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UMN-BioCee ARPA-E Project

BioCee
Thin-film

Cracking
W Technology

|
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Watersheds - Modeling the ecosystem, landscape, and land-use dynamics at the
watershed scale

Lakes, Rivers, Streams - Studying interactions between physical, biological, and
chemical processes within fluvial systems

Urban Environments - Understanding change in land use; runoff generation; and transport
of particles, contaminants and microbiota in sewers, subsurface, ponds, wetlands, lakes,
and rivers

Deltas - Developing predictive understandings of how deltas grow and respond to stress
from various changes
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Left ventricle hemodynamics

Native and prosthetic heart valves

Intracranial aneurysms

Fontan surgeries
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w Eﬁé‘ﬁ@ PPN TEE R A BIUE T R 5 1R PRl i A e
PEERA TGRSR 5 A PSRRI oA 15 (55 (35 ST 9P B B A T 5 0 Bt
T REARIET A 5 (R et R o (7 B A -

light energy

2NADP*+3H,0+2ADP+2Pi * 2ZNADPH+3ATP+0,+2H"
chlorophyll

i~ s -

5 % riﬁlﬁﬂ[%“p'hh PR T :E'[ATPb HEUTUNADPH » }HCOZ [ifil % ﬁiﬁ,é?“
PV 2 calvin cycleff (RSR[5 37 ~ e VETRV I = ok A T~ R Tl
calvin cycleﬂ['ﬁ%ﬁ' 3ERA. o

CO. + aH* + de- 2NADPH .3ATP (CHLO) + H,O

enZymes carbohydrate

+ protein + Lipid



Photosynthesis COPS o
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Wihakear 8
phephaii

Pynguie

Mj] Cah

Mabwvl Coad

Acyl CoA

Dineylglyeersl

Trseylglveeral
(LIPIDS = BIODIESEL)

i G—FOL _
HO O+ H nght reactions Dark reactions
ﬁ%ﬂ‘B o f, [EH] 1S E‘Fﬁ’ff’%“calvin cycle

2. K F 8 kL

Zhu XG, Long SP, Ort DR (Annual Review of Plant Biology, 20 10) 1 i % j%‘[?j

B PIFIFISEBR=1000 KTEB ] > BiocapturesffiA 115562 KIH# 3 Bioconversions i
I4378-392 KT » SRS ST TR 46-60 KT » AR [82[4.66.0% -
2l % 1Bl [A5(Biomass) X (Oil content) = Oil yield » [l f2 3 & =557y
Biomassﬁ%ﬁﬁ;ﬂﬁlﬁﬁi?f%ﬁ%F’ﬁi} , ﬁﬁ:iﬁﬁp@iﬁrﬁ‘ijj o

Dr. Richard Sayre (Los Alamos National Labs)ff! 'IE"Tiﬁ f%?iﬁé@’%ﬁi'[m IR P
8™ light utilization efficiency 1'{“&%%?%‘? = o

+ Optimizing light utilization efficiency

+ Buffering bottlenecks in electron transfer

* Reducing photorespiration
+ Addressing metabolic constraints in carbon reduction and o1l accumulation

% 5ka( Chl @)A1 Chla Oxygenaselt {555 Ak b(ChI b) » Y &2V [~ Sad#E  [fl
B o Chla WChlb 53 B |91 g 1B A ~“HBIf9ChIb 3 o5 st
(grana)f™ <13k Srf TR F’ﬁjﬁELHCH » - H[JChl b =2 5T T 9k 77 (photosystem 1T » PSII)
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Los Alamos National Labs Dr. Richard Sayref" 4243 3 Fi TIRIChl a/b Efensh fef |
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a/bE{fi {5 » Z1F I fiVantennae size ° i%}ﬁ”r‘ii@ﬁ‘u’ \\J{EHEHF@?%EU%%H 4R o

Growth under 50 pmol photons mrs-! rowth under 500 pmol photons m-2s-1
(O LIGHT) (SATURATING LINGHT)
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l Intermediate, I Jf 4.0
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= 06 l ® o
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@m Short path length, not all light absorbed

