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/NTP3 Goal Statement

Public-Private Partnership

Establish a sustainable network of regional testbeds that empowers
knowledge creation and dissemination within the algal R&D community,
facilitate innovation, and accelerate growth of the nascent algal biofuels
and bioproducts industry.

Outcomes:

- Increased stakeholder access to high quality, outdoor cultivation and

laboratory facilities
- Over 50 different testbed clients and >80 completed projects in 5+yrs.
- Mix of national lab, academic and industrial stakeholders
- 15 education/training workshops held at 3 ATP? sites and 2 additional sites

- Support DOEG s t escohomig, sustainability, and resource modeling
activities and close critical knowledge gaps and inform robust analyses

of the state of technology for producing algal biofuels and bioproducts
- ATPS3 cultivation data the prime source for 2015-2018 BETO SOT
- ATP?3 has set high data quality standards with 5+ yrs of cultivation data that is curated
and available to the public
- Data already seeing use beyond ATP3 team and BETO SOT
- The SOT cultivation framework established by ATP3 has been extended and now
continues under DISCOVR
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Timeline

A Project start date: 2/1/2013
I PreAward (at risk) 11/12/13

A Project end date: 3/31/2019
i Original 1/31/2018- 14 mo extension)

A Percent complete: 100%

Total projectcost: $17.65M A Function 2: $10.65M
DOEshare: $10.65M |
¢ DOE share: $5.2M ¢ Contractorshare: N/A

A Function 1: $7.05M q

¢ Contractorshare: $2.05M
(DOECommitment$15.65M)

FY 1216 | FY 1718
Costs Costs

Total Planned
Funding(FY 19

Project End
Date

DOE $11M $4.6M $0.1M
Funded
PrOJect $2M $0.05M $0.0M

Cost
Share

Quad Chart Overviev

Barriers

AFtB SustainabléAlgal ProductionExisting dataon the
productivity and environmental effects of biomass
feedstock productiordi & & U &r¥ doXadequate

AFtE Algal Biomass Characterization, Quality, and
Monitoring: Physical, chemical, biological, and post
harvest physiological variations in harvested algae are n.
well researched or understood

AFtA Biomass Availability and Cost: Lack of credible da
2y LRAISYGAFf LINAOST 20!l
neededto reduce financial, technical and operational risk

Parthers

ASU (AzCATI) (43%)

National Renewable Energy Laboratory (10%)
Sandia National Laboratories (10%)

Cellana (12%)

CatPoly (6%)

Georgia Tech (6%)

Touchstone Research Laboratory (4%)*
UTEX (5%)

Florida Algae (2%)

Commercial Algae Management (2%)
* No longer part of ATRas of 8/14/2015
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/@.\Tp Project Overview

The formation of the Algae Testbed Public-Private Partnership leveraged the
existing resources at AzCATI and our partner sites. The network represented
a collaboration of industry, laboratory, and educational facilities across the
nation. ATP3 convened algae stakeholders to facilitate opportunities to
progress algae technologies more rapidly towards commercialization.

Florida Algae CalPoly



/NI P3 ATP3 Primary Objectives

® PublicPrivate Partnership

ATP3 off to a wid f services, .
‘ capabiliies and fadilties: o Collaborative Open Testbeds
* e @ A Form a national network of testbeds

lllllllllll

A Provide increased access to
stakeholders

Strain Identification
& Isolation

o . :
— A Share knowledge, learning
A Accelerate R&D outcomes
&.2upely : " s : :
| il{a o _ ’ A Reduce technology and business risk
- & ce ‘..,L: {) *Testbed locations
! ! Regional testbed facilities for the partnership are physically located in
Ari ,H il, California, G ia, and Florida. 1 1 1
oy zona, Haval, Calfforna, Georgia. and Florida. (D:ollect and Distribute High Impact
Services v = ‘ 1 == a a

A Unified research programs
A Pipeline for collection of high-quality

|

Education

o cultivation data to support algae
computational modeling including
K A— biomass productivity, techno-
? economic, and life cycle assessment.

