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OutlineOutline

Current applications and opportunities for Current applications and opportunities for 
microalgae microalgae in clean technologies in clean technologies 
Research activities at UC Davis on Research activities at UC Davis on 
microalgaemicroalgae



MicroalgaeMicroalgae

Microscopic photosynthetic Microscopic photosynthetic 
organismsorganisms
Grow in aqueous Grow in aqueous 
environmentsenvironments
Found in fresh and salt Found in fresh and salt 
waterwater
Have many potential Have many potential 
industrial applicationsindustrial applications

Haematococcus pluvialis (www.bio-pro.de)



Industrial Applications of Industrial Applications of MicroalgaeMicroalgae

Certain Certain microalgae microalgae accumulate compounds accumulate compounds 
marketed for human nutrition and feed marketed for human nutrition and feed 
productionproduction

PulzPulz and Gross (2004) and Gross (2004) ApplAppl. . MicrobiolMicrobiol. . BiotechnolBiotechnol. 65:635. 65:635--648.648.



Industrial Applications of Industrial Applications of MicroalgaeMicroalgae

Wastewater treatmentWastewater treatment
Microalgae Microalgae can grow can grow 
and persist in harsh and persist in harsh 
aqueous environments aqueous environments 
Nitrogen and Nitrogen and 
phosphorus removal phosphorus removal 
from waste watersfrom waste waters
Remediation of Remediation of 
contaminated watercontaminated water

On farm drainage water remediation, On farm drainage water remediation, 
Red Rock Ranch, CA (Red Rock Ranch, CA (KrassiKrassi HristovaHristova))



Industrial Applications of Industrial Applications of MicroalgaeMicroalgae

COCO22 capture from flue capture from flue 
gases (5gases (5--15% CO15% CO22 by by 
volume)volume)

Many species can tolerate Many species can tolerate 
elevated COelevated CO22 levels and levels and 
remove COremove CO22 from airfrom air
Removal rates as high as Removal rates as high as 
50%50%

GreenFuelGreenFuel Technologies Corp.Technologies Corp.



TIBIOTECH Vol.18, issue 12. (2000)

““There is no magicThere is no magic--bullet fuel bullet fuel 
crop that can solve our energy crop that can solve our energy 
woes without harming the woes without harming the 
environment,  says virtually environment,  says virtually 
every scientist studying the every scientist studying the 
issue. But most say that issue. But most say that 
algaealgae……comes closer than any comes closer than any 
other plantother plant…”…”

“Green Dreams”
National Geographic 
October, 2007

BiofuelBiofuel ProductionProduction



Recent Interests in Algal Recent Interests in Algal BiofuelsBiofuels



Why the interest in Why the interest in microalgaemicroalgae for for 
biofuelbiofuel production?production?

Rapid growth rateRapid growth rate
Relatively high photosynthetic efficiencyRelatively high photosynthetic efficiency

~20% of ~20% of photosyntheticallyphotosynthetically available solar radiation available solar radiation 
is captured by cell for new cell massis captured by cell for new cell mass

Photoautotrophic productionPhotoautotrophic production
Energy from sunlight and carbon from COEnergy from sunlight and carbon from CO22

Accumulate high levels of lipids Accumulate high levels of lipids 
In largeIn large--scale practice, as high as 30% of cell scale practice, as high as 30% of cell 
biomassbiomass
Reported >70% in enclosed, lab systemsReported >70% in enclosed, lab systems



Y. Y. ChistiChisti. Biotechnology Advances 25 (2007) 294. Biotechnology Advances 25 (2007) 294––306306

* Requires monoculture of selected lipid-accumulating microalgae

Comparison of Lipid Sources for Comparison of Lipid Sources for BiodieselBiodiesel

*
*



Other reasons for the interest in Other reasons for the interest in 
microalgaemicroalgae??