Deep ponds are optuimal for growth of algae will
small antennae; shallow ponds are optimal for algae

with large antennae

5 —
E s
2
£ -
E
w 3 - Total accumulated
E biomass from
:g 18 weekly harvests
o 2 7 (February to June)
S
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o -

18 cm 28 cm
Pond depth
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Dr. Keith E. Cooksey(Montana State University)#’ﬁ]‘ %8k Chlorella’| *IJE{%%?E@,E 3
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Simplified scheme for control of TAG accumulation in microalgae
PEPcK
C-3PS + CO,, Light

£ oxaloacetate C-4 like PS

PREC H‘? Os Other pl"ﬂd“ CESg
3-PGA =l ) _P(GA =y P[Pe— PYR j Ca:bos

vruvate deH,ase
Citrate, u-0G, v z

F-Citrate
Citrat,

Ac "[ oA

Eynthase
MFA
AcCoA

- oxidation

Membrane

lipids
Malonyl CoA e FA=P TAG ,I :
CO, + energy, dark Y :;]il‘lgh
A Cooksey, 2008
.‘\— i bty
limitation Modified 2011
Amino acids == Glutamate = ¢-OG m=m = jphibition point
L)
E mC1sE:0
BO —————— :
E Cl8:3
. I | mCiZ:1ng
"E a0 I
= - | - Clg:2
i : WC16:1n9
E 20 | | I &
_ I

Nitrogen Replete Mitrogen Deplete
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Heteroboost™: Increases Inoculum

Reclaimed
Water

CO,
Sunlight

Extraction &
Purification
Post-
Pre- 60% lipid
10% |ipid 75% TAG

If'7  Phycal Inc FIF7EF- FiFEH; EHeteroBoostf 5

FE P g A28 Biorefining Center F[JF|5izpl & $oymyd( 4 jf N St S Y N M
VTR 5 E R 2R 4-(COD 2500ppm N, P <100ppm) » 25 B RTIARE 15}

F A PP B T P T G I PO 5T R RS S 1
g/l &Y= T"E“?gﬁé*ﬁ“i&@ 4 0.6 /Lo | U % & Biomass » 81| ™ [Hydrothermal
APt E USRI
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2010+* [ [#'Wageningen University(WU) 2V %iif?‘}[@‘%’ﬁl%? l ﬁ[ﬁﬁﬁ ’ ;%?F%Algae
PARC (Production And Research Centre) » J[Iff/8F7 I%fgfﬁé@’ﬁﬁ% 7 R ?ﬂi@ﬂz

! %*%ﬁ"éﬁﬁﬁ’?ﬁ, Jn’;f&%ifgr ?‘ﬂl I'“Dr. Ir. P.M. Slegers!" | 387 P. Trioormutum
=] Fiﬂ‘fﬁééﬁ = fﬁ,ﬂﬁi?“ , fﬁ,?rf% 158527 i {27941.5 Ton/ha-yr » i@ 82~ |
175822878 & 1j<5463.7 Ton/ha-yr °

[ g Gulthvatan T MaTS A e PARC Pl 0Ur [ Ci-scale 2K5ae DIOducson systems, MGAng (ookwiss from bop ef) 2 moswey pond, § hansonial fuwar

reachor. 8 vardCal slicke KeREOr raacks, and a Mot pana recke,

Production with dynamic temperature

P. tricornutum Souroce Average prod.
(ton ha® year!)

Netherlands Slegers et al, 2011 415
52 °N Model

Algeria Slegers et al, 2011 63.7
22.8 °N Model
England Ansell, 1963 29.0
50-54°N Experiment (40cm deep)

California Thomas, 1984 80.0
32.5°N Experiment (temp. controlled)

8 WU Algac PARCH # S 2 47
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Sandia National Lab. Dr. Todd W. Lane J[i™t 20095 DOEFw* fjF Kl » &SI

Wk 28 4] * ST S IORL L O R P R (R S SRR
L E% =K Fﬁl*‘\?‘?’ﬁ[' > Arizona State Univ. Dr. Qiang Hu \%ﬁgff H JEE '*FEFH\E'