Make data available publicly
Inform State of Technology (SOT)

To o
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¢ Algae Testbed
Public-Private Partnership

o o To Do o Do D»

Operations

Task 1:
Collaborative
Open Test Bed

Task 1.2 Task 1.3:
Business Education and
Development Training

Task 1.1:

Bi-weekly Exec Team telecoms (Exec Team:
ASU, NREL, Sandia, UTEX)

Weekly full team site calls (cultivation trial
progress):

Monthly technical presentation webinars
Quarterly reports/Milestone reports
Annual all-hands face to face meeting

Multiple site visits to partner sites by
operations lead

Annual advisory board meetings (Technical
and Commercial advisors through CY17 i
select members of TAB/CAB will be used for
final technical report review)

Ad hoc data review/sharing with UA
RAFT/DISCOVR and other stakeholders (at
least every 6 months)

Task 2: High
Impact Data

Task 2.1:
Setting
Standards

2.1.1 Harmonized
methods and metrics
2.1.2 Data
Management

2.1.3 Advanced
Diagnostics

2.1.4 Real Time
Monitoring

Approach: Project Management and WI

Task 2.2: Long
Term Cultivation
Trials

2.2.1 Unified Field
Studies (UFS)

2.2.2 Advanced Field
Studies (AFS)

2.2.3 TEA (through
SOT)

2.2.4 Dynamic
Modeling



/\Tl33 Approach Project Timeline

Public-Private Partnership

Phase 1 M412 Phase 2 M136 Phase 3 M372

Major Milestones Major Milestones Major Milestones
- ATPorganization, - Cultivation trialscomplete - Stateof algal biofuels
systems and - Data madewidely technologydesign report
processesestablished available updated (2016- 2018)
- Methodologies - Sate of algalbiofuels
harmonized technology design report N
- Initial cultivation trial completed (2015) Critical Success Factor:
anddetailed y - Value proposition
experimental CrltlcaI_S_ucces§actor: validated and funding
olanning completed Capability of testbed network secured tosustain
to serve stakeholder network in outyears

Critical Success Factor: community demonstrated
Network established and

experimental framework
validated demonstrating

- Requiresa robust algal
industry seeking access
to user facilities and

readiness to proceed with expertiseq we continue
the long term cultivation to demonstrate the
trails capability to effectively

serve the stakeholder
community



/N\T P3

¢ Algae Testbed
Public-Private Partnership

Technical Accomplishments, Progress and
Results



/NTP= ATP3: Open for Business

¢ Algae Testbed

:::: NR E L II'] ﬁgtnigir?al + Los Alamos m\doho National Laboratory C;:}}E {)O ?SI'-'OY oLD D‘;;:umon

Public-Private Partnership

Laboratories NATIONAL LABORATORY
_ ,, SEAREN Q) rova waer estoaot sosns
A Project Activities: Ac-chic @ PennState l_} B
V biomasssupply(1-1006s Kkg) MINES
V equipment testing 7 SRP
V analytical testing Pacifc sorthest, et R aps
Vv cultur_e maintenance and scale_ up oucHS 2
V genetically engineered algae field trials  1e zejiabie one nr -
V Education and Training Workshops g
A Project Benefits: access to facilities "5 —
drive technology R&D, de-riskand = (ntel
validate technological innovations — T
A >50individual clients to date Techverse, Inc. T
. P
A >80 completed projects & igEtemar
A

55(:f1(:fr1- 8hheliae

glass made of ideas

>$1M in additional TB revenue .
HelioPure () subitec

LiQ ) FLux

L

COMMERCIAL ALGAE PROFESSIONALS

*.. Advanced AgroBioFuels
ot Feed, fuel and chemicals for the future

Clearer = Greener - C heaper

Innovations
that transform



http://www.srpnet.com/
http://www.srpnet.com/

/\Tl:’3 Education and Training

+ Public-Private Partnership

Demographics of Participants A ATP? hosted 15 educational

A = workshops (~3/yr)
y Jiseipine ount A Over 160 participants (80
QU Academic 74 different entities)
- a d d200lengaged through mini-
| Industry o8 workshops at PSA
& Traming Government/Labs 18 A Week-long workshops
. - Over 30 lecture modules
By Geography Count - Over 15 hands-on field site and
laboratory activities
Local 15 - ~
A Demonstrated ability to go i o n
US national 82 t he roadbo
Int tional 63 - Multiple ATP3 sites
niernatona (AzCATI/UTEX/NREL) as well
Approximately 50% of the participants as other collaborator sites
were students and educatorghe majority (LANL/SFCC) utilized

of thesehaveengineering backgrounds A Custom workshop development and

Less than 30% of participants had expos redelivery with industrial clients

: : ATP?3 workshop content adapted and
to basic lab techniques made available to ATEC

.. ALGAE TECHNOLOGY
._0. \ EDUCATIONAL CONSORTIUM
o3 ege.

theglg%éfou ndation .