Can grow in Can grow in 
environments environments 
unsuitable for terrestrial unsuitable for terrestrial 
plantsplants

Less competition for Less competition for 
arable land for food arable land for food 
cropscrops

Valuable coValuable co--products products 
and coand co--applicationsapplications

NN

SS
PP MM

LL CWCW

N=nucleus, M=mitochondrion, N=nucleus, M=mitochondrion, 

P=plastid, CW=cell wallP=plastid, CW=cell wall
S=starch, L=lipid dropS=starch, L=lipid drop



Algal Algal BiorefineryBiorefinery
While most of the current interest is in lipid accumulation, harWhile most of the current interest is in lipid accumulation, harvest and vest and 
production of production of biodieselbiodiesel, there are many other opportunities for refining , there are many other opportunities for refining 
products from products from microalgaemicroalgae

YuYu--Shen ChengShen Cheng



Monoculture Production of Monoculture Production of 
MicroalgaeMicroalgae
Achieving high accumulation of a particular Achieving high accumulation of a particular 
product in product in microalgae microalgae requires monoculture requires monoculture 
productionproduction
Has been successful in open systems when Has been successful in open systems when 
organism is tolerant to extreme conditionsorganism is tolerant to extreme conditions

Spirulina platensisSpirulina platensis: grows at pH=10: grows at pH=10
Dunaliella salinaDunaliella salina: produced in aqueous systems with : produced in aqueous systems with 
salinity 10x greater than sea watersalinity 10x greater than sea water

Most species require partial cultivation in Most species require partial cultivation in 
enclosed enclosed photobioreactors photobioreactors to prevent to prevent 
contamination contamination 

High capital and operating costsHigh capital and operating costs



Needs for Needs for Biofuel Biofuel Production from Production from 
MicroalgaeMicroalgae
Process integrationProcess integration

COCO22 capturecapture
Water treatmentWater treatment
Utilization of multiple compounds accumulated by cell in Utilization of multiple compounds accumulated by cell in 
addition to the lipidsaddition to the lipids

Methods for cell harvest and product extractionMethods for cell harvest and product extraction
Methods for largeMethods for large--scale monoculture of specific scale monoculture of specific 
microalgae microalgae that accumulate high levels of desired that accumulate high levels of desired 
productproduct
Demonstration of systems on a larger scale and Demonstration of systems on a larger scale and 
economic analyses of systemseconomic analyses of systems



Microalgae Microalgae Research at UC DavisResearch at UC Davis

Characterizing polysaccharide composition of Characterizing polysaccharide composition of 
microalgae microalgae for for biofuel biofuel productionproduction

Investigators: Jean Investigators: Jean VanderGheynst VanderGheynst and John and John 
LabavitchLabavitch

Remediation of high selenium water by Remediation of high selenium water by 
microalgaemicroalgae

Investigator: Investigator: Krassimira HristovaKrassimira Hristova
Stabilization of Stabilization of microalgae microalgae monocultures for monocultures for 
longlong--term storage and deliveryterm storage and delivery

Investigators: Jean Investigators: Jean VanderGheynst VanderGheynst and Herb and Herb Scher Scher 



Characterizing Polysaccharide Characterizing Polysaccharide 
Composition of Composition of Microalgae Microalgae for for Biofuel Biofuel 
ProductionProduction

MotivationMotivation
Polysaccharides make up a significant component Polysaccharides make up a significant component 
of nonof non--lipid fraction of cell dry weight.  These lipid fraction of cell dry weight.  These 
““leftoversleftovers”” could be an important contribution to could be an important contribution to 
bioenergy bioenergy production.production.

Potential fraction of polysaccharides that could be utilized Potential fraction of polysaccharides that could be utilized 
for fermentation?for fermentation?