R > IO FLE BF Y[ Rotifiers ~ Celiates ™ Amoebal” | 3 F‘[ it eL P

OPVRTEE T HpR] R - [20-80%

Microbial Contamination: #1 Challenge on Algal Mass Culture
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[ #'Evodosfif] & spiral plate%f%b\ﬁf"‘ﬁl[[ﬁHOﬁ’?—? » T BE S 130006 E R 1- 2g/LF
B EE S EAE=200-300g/L F:i"—'ﬁ 0.4-0.96 Kwh/m3 feed ° %L‘HF AN E 0.75- 20
m3/h 3 F e A?{ﬁ?’”MBD Energy 100.* “Fi¥fi “ERkeeRt & - SR Hi SR i FIE3/25085
FEi o

[}%1[10 Evodos spiral plate&e = 4% s

I VIR P 8] > 2010 DOE. iRy iID[ﬁluﬂ?—] File
(ol 30% ) “YR=BIF TWhig » R MGIZBRITIAH RS 2 T2
3.2 Whg(45%) > H BFR 2V (SR F= PRI s i - » R A0 o SR 3 ?Vﬁ flio
F_BISRS _FIJEJJ:%E ff== R R fADDGSTRARIPIE - 08 s e |
A IV oA lgaFrach[I| 125 > 3ZH10%DS ~ 38% extracted oil ~ £ &I 100F
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Energy Input (Wh/ag)

OpEx cost §/gallon

2.2 Whya {50% oil, 20% protein, 30 % carbohydrate)

| & WWh/g (10% oil, 30% protein, 0% carbohydrate}

Energy Conent
5 | of Algae{<5%] oil)
0.1% 0.15% 0.7% 2 8% 50 %
1 1. FLOC and_; ! I Thearmal 1
| 1 I I s 1
ond Settle Belt Filter Press Drying

cultivation or
genomics

3 modification
2 -

1 L

0 |
0.01% 0.1%

Extraction Costs

o8

[+X.]

0.4

0.2

Low energy '
consumption 1
harvesting/drying :
and extraction
equipment

! .
Dewatering Eh 90%

Estimate 1
™y

0.5%
Biomass Concentration

11 sl i e 1o = YR

1% 10% 50% 100%

£3SRS

ENERGY

ol —

Cost-lowering developmentis:

= continuous processing

= alternative solvent systems

= ‘no solvent’ systems

-+

Qil content Yow /w

70 60
/_ Assuming:

= 100MM gallons per annum
* 10% solids

* 38% oil extracted

* Dry biomass co-product

* 10 year capital cost recovery

S0 &0

Total cost (OpEx + CapEx) per gallon <$0.50/gallon
\Energy use < half that of dry hexane extraction _/

[fi'12 SRS Ifle e KT TV i ALgaFrachy 4 fEt



+ > Pt B9 (Green Diesel)y £ 13902 ff 2
NREL Dr. Ryan Davis » Andy AdenF||" [151= 1% 5 359 ?I fﬁfﬁﬁ :
f,@’i‘»iﬂﬁfg{/[l[}%ﬂl 35

#7 * open pond(OP)* photobioreactor(PBR)

oy @ VEER ~ DAF - centrifuge

AN 1 6 el iy
FEEpT & ™ & Naphtha ™ Green Diesel
WA PECE © anaerobic digestion » biogas#{|* Jcombined cycle J P {H HIA M|

Design Configuration

0.05% (OP)
0.4% (PBR)

Makeup water Flocculent Makeup solvent Solvent recycle Hydrogen

l [15 |

l Toﬁ‘g-as

Upgrading
(hydrotreater)

Naphtha

Solvent
Distillation

Diesel
Spent algae

.
+water

Biogas
for

energy Flue gas from turbine
—>

Sludge Power

¢ €
<
Steam turbine

combined cycle

Recycle water Blcwdgwn

Recycle nutrients/ water

TMakeu P nutrients

| Green = algae cell density |

NATIONAL RENEWABLE ENERGY LABORATORY 5

13 NRELASL RS (A
L GO R S IR I 1457
£ S 0 10MMGal/yr
Eé?%'& F 1 25¢/m2-d(OP), 1.25kg/m3-d(PBR)
SPEIEE ¢ 0.5¢/L(OP), 4¢/L(PBR)
iEI’i‘F’IF’?E% :25%
IRR * 10%
Plant life * 30years
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Power credit * 6.5 cents/kwh