/NTP3 Open Collaborative Testbed Summe

¢ Algae Testbed
Public-Private Partnership

Major Milestones/Critical Success Factarapability of
testbed network toserve stakeholder community
demonstrated

A Simple facilities use/service agreement boilerplate established

A >1000kg of biomasharvested fromAFSand customer (toll) projects
- 160kgsupplied to Canadian collaborator (flarge scale ABtudies)
- ~500kg supplied into other DOE proje@nd for researchers
- Combo of sponsoredlirect purchase, toll, and subsidized from 100 g to 60 kg aliquc

~ ~r Ve

A7®dzLILI2Z NI LINRP2SOGaeg gKAOK | ff Ay Of dzRSH
testbeds/equipment/M&S/Personnel

A 15E&T 1 week workshops with 160 participargestablished core strategy for
supporting workforce development in algae based technology (e.g., in collaboration
with ATEC)

A Keyresourcefor technologybenchmarking andalidation and thus technology and
business riskeduction

A 80feeF 2 NJ aSNIA OS LINE @Anp &ritidal piejBctz@ith national Q m
labs for model lab to field prpilot validations (e.g., LANL, NREL, PNNL, INL)

A Additional program income of ~$1M in 6 yeat®y for supplementing operational

expenses of the testbed i,



A\TP3 High Impact Data:

¢ Algae Testbed

& PublicPryate artnersip Long Term Algal Cultivation Trials

ATP?3 set standards and conducted harmonized, rigorous, and objective
long term cultivation trials to provide a realistic assessment of the
state of technology for algal based biofuels and bioproducts.

A Our Unified Field Studies (UFS) at the testbed -
sites along with our Advanced Field Studies (AFS) | =5 #sS
enabled comparisons of promising production S
strains at meaningful scale across variable
conditions

A Our Scientific Data Management System and
vali dated, harmonized S
production processes ensured data integrity
across all sites

A Our protocols and data from the UFS and AFS are |
publicly available and provide a critical resource to
TEA and LCA analysis yielding high impact,
validated data http://en.openei.org/wiki/ATP3

r e,

Laurens, L., et al. https://doi.org/10.1016/j.algal.2017.03.029.
McGowen, J., et al, https://doi.org/10.1016/j.algal.2017.05.017
Knoushaug, E., et al, Https://DOIl.org/10.1038/sdata.2018.267 14



http://en.openei.org/wiki/ATP3
https://doi.org/10.1016/j.algal.2017.03.029
https://doi.org/10.1016/j.algal.2017.05.017
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f Algae Testbed
©  Public-Private Partnership

Challengestomulti-s i t e

A Analytical method variation (method,

operator skill, etc), can make evaluation of

proximate composition across sites
challenging.

This has a real impact on TEA, LCA and
resource assessments uncertainties

A System and scale variation has the
potential to induce unwanted, non-
geographical related variability between
testbeds as a function of:

system design

scale of operation

source water/nutrients

sampling protocols

productivity measurement protocols

operator skill/training/experience/consistency
Ot her e

compar

Setting Standardg Method Harmonization:

Production and Analytica

son:

Batch
culture
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/\Tp Mitigation of Siteto-Site Variance

Public-Private Partnership

. . Inter-site variance for AFDW
Harmonized Systems via

I Uniform design of indoor seed cultivation ‘ _ﬁ_%ﬂ___

i Uniform design of mini-pond system 08

i Uniform (and automated) water quality
monitoring on production units (YSI)

i Uniform light intensity measurements 04
through adoption of same - LiCor L1190 0 10.6%
PAR Quantum Sensor (integrated into YSI
units) 1-High 2-Mid 3-Low