ApproachApproach
Characterize Characterize microalgal microalgal cell walls and cell walls and cytoplasmic cytoplasmic 
oligooligo-- and polysaccharidesand polysaccharides
Identify promising hydrolysis methodsIdentify promising hydrolysis methods
Investigate fuel production from hydrolysis productsInvestigate fuel production from hydrolysis products



Strategy for Strategy for Microalgae Microalgae CharacterizationCharacterization
Incubate cells under varying environmental Incubate cells under varying environmental 
conditionsconditions
Separate cell wall from cell Separate cell wall from cell lysatelysate

Fractionate cell wall compositionFractionate cell wall composition
AlkaliAlkali--solublesoluble
AlkaliAlkali--insoluble but acid solubleinsoluble but acid soluble
Alkali and acid insolubleAlkali and acid insoluble

Examine the compositions and linkages of Examine the compositions and linkages of 
fractionsfractions

remove remove 
lipid and lipid and 
chlorophyllchlorophyll

remove remove 
starchstarch

lysislysis
remove remove 
nucleic nucleic 
acidsacids



Preliminary Analysis: Sugars in Wall Preliminary Analysis: Sugars in Wall 
& & Cytoplasmic Cytoplasmic PolysaccharidesPolysaccharides
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cellulosic cellulosic neutral neutral 
sugars (NCNS) sugars (NCNS) 
identified from identified from ““cell cell 
wallswalls”” of of Chlorella Chlorella 
vulgarisvulgaris UTEX 259.UTEX 259.

Data suggest that the Data suggest that the 
starch content of starch content of 
cultures could account cultures could account 
for 75% or morfor 75% or moree of the of the 
NCNS glucose content NCNS glucose content 
of wall preparationsof wall preparations



Preliminary Analysis of Preliminary Analysis of 
Polysaccharide CompositionPolysaccharide Composition

NonNon--cellulosic cellulosic neutral sugars,  neutral sugars,  
uronic uronic acids and cellulose acids and cellulose 
contents of contents of ““cell wallcell wall”” 
preparations preparations from from Chlorella Chlorella 
vulgarisvulgaris UTEX 259.UTEX 259.



Assume the following: Assume the following: 
(1) (1) 75% of algal complex 75% of algal complex 

carbohydrates can be carbohydrates can be 
hydrolyzed into a fermentable hydrolyzed into a fermentable 
hexose hexose monomer (our data)monomer (our data)

(2) (2) fermentation yield of ethanol fermentation yield of ethanol 
80% of theoretical80% of theoretical

(3) biomass production(3) biomass production based on based on 
average (38 ton/ha/yr) and average (38 ton/ha/yr) and 
maximum (92 ton/ha/yr) maximum (92 ton/ha/yr) 
observedobserved in largein large--scale scale 
demonstration systemdemonstration system **

Potential Production of Ethanol from Potential Production of Ethanol from 
Microalgal Microalgal OligosaccharidesOligosaccharides

** Huntley and Huntley and Redalje Redalje (2007) Mitigation and Adaptation (2007) Mitigation and Adaptation 
Strategies for Global Change. 12: 573Strategies for Global Change. 12: 573--608.608.
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Expected SignificanceExpected Significance

Determine potential for Determine potential for biofuel biofuel or or bioproduct bioproduct 
production from the production from the ““carbohydratecarbohydrate”” fraction of fraction of 
microalgaemicroalgae
Improved understanding of microalgal cell wall Improved understanding of microalgal cell wall 
characteristicscharacteristics

Important for understanding cell Important for understanding cell lysis lysis and liberation and liberation 
of oligosaccharides and of oligosaccharides and monosaccharidesmonosaccharides

More efficient More efficient lysis lysis will allow better access to lipids and will allow better access to lipids and 
starch in cells, easier harvest of starch in cells, easier harvest of ””specialtyspecialty””proteinsproteins
Will provide basic information on cell wall utilizationWill provide basic information on cell wall utilization



Water Remediation by Water Remediation by MicroalgaeMicroalgae
SalinizationSalinization affects 20affects 20––30 million ha of the 30 million ha of the 

worldworld’’s current 260 million ha of irrigated land s current 260 million ha of irrigated land 
and limits world food production and limits world food production 
The San Joaquin Valley makes up the The San Joaquin Valley makes up the 
southern portion of Californiasouthern portion of California’’s Central s Central 
Valley, among the most productive farming Valley, among the most productive farming 
areas in US, but the SJ Valley is currently areas in US, but the SJ Valley is currently 
facing deterioration in water and soil quality.facing deterioration in water and soil quality.