Naphtha credit - 2.76USD/gal

Design & Financial Assumptions

Base case

Design Assumptions Open pond PBR
Scale of production [MM gal/yr algal oil] 10 10
Algae productivity 25 [g/m?/day] 1.25 [kg/m?3/day]
Algal cell density [g/L] 0.5 4
Lipid content [dry wt%] 25% 25%
CO, consumed [Ib/Ib algae] 1.9 1.9
N demand [algae composition, dry wt%] 8.7% 8.7%
P demand [algae composition, dry wt%] 1.3% 1.3%
Operating days/yr 330 330
Financial Assumptions
Target internal rate of return (IRR) 10%
Cash flow methodology Discounted cash flow rate-of-return (DCFROR)
Debt : equity ratio 60% debt / 40% equity
Loan terms 10 year, 8% interest
Tax rate 35%
Depreciation schedule MACRS: 7 year (general), 20 year (power)
Plant lifetime 30 years
Power credit 6.5 ¢/kWh
Naphtha credit $2.76/gal
NATIONAL RENEWABLE ENERGY LABORATORY 7

14 Ei%ﬁ“ﬁﬁf@%
(i AR 1 5P
r%’@’fé'f" M5 $243MM(OP), $637 MM(PBR)
PSR 17 - 9.288/2al(OP), 17.528/2al (PBR)
Green Diesel F% FF]' 1 10.66%/2al(OP), 19.89%/gal(PBR)
F Fé[ (il I'I;EFIUEH?@?B | P16
Open Pond -
target 1 5.45$/ga1($£“‘§ﬁﬁ£'r : 40% » harvestd"vH |[% {%50%)
target 2 : 3.99$/ga1(%?§}i%$ : 30g/m2-d » iEﬁﬁf’,E? : 50% > harvest 3 TV[ (%50%)
target 3 2.27$/ga1(\“£é?§}%: 1 30g/m2-d 3&'@%35 50% > harvest ™ # JV[&F {X50% >
AV B $500/Ton)
Photobioreactor *
target 1 : 11.19$/ga1(3£[lﬁﬁﬁ§l 2 40% - harvestd"vH [ {%%50%)
target 2 : 7.74$/ga1(%?§}é% &1 1.5¢/Ld > iﬁ'lﬁﬁﬁﬁi : 50% > harvest ® F TV[ [X50%)
target 3 6.10$/ga1(%?%i%$ :1.5¢/L-d > ?El’iﬁﬁﬁ? : 50% > harvest » F JV[EE {%50% -
3V T $500/Ton) -
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Results: Baseline Costs

TAG/Diesel Selling Prices (OP vs PBR) Direct Installed Capital, $MM (Ponds)

§25
W Operating ($/gal of product) M Capital {$/gal of preduct) $22 M Ponds
$21 567 W CO2 Delivery

$19.89 M Harvesting

520 M Extraction

517'52 M Digestion
M Power Generation

515 512 M Inoculum System

Hydrotreating

W OSBL Equipment
M Land Costs

028 510.66 a6

$10

SS :I

50 A T
oP oP

PBR PBR
(TAG) (TAG) [Diesel) (Diesel)

518

Total = $243MM

Product selling price ($/gal)

Direct Installed Capital, 5MM (PER)
MPBR System
W COZ2 Delivery

5114

M Harvesting

M Extraction

M Digestion
M Power Generation
M Inoculum System

Hydrotreating

Baselines show high costs of today’s
currently available technologies,
opportunities for cost reduction

W OSBL Equipment

523
5 M Land Costs

Total = $637MM

NATIONAL RENEWABLE ENERGY LABORATORY

1S ff A E=at

Projecting future costs: how can we get there?