SamplelD

7.9%

06

AFDW (g/L)

© Cellana
o GT
o ASU

Harmonized Processes via A e

i Rigorous verification and validation of e

analytical and production methodologies
A Biomass productivity - AFDW, OD, N:P, etc
A Biomass composition i Ash, Total FAME,
Total Protein, Total Carbohydrate B 0 50 100 150 200 250
A Rigorous verification and validation (round
robin) framework implemented .
i Indoor and outdoor cul
(pond cleaning, inoculation, sampling

protocols, nutrient adds, transfers/splits),
s i e e © RN
I Standardized data reporting in version
Ash 18.8 1.2 6.4 237
controlled and locked down spreadsheets

ith a Scientific Data M i Protein 28.2 0.8 2.7 153
with a scientic Data Managemen FAME Lipids 11.6 1.2 10.6 191
System

Carbohydrates 7.7 1 12.5 198

% ODW

I
3
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/A\TP3 The ATP3 Framework: systems, protocols, tools,
S =C o data, models and projections

ATP?3 used a harmonized, experimental framework to implement our Unified Field
Studies that enabled comparison of promising strains at a standard system scale
across multiple sites. ATP? developed and implemented a pipeline for the collection
and distribution of high-quality cultivation data to support algae computational
modeling including biomass productivity, techno-economic, and life cycle assessment
and made this data publically available.

£ ~ & | ©|Ap3 Data | Open Energy In..

OPENEL o mtrcions v st e Searchan s _ N
. http:// en.openei.org/wiki/ATP3 Data

Page o1 Edit History

. ATP;
Alg ae Testbed
.................

ATP? Unified Field Study Data and i i
Results

We wo Idlkt stay col tdW|th d nder: tdmoreao

One of the most important activities of the ATP> Consortium is to execute Unified data e pro d s with basic contact information so we c:
Field Studies at all member sites. These studies are producing robust and pro d e you w|th updates & news.

reproducible data on the effect of environmental and process conditions on algal

growth rates and algal composition. The ATP® consortium will provide the results of Name

these Studies to the community in a timely fashion. Enter your first and last name

¢ UFS Baseline 2013 Results
o UFS Spring 2014 Results Affiliation

¢ UFS Summer 2014 Results Please enter your organization
* UFS Fall 2014 Results

* UFS Winter 2014 Results

e UFS Spring 2015 Results

e UFS Summer 2015 Results

Email
Enter your email address so we will be able to contact you

VI Please contact me when new data are available or current

data are modified.
[back to ATP3 home ]

Contact me with more information on ATP3 and potential
collaborations.

)



http://en.openei.org/wiki/ATP3_Data

3 L. L
/\TP Cultivation Study Definitions

Public-Private Partnership

A Unified = All testbed sites
performing the same
experiment in the same
systems with the same
protocols and strains
simultaneously

Standardization of processes and systems
was key to executing meaningful multi-site
cultivation trials

A Advanced = Sites with
various capabillities testing
additional production
methods and variables to
provide data to further
enrich the model inputs

Cellana Large Scale Ponds



/\TP3 UFS Strain

Public-Private Partnership

UFS Strains (freshwater and marine)

A Nannochloropsis oceanica (KA32), supplied by Cellana (marine)
I Distributed to all sites fall, 2013. Utilized in i UF S B a s walldationdodo P1 Go/No Go
T Known to NOT be high productivity but stable and robust cultivar especially for inland sites

i Critical for initial validation of experimental framework and methods and establishing baseline
seasonal/regional performance

A Chlorella vulgaris, (LRB-AZ-1201) supplied by ASU (freshwater)
i Distributed to sites June, 2014, deployed to field Summer 2014
i Known to be less robust (open pond), but available and importable to HI, high performer in
PBROSs
A Desmodesmus sp. (C046) supplied by Cellana (freshwater and marine)
i Basis of Huntley et al 2015 publication
I Good settling characteristics
i Range of salinity possible
A Representative cultivars for fuel and high value production (feed, omega-3 6 s )
I Substantial historical data for both strains (faster project startup)
I Unencumbered with little restrictions on biomass distribution to third parties (under MTA)
A For the UFS, main operational variables explored included dilution rate/harvest
frequency (semi continuous production) and nitrogen source