Water Remediation by Water Remediation by MicroalgaeMicroalgae
Irrigation results in water Irrigation results in water 

quality degradationquality degradation
Irrigation water contains Irrigation water contains 
dissolved saltsdissolved salts
Naturally occurring salts Naturally occurring salts 
and trace elements leach from and trace elements leach from 
soilsoil

Evaporation and Evaporation and 
transpiration result in soil transpiration result in soil 
accumulation of minerals accumulation of minerals 
& salts& salts

•• Excessive salts hinder crop Excessive salts hinder crop 
growthgrowth

http://users.rcn.com/jkimball.ma.ultranet/BiologyPages/ 
S/Soil.htm



Evaporation BasinsEvaporation Basins

The use of evaporation basins for The use of evaporation basins for 
disposal of agricultural water has disposal of agricultural water has 
several advantages:several advantages:
(a) It is a proven, economical means to (a) It is a proven, economical means to 
dispose of agricultural water and dispose of agricultural water and 
contain the salt;contain the salt;
(b) It is a "no discharge" technology for (b) It is a "no discharge" technology for 
the disposal of water since it is terminal;the disposal of water since it is terminal;
(c) In recent years, basin management (c) In recent years, basin management 
schemes have significantly reduced the schemes have significantly reduced the 
risk of risk of ecotoxicityecotoxicity;;

However, evaporation basins have However, evaporation basins have 
caused Se toxicity to migratory caused Se toxicity to migratory 
waterfowl. waterfowl. 

http://www.waterresources.ucr.edu/news_events/sdp_meetings/doc 
s/Tanji2005.pdf

1987-91: 28 ponds – 7,180 acres
2005: 8 ponds – 4,745 acres 



UC Davis, UC Davis, Krassi HristovaKrassi Hristova’’s s ProjectProject

Objectives:Objectives:
Use drainage water as a resource to produce Use drainage water as a resource to produce green algaegreen algae
((Dunaliella salinaDunaliella salina, Chlorella mirabilis, , Chlorella mirabilis, Tetraselmis Tetraselmis sp., sp., Picocystis Picocystis 
salinarum salinarum andand Pedinellales Pedinellales sp.sp.), ), photosynthetic diatomsphotosynthetic diatoms
((Phaeodactylum tricornutumPhaeodactylum tricornutum, , Navicula salinicolaNavicula salinicola, , Haslea Haslea 
wawrikaewawrikae, Amphora , Amphora delicatissima delicatissima andand Gyrosigma fasciolaGyrosigma fasciola) and ) and 
cyanobacteriacyanobacteria ((Halomicronema Halomicronema sp sp goniastreagoniastrea) ) 
Manage salt and Manage salt and 

selenium in drainage selenium in drainage 
water directly on farm water directly on farm 
(Red Rock Ranch, CA)(Red Rock Ranch, CA)



Mitigating Selenium Mitigating Selenium Ecotoxic Ecotoxic Risk Through Risk Through 
a Combination of a Combination of ……

•• Food Chain Disruption:Food Chain Disruption:
-- Bioavailable Bioavailable selenium selenium 

removed from water removed from water 
column:column:
-- Sustained harvest of Sustained harvest of 
invertebrates (invertebrates (ArtemiaArtemia) that feed ) that feed 
upon algae and microbesupon algae and microbes

•• Natural Algal Se Natural Algal Se 
volatilization:volatilization:

-- Optimal volatilization though Optimal volatilization though 
manipulation of algal manipulation of algal 
communities and aquatic communities and aquatic 
environmentenvironment