W Capital ($/gal of lipid) M Operating ($/gal of lipid)
520
51752
518
516
R
& 51119
8512
& 59.28
Eﬂ 510
3 $7.74
g
3 §5.45 $6.10
o 56
& $3.99
$4
$2.27
Sz | .
S0 T T T T T T T T
oP op oP oP PBR PBR PBR PBR
(base) (target 1) (target 2) {high-value (base) (target 1) [target 2) (high-value
coproduct) coproduct)
Growth rate 25g/m¥/d | 25g/m¥/d | 30g/m¥d | 30g/mi/d 1.25g/l/d | 1.25g/L/d 15g/L/d 15g/L/d
Lipid content 25% 40% 50% 50% 25% A0% 50% 50%
Harvesting cost Base Cutby50% | Cutby50% | Cutbys0% Base Cutby50% | Cutby50% | Cutby50%
Extraction cost Base Base Cut by 50% | Cutby30% Base Base Cutby50% | Cutby50%
Spent biomass AD AD AD sell @ AD AD AD sell @
utilization $500/ton $500/ton

NATIONAL RENEWABLE ENERGY LABORATORY
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1. Sapphire Energy

2007F 5% > 2011F ZVHH $50 million federal grant, $55 million loan, $30 million
matching funds - 5 7 Columbus, N.M.(F%%v[l[ﬁ‘lﬁ’ﬁ )25 integrated algal
biorefineryFt &1 > ¥HFF % (11100 bbl crude algal oil per day, :=Z[Geismar, LA, $#{™5Y

biofuels °

[ﬁ'ﬁ Sapphire % ﬁ%’ﬁ%

2. SolixBiofuel

= I & P Rl 5 FI % i Lumian™ AGS™ - 4000(Algae
Growth System) ﬂ['ﬁ%ﬁ'lSﬁ’?—i » (1120 x 200 L Lumian panels =5y (&t 21 A2 4E 6
ALAGS™ - 4000) » Jie!fF Ozone CIP system B i fiSolix Data Center™ > 20005
T+ ColoradoE“[[?ﬁJi*‘JEa]%‘fﬁ'l'Demonstration plant : 15 x AGS™-4000 °

SolixF FHS 17| ™| Tl 7 PS5

Honeywell/UOP - Green Diesel & Biojet

Albemarle-Catilin - Biodiesel

Phasex - Omega 3 concentration

GlycosBio - conversion to industrial chemicals
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[ﬁ'18 Solix f%&%%—??ﬁAGSTM - 4000
3. Solazyme
FIIP TR S S o B (50 LA RO S i - 2000
O PONB Y B SR e RS BT R821 million -
= el P R 1 fV’J(FA»I municipal green waste) Hi HLETF[ | S FHEE 5 e T
PR 19 P AR 4
Health Sciences business: deals with Sephora International
Nutritionals:  launch Solazyme-Roquette Nutritionals

Chemicals: markets with Unilever and Dow Chemicals

[f'19  Solazyme ik [ iﬂﬁ e

4. BioprocessAlgae
2008+ 11 Green Plains(# & = K {{1F5) BioprocessHZO(ﬁ?F%%’F%%) » Clarcor(%
?‘iﬁ}?’%ﬁ%‘l—gi??f)uONTR(ﬁﬁﬁ:ETTH*Q)EP?E?E" [ /7T R ?”ﬁ%%%f%ﬁﬁéﬂ "
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Grower Harvester » I [ TE T S SR ”FL, phVIERYE > 73 Shenandoah(lowa)
Ethanol plant #[* 3% [ %+ CO2 F%fﬁMOOj BEJ [ifﬁ BAN205 . o

[[#20  BioprocessAlgae [fif % ;’*ﬂ;ﬁ%%;;ﬁ;

5. Synthetic Genomics Inc.(SGI)
FUESGI e BN T ApY RES <1 > 2009 ExxonMobil Research and Engineering
(EMRE)=*SGLA# " 3 =t > & FISGLE AL 300 MillionX 7 » F TR 2
BIP I -