A Marine strains were all more stable (lower frequency of pond crashes) across the
network relative to freshwater strains



/@,\Tpa UF3ata Sets

Public-Private Partnership

54 coordinated experiments across 7 seasol

Algal Proximate Composition

2013 2014 2015
strain site Fall Spring  Summer  Fall Winter ~ Spring Summer 2 4 P B 3
N. oceanicakA32  ASU 487 553 398 403 427 407 - .5 8dce 8 Fgeo® 3 4 g 2% |, g L
cp 487 538 397 408 377 399 Tl e |o g gl 843 ¢ g e Joe
CELL 257 437 357 357 409 329 = 2 N o
FA 488 367 477 417 318 - A . CalPoly
GT 548 517 340 377 187 347 S loiegefs .
TRL 47.7 o 1111 2d 8 ¢ .
C. vulgarisLRB-AZ-1201 ASU 258 417 256  49.7 ° g, 1EA ° By
cP 349 377 298 559 g—- = =
CELL 266 287 279 o g o
g = -] 8e
FA 457 476 297 467 0O < - S o%oa ; = PF B8 | o g g; o E.gc o’ 2 o ﬂﬁ %8
GT 170 267 320 528 w o 8 ol @ L p ol %
Desmodesmus046 ASU 39.9 < 2 o] Cellana
cP 39 3.2 IS . _ E g, o .
CELL 379 — o 950 cedil - o |HEC L ol g e
FA 39.8 O o5 B L L L 11 I.U .
GT 379 m 3 - 8
e “ o
'g‘g IR THT 5%‘ g%%&o i3 5 oglgggéﬁ%m
- L= L= (==
Weather and water quality data collected for all run £ & | ¢ 1 R R S I ASU
"E & 3 _ F l 1 @ “
SitelD aEdeRaed Ee o | : LT
ASU CELL P ar TRL g = : 8o QE—TA%‘C q° aﬁ ﬂii. G F ¢ - Yo Eﬁ..
40 = il = o =il
[ " - = 1 1 - _
1 f AN AL = :
EE MMM A MRS iy A s g [oo feem| e e
< VT T I \-n_f"\.l\,\P - 8 oles | &% | . ﬁ%o i Georgia
= 8 Tech
g . WA o]l w :
o 2 L =
3 16 \ 1\. ,I\-‘ £ \ 8y [ N Rt Vo ¥ o PR RN s =
T oW VW\: J\' v q\j\\AN\f\j\J: / \f ! [\1 5 T -E o 4 po AH i 8o HE=@ g ° |4
E \ VYW o | e Hg 1 Bag
- — - [=]-]
= 27 z
£ <l | @ ® 1o8 gk of 8ogsie|Zo LES Zqces
A IR R vt
7 o o @ i
R i W ! “HA“A S - i o | | > . Florida
g 950 a - i ‘ N Algae
R = | gl Bpg 1 aciBazl| 295 kL8 gqi‘.gu:!
2 izg - ) L slg ok © 8 HE8s ||?\.,tinn B L
& s ULIULR UL AR AN | 1'1 Hl\ e e e s 3 s 5 s 2l s » =
’ X \ = = 7] @ o
s Agin A L ALAY f\r /"V \A s & S 5 s 8 8 8 8| & 9
£ & yTy f Ui} ! < 3 S ® E © E E| 2 2 &S
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z % l’\ﬁ‘/ﬂ; N r | ] s s ° 5 = E =
2 N VA | 2 © 5 &8|° &
kb O protein & = 0
“w_“\““h“\\a\“w_“\“w O lipid 2014 2015
SESEEEEScSfccSrEsEiSiccEsEEdiceEssEiZiEEec O carbohydrate
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3
/NPT Unified Field Studyroductivity: SOT Suppo

Public-Private Partnership

Harvest Yield Productivity ATP3 cultivation data and methods available at:

. . Cellana http://www.nrel.gov/docs/fy170sti/67289.pdf

; 2016 2016 SOT 2017 2018

: SO0 (ABYL o] SO G Prs'gifion Prs'ce)igon

: Season (ATP)  Performed (ATP) DISCOVR/ RACEl 'O )
333REELEEELEEEET T Summer 10.9 13.3 17.5 14.1 15.4 27.7 35.0