ResultsResults
ArtemiaArtemia and and microalgae microalgae strains have adapted to strains have adapted to 
high salt, high Se RRR drainage water.high salt, high Se RRR drainage water.
Consistent removal of Se has been maintained Consistent removal of Se has been maintained 
through one year of evaporation/drainage water through one year of evaporation/drainage water 
addition cycles.  addition cycles.  
Factors that influence removal include:Factors that influence removal include:

Iron.  Growth additives have been developed for Iron.  Growth additives have been developed for 
optimal algal growth and Se volatilization.optimal algal growth and Se volatilization.
Length of light : dark cycleLength of light : dark cycle
Nitrate concentrationNitrate concentration



Work in ProgressWork in Progress

Navicula Fragilariforma

Chlorella Fallacia

Artemia franciscana 
nauplii

Prymnesium

SynedraSellaphora

Identify and characterize Identify and characterize 
a large number of a large number of 
diverse algaediverse algae

Need to develop genetic Need to develop genetic 
toolstools

Process integrationProcess integration
HarvestingHarvesting

Recovery Recovery 
of productsof products

Improved Improved 
strainsstrains



LongLong--term Stabilization Researchterm Stabilization Research

MotivationMotivation
Many of the lipid and carbohydrate yields Many of the lipid and carbohydrate yields 
suggested for economical suggested for economical biofuel biofuel production production 
from from microalgae microalgae require monoculture require monoculture 
production.  production.  
There is a need for inexpensive, longThere is a need for inexpensive, long--term term 
storage of storage of microalgae microalgae to accommodate to accommodate 
monoculture production monoculture production 

Current Current microalgae microalgae storage methods involve storage methods involve 
refrigeration and are difficult to maintain refrigeration and are difficult to maintain 
contaminantcontaminant--freefree



WaterWater--inin--oil Emulsions for Cell oil Emulsions for Cell 
Stabilization and StorageStabilization and Storage

WaterWater--inin--oil (W/O) oil (W/O) 
emulsions with cellsemulsions with cells

Prepare oil phase containing Prepare oil phase containing 
surfactantsurfactant
Blend oil phase with aqueous Blend oil phase with aqueous 
cell suspensioncell suspension

Possible mechanisms for Possible mechanisms for 
stabilizing cellsstabilizing cells

Protection from desiccationProtection from desiccation
Protection from Protection from 
contaminationcontamination

Microorganisms do not grow Microorganisms do not grow 
well on oil alonewell on oil alone
Oil acts as a barrier to cell Oil acts as a barrier to cell 
movementmovement

Cell-free droplet

Cell-associated 
droplet

Illustration of a W/O emulsion containing cells as it would 
appear on the surface of water.  



Composition of Emulsion can be Composition of Emulsion can be 
Tailored for Optimum Cell Stabilization Tailored for Optimum Cell Stabilization 
and Deliveryand Delivery

Oil phaseOil phase
Refined vegetable oilRefined vegetable oil
Block copolymer surfactantBlock copolymer surfactant
Thickener to prevent cell Thickener to prevent cell 
sedimentationsedimentation

Aqueous phaseAqueous phase
Cell suspension with or Cell suspension with or 
without additional waterwithout additional water--
soluble compounds to soluble compounds to 
facilitate cell growth upon facilitate cell growth upon 
deliverydelivery Illustration of water droplet in Illustration of water droplet in 

W/O emulsion stabilized by block W/O emulsion stabilized by block 
copolymercopolymer



Chlorella Chlorella vulgarisvulgaris Stabilization in Stabilization in 
a Watera Water--inin--Oil EmulsionOil Emulsion
WaterWater--inin--oil emulsions containing oil emulsions containing 
Chlorella Chlorella vulgarisvulgaris were prepared were prepared 
and and stored in the dark at room stored in the dark at room 
temperaturetemperature
Cell viability (cell density) has Cell viability (cell density) has 
been monitored every 1been monitored every 1--2 months   2 months   

Cell density represented as colony Cell density represented as colony 
forming units per unit weight of forming units per unit weight of 
emulsion (CFU/g)emulsion (CFU/g)

No decrease in cell density has No decrease in cell density has 
been observed over 6 months of been observed over 6 months of 
storagestorage

