Chemicals by fermentation (biosynthesis) [others; general.] 175 10.21
B11-A04 Fermentation apparatus 157 9.16

WKL (Energy & Fuels). 4\l (Agriculture), I
2~ (Engineering) DA M 355 F} 22 54 B %
(Environmental Science & Ecology) %5 JLA~F
] . 2006—2014 4E 4<% Chlamydomonas. {3k
# Nannochloropsis, —ffi#1#%: Phaeodactylum
FITNAE 21 Bk Haematococcus #H EHFFE 18 5K
YRR IR, (HIERE Spirulina FlkE

3 FEFAHXME LA A
30 HRMWEFEREMESS

Xof 3T A Ok 2 A R 5 R o K ) 2
BRI TR R, TR RN 7 PRI
Hr, 5/NEREE Chlorella M5 H0E SO R £,
ik 1805, dmm FHMEES (% 8). [N, 5

Chlorella #HoCHFFE IR SO R B (8 7),
W57 ] 32 SR Th AR A= W) BRI AR 1
(Biotechnology & Applied Microbiology) . fE i 5

[C# Dunaliella AH 5588 X WY & 5= 7E
2014 AEA T FRE. B AI UL, Chlorella J& H i
TLEE A D E AR Y W o T R R 2

RS 20062014 FREREMRA T EEZMEMH XL RIRFR
Table 8 Distribution of published papers in main microalgae species in 2006—2014

Quantity of

Total number of  Average number of

No. Topic words published papers citations citations H-index
1 Microalgae & Chlorella 1 805 22 432 12.43 65
2 Microalgae & Chlamydomonas 792 11 607 14.66 54
3 Microalgae & Nannochloropsis 557 7 350 13.20 37
4 Microalgae & Dunaliella 416 5 829 14.01 37
5 Microalgae & Spirulina 495 7 780 15.89 41
6 Microalgae & Phaeodactylum 383 6 605 17.25 33
7 Microalgae & Haematococcus 220 3090 14.05 27
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Fig. 7 Distribution of published Chlorella research
papers in 2006—2014.

TE 2006-2014 ARl AE M) BOR GUSUAR G %
A, Xb 7 B EEMEEAN R HETRR (R9) .,
455 53 75 /NERPE Chlorella A6 % Fl S i £,
H 2 ER Spirulina AL [ 3 Dunaliella, iX
3 FhEE YR HATE 2SR Ak i 32 5
WA, A 174 DL, AR 358 WA TFE A
S/NEREE Chlorella AHOG, 2w T HALBER, Ui
HI/NEREE Chlorella /& H i Ee A W H R & )
P A K 22 RN, XS PSR S B
(25 JAH—

32 WEMRIRFEFAAENSH
X} SCI-Expanded H#i J H 3T 41 ok 5 24 4

S K BT TR, ML
RFEEAR . SbAE RN . RIGEAR . T
RESFHEYFEERE 6 Mrim. L
FRHARM T IE R R 2, 15 3063 jw, H
UORBERD (BEKR) EF MBI THEAR (B
REUR . & EDI LIRS, 245k 2 552
T A 1159 F o 10 SCEICR A0 MR U TR IR
R ST AV FEAR S R 3
AFFENT T (3 10), EICERBIN 521 5 .
616 fi Al 781 F o AN AL ARG FENE BUAT A7 A — L
ZEHE, X5 A H R B A SR Y K S PR A 5
e B VI AH G

A 6 A FERARTT MR ORI R
TGO, BB I ECRIEE AR, 2006
RS R, WK E 2014 A0 159 RE. dbah, HE
KA B A 1 S i B ARE i T AR AH
RIS, XL AR R, ot
Tl 22, Bl T A1 R WE A U5 0 o At 55 Ik
A B % ) K SR A i i 5 L AT T EE A
HET R A BRI 5 G (B 8).

35 H RO A Y BRI 5T i E
MEZE, W EAE 6 A E AR T
WICR RGO, B EEHEERB N THEAR

T9 20062014 EEEYHARBXEMN ST REEEZMSH

Table 9 Distribution of patents in main microalgae species in 2006—2014

No. Microalgae species Topic keywords Numbers of patent families =~ Numbers of patents
1 Chlorella Microalgae & Chlorella 174 358
2 Spirulina Microalgae & Spirulina 67 161
3 Dunaliella Microalgae & Dunaliella 56 130
4 Nannochloropsis Microalgae & Nannochloropsis 52 85
5 Chlamydomonas Microalgae & Chlamydomonas 49 96
6 Haematococcus Microalgae & Haematococcus 41 96
7 Phaeodactylum Microalgae & Phaeodactylum 27 44
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& 10 20062014 FREZRMFARRB L ETEZRARA R HIER
Table 10 Distribution of published papers in main research directions in 2006—-2014