Phase One - Algae development and growth

Phase Two - Algae harvesting

Phase Three - Recovery of bio-o1l produced by the algae

Phase Four - Transport and storage of bio-oil

Phase Five - Conversion of bio-oil to biofuel

Phase Six - Production of commercial products

SGI = (=7 :
+ Leadership role in biological research for algae strain development, growth and
harvesting
+ Key role in determining which type of production systems to use to grow the algae

+ Key role in bio-oil recovery research and development
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EMRE 7 [&Z%5 :
+ Leadership role in engineering, process development and scale up
+ Key role in determining which type of production system to use to grow the algae
+ Key role in upgrading bio-o1l produced by photosynthetic algae into finished products,

and total process integration for development and commercial applications

Je~ W% % DHA

TR TOPRENPY @ -3 7 [ONDHA » 550 =T e (b i b i A i 8
S I3 (IO AR © TR AR R D g S
DSME TR EE#(7] ,ﬁg;‘%@ @DHAEJEﬁL fil > = R I HEMartek ©

Martek :

1980°s &L [ IEF ¥k Crypthecodinium 2 % DHA > ?ﬁ,"éiEIHIDHAﬁEMOéO%  JE
%%Geﬂ densities >100 g/L » 1992&?&’ N AL A RIS ?Fﬁ'ﬁl ;U$100
Million e

OmegaTech -

1980°s & s [ 118 Schizochytrium % DHA » DHA A[EH—«‘E‘\ HRIZE120% > [SEF
el éﬁﬁf*ﬁécw densities >175 g/L > 2002#F OmegaTech{f* Martek » & = ﬁﬁl ,U$100
Million ©

4~ B i B A

IS A +‘|iH*E3=f5i’“ﬁéﬁ gEiEp SR w‘ip} YT & Isochrysw(uf’«""ﬁ[)
f'J {‘Fjﬁé Tetraselmis(4y £ H' + % "= 3 Chaetoceros (?*WFF'[% Fﬁ
Skeletonema(#§'1) ~ #2=F8% Nanachloropsis (157 fIF 7&/3% HAP) o ﬂﬁiﬁﬁﬁfi’
7* il Earthrise P42 JRB2s i 8TR] » SR8 ¢ [ﬁ S T ] AR R
0y > BARTERTS SR PRI R ) 5 2008 R R bR R (RS 10
ST kg I AR 0.23 37 ke ¢
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Fr~ SV EFE

N6 Ji 3-SR N
¢;ﬂ%w%wﬁ@um¢ikﬁ@%ﬁ%%ﬁ@%ﬁ@f&ﬂ@:%ﬁ%&ﬁ
AJBRFETE =R = 3 (a4 o gl R PR e TR
Ea il i@lﬁ&lﬁiﬁﬁ RIsEp it R [flJHll': aigice BRI %Ifﬁbw
r%@'%*ﬁfﬁ > [RIF=TF F,JHI%F TR = /2D d [ER5 B S8 PR [PBR ~ Harvest &

Extractlon%]fﬁj > A&7 AR Pilot Test! * BABETH ~ W RIS HY AR 1 Uk

F T P SR R (= S T R [ P
SIS *E"r‘j S VT ﬁ?ﬁmﬁ‘fmﬁ]‘% ﬁ]ﬂi‘f‘ip‘ﬁi » I integrated biorefining
(g -

=~ B % Bl T B TS PREPA/DHAT SR
1990 LTI BAP IR [ i S T 88T ¢ 7 = < 3 (Peroxisome Proliferator
Activated Receptors, fFIPPARs)&: » S5 BIH g }?Kf‘]‘ FLFIPPARs IV [EH |45
il ¢ P {2 ligand dependent)fSg = » - | 24 17y & | PRl A I 1] T T
T YRR DA R AT TR = PR S R S T
G %~ LR S AR R [liﬁgl’?‘iﬂ[f& HRAT 3 A AR T
@7 BV TR (SERPPARSHV S SRR R - ASHIHATIN [PPARSF-IRE (=
BT I DHAF SRS TE ) - o R USRI 7 A
i HTEPA/DHAT? ﬁ‘ﬂw‘% by S o R H R P PRVEPA/DHAE|
R A AHE T B Po% R EPA/DHAER (IR F PRI -
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