Chlorella Chlorella vulgarisvulgaris cell density upon cell density upon 
room temperature storage in a W/O room temperature storage in a W/O 
emulsionemulsion

ChlorellaChlorella in internal phase in internal phase 
of W/O emulsionof W/O emulsion
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MicroalgaeMicroalgae Production OffProduction Off--Site and Site and 
Delivery as an Emulsion to an Open Delivery as an Emulsion to an Open 
Pond Production SystemPond Production System

Current open pond production Current open pond production 
systems require inoculation systems require inoculation 
(seeding) with ~ 5 x10(seeding) with ~ 5 x1099 cells/mcells/m22

to minimize contamination*to minimize contamination*
InoculumInoculum is currently produced is currently produced 
in in photobioreactorsphotobioreactors on siteon site
PhotobioreactorsPhotobioreactors occupy half of occupy half of 
cultivation areacultivation area

Most monoculture production of Most monoculture production of 
crops in the US involves a seed crops in the US involves a seed 
supply and distribution chain supply and distribution chain 

Farmers rarely produce their Farmers rarely produce their 
own seedown seed 0.1

1

10

100

0.01

0.1

1

10

109 1010 1011 1012

Li
te

rs
 o

f e
m

ul
si

on
 p

er
 h

ec
ta

r G
allons of em

ulsion per acre

Cell density in formulated cell suspension 
(cfu/ml)
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Assuming the internal phase is 70% of total Assuming the internal phase is 70% of total 
emulsion volumeemulsion volume

Commercial 
algal pastes

** Huntley and Huntley and RedaljeRedalje (2007) Mitigation and Adaptation (2007) Mitigation and Adaptation 
Strategies for Global Change. 12: 573Strategies for Global Change. 12: 573--608.608.



Controlled Release Experiments Controlled Release Experiments 
with with Chlorella Chlorella vulgarisvulgaris
Cell release from waterCell release from water--inin--oil emulsions oil emulsions 
occurs by water transport across oil phase occurs by water transport across oil phase 
into internal phase dropletsinto internal phase droplets

Droplets swell Droplets swell 
Droplets coalesceDroplets coalesce
Sedimentation of large droplets to surface Sedimentation of large droplets to surface 
Eventual rupture releasing contents of internal phaseEventual rupture releasing contents of internal phase

Research Goal: Research Goal: 
Examine effect of oil phase composition on release Examine effect of oil phase composition on release 
of of microalgaemicroalgae during storageduring storage

Hydrophobic thickener and hydrophilic thickener Hydrophobic thickener and hydrophilic thickener 
were examinedwere examined

ApproachApproach
100 100 μμl emulsion was applied to 100 ml sterile distilled l emulsion was applied to 100 ml sterile distilled 
water in water in separatoryseparatory funnelsfunnels
Cell density of contents of funnel measured over Cell density of contents of funnel measured over 
timetime



Release of Release of microalgaemicroalgae from the from the 
internal phase of W/O emulsionsinternal phase of W/O emulsions

Cell release is more rapid and Cell release is more rapid and 
greater with hydrophobic greater with hydrophobic 
thickener (thickener (nanoparticlenanoparticle 200) 200) 
compared to hydrophilic compared to hydrophilic 
thickener (thickener (nanoparticlenanoparticle R974)R974)
Hydrophilic particles assist in Hydrophilic particles assist in 
stabilizing the emulsion and stabilizing the emulsion and 
slow the release of cellsslow the release of cells
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Cell stabilization technology will allow Cell stabilization technology will allow 
opportunities for offopportunities for off--site production and site production and 
storage of novel strains of storage of novel strains of microalgaemicroalgae
Emulsion properties can be adjusted for Emulsion properties can be adjusted for 
controlled release of cells upon deliverycontrolled release of cells upon delivery

Research is needed to estimate response of Research is needed to estimate response of 
cells upon releasecells upon release

Expected SignificanceExpected Significance
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