Quantity of Total Average
Research direction Topic words published number of number of H-index
papers citations citations
Mi 1 trai . . .
1cr0f1 St Microalgae and strains or species 2552 28 507 11.17 59
selection
Microaleae Microalgae and culture or cultivation or
. ‘g phototrophic or heterotrophic or 3063 34 407 11.23 69
cultivation . .
mixtrophic
Microalgae .
. Microalgae and harvest 521 7229 13.88 39
collection
Mi 1 d bi t
Photobioreactor feroa’gas and bloreactor of 781 11323 14.50 46
photobioreactor
Microalgae and biodiesel processing or
Microal'gae bioenergy pr9cessing feed pr?cessing or 1159 17922 15.46 57
processing food processing or oil extraction or
extraction
Molecular biological Microalgae .and gene or genetic (.)r 616 6719 10.91 38
technology molecular biology or transgenosis
900 -
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5
& 700
o
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Z
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=
o
5 400
2 300 .I .I
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Z 200 j .
100 = o MMAf;g’Oaz .
- o o ’ ’ hor CT0a e ac g CUltry,
- A& MMO ]eC;bIorgge Pro, Cr an SC‘]éIOn
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Lae 0log
Years COI]eCé;{Ca] fo
Ton ““Chney,

8 20062014 FHFEFEMERARTAMREXERIER

Fig. 8 Annual quantity of published papers of main research directions in 2006—2014.
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Fig. 9 Distribution of patents in main microalgae technical direction in 2006—2014.
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Table 11 Topic words of microalgae energy, microalgae CO, fixation and microalgae wastewater treatment

Research direction

Topic words

Microalgae energy
Microalgae CO, fixation

Microalgae wastewater treatment

Microalgae and triacylglycerol or fuel or bioenergy or biofuel or biohydrogen or
biodiesel or bioethanol or biohydrocarbon

Microalgae and flue gas or carbon or CO, or carbon dioxide and sequestration or
consolidation or fixation or conversion

Microalgae and sewage or waste water or wastewater or waste or runoff or effluent
and treat or treatment or disposal or purification

cjb@im.ac.cn
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Fig. 10 Distribution of microalgae energy, microalgae
CO, fixation and microalgae wastewater treatment
research papers in 2006—2014.
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Table 12 Microalgae energy, microalgae CO, fixation and microalgae wastewater treatment research papers of

China and USA in 2006—2014

Numbers of  Proportion in total Total Average
Research direction Countries published published paper number of number of H-index

papers (%) citations citations

USA 739 27.90 15010 20.31 60
Microalgae energy

China 438 16.54 6 024 13.75 36
Microalgae CO, USA 219 20.99 4704 21.48 34
fixation China 131 12.50 1118 8.53 16
Microalgae USA 414 19.08 7 042 17.01 40
wastewater treatment China 324 14.93 3388 10.46 28
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Table 13 Top S microalgae research institution in published microalgae energy, microalgae CQO, fixation and
microalgae wastewater treatment research papers quantity in 2006—2014

Research Quantity of Total Average
direction No. Research institution published number of number of  H-index
papers citations citations
1 Chinese Academy of Sciences 134 1 885 14.07 19
) United States Department of Energy %2 3 428 41.80 24
. DOE
Microalgae 5 (1 ersity of California System 80 1615 20.19 19
energy
Korea Advanced Institute of Science
4 Technology KAIST 31 309 6.06 10
5 National Cheng Kung University 50 1 098 21.96 15
1 Chinese Academy of Sciences 38 340 8.95 9
2 National Cheng Kung University 32 670 20.94 15
Microalgae 3 Ceytre. National de 1la Recherche 25 428 17.12 10
CO, fixation Scientifique CNRS
Consejo Superior de Investigaciones
4 Cientificas CSIC 22 820 37.21 14
5 University of California System 21 772 36.76 12
1 Chinese Academy of Sciences 81 720 8.89 12
) Ce.ntre- National de la Recherche 57 412 792 1
Microalgae Scientifique CNRS
wastewater 3 University of Minnesota 33 841 25.48 14
treatment 4 University of California System 30 228 7.60 8
Consejo Superior de Investigaciones
2 4 16.1 1
> Cientificas CSIC 7 36 6.15 0
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