. CalPoly Spring 11.4 11.1 13.0 13.2 15.2 24.0 28.5

. ~Fall 6.8 7.0 7.8 8.5 8.5 18.4 24.9

; { Winter 5.0 5.0 4.8 5.5 7.7 10.0 11.7

; l “ “‘ [ Average 8.5 9.1 10.7 10.3 11.7 20 25

: i n“ Max variability 231 271 3.6:1 2.6:1 2.0:1 2.8:1 3.0:1
[IIIEIETEIEIIEEI]T MBSP ($/ton, 20168)  $1,142  $1,089 $960 $909 $824 $602 $488

ARm g HE AgHgAgdgAm

Georgia Tech $1,142

16 $1,2
Lined Ponds = 51,508

1 0? in onds = §: ;1 089
B - _ IExperimenualduralion - (Llne =851, 433]
0 | =
8 = ] Y 3 ) $1,000
3 & 't -
4 F—

[Llned Ponds $1,250) %909

§ Y ‘A
0.10 : i | '} Chiislagkar Kinchin, acd Raas Dasd
J 4 L/ £ s ;j Nsbonal Renawatve Enegy Labomion:
Gosizen, Cokoasda

Experimental duration — Grow out 3
= I E [LmEd Ponds = $1,211) 824 M Salt Management
T €
* IJ I '; in Experimental duration — Grow out — Final harvest 5 $800 (Lined Ponds - $1,090) OSBL
7 =
04::‘:::ﬁ::_:—::ﬂicﬁﬁ E
seagegagagdaegaag=®= “. '.l’ o W Dewatering
EREE I i i B e Rl B =}
B 4600 $602 W Ponds+ Inoculum
£ ||
exp du grow out % 4488 M Fixed OPEX Costs
@ ]
**NREL J'?\TP’ E 5400 W Other Variable OPEX
=INIREL Hges Testoed s
L jsbdivlarinas B Nutrients
0.60 _"
g mCcoz2
050 4 5200
y ) AERW  use of cultivation Data from
o Y, Y/, 2 the Algas Testbed Public
. f / . Private Partnership as Utilized 50
— in NREL's Algae State of P o - e T e T
. 75 Technology Assessmants ) ] ] 2 2
—— 76 n ~ ®© ] F
Eric Knoshmsg, Lisve Laurem, % % é = g
in =
™~ m
= (=1
~ ~

2016 SOT -ATP3
2016 SOT - ABY1
Performer

6710 6/15 6/20 6/25 6/20 7/ 7/10  7/15 7/20 725



http://www.nrel.gov/docs/fy17osti/67289.pdf
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g Algae Testbed
Public-Private Partnership

Energy Efficiency &
Fennwable Frengy

BIOENERGY TECHNOLOGIES OFFICE

Multi-Year Program Plan

March 2016

http://www.enerqgy.gov/sites/
prod/files/2016/07/f33/mypp
march2016.pdf

Table A-2: Unit Operation Cost Contribution Estimates (2014$) and Technical Projections for Algae Farm®

Biomass Seling Price $iton AFDW $1221 1641 5484
Production Cost Ston AFDW $1069 1483 400
Harvest/Dewataring Cost $/ton AFDW $116 $116 $64
‘Othar Cost {Facilty Circulation, Starage) Siton AFDV ER 52 21
Gross Biomass Production Yield ton AFDWiacre-year 124 124 375
Total Farm Power Damand KWhion AFDW 880 860 407
Production

‘Capital Cost Contribution $/ton AFDW $620 $1015 $13
Operating Cost Contribution Siton AFDW 5440 468 1%
Cultivation Productivity (Annual Average) gim/day AFDWY 85 85 25
‘Max Seasanal Production Vanabilty maxmin productiity 231 231 i
Lipid Content ary wi% a5 FAME % 274% 74
N Content AFDW wit% 18% 18% 1.8%
C0; Utiization Efficency % wilized for biomass a0% ) 0%
‘Gross COz + Nuient Cost Contributions™ Siton AFDW 124 $i4 I 5120
Opetating Days Per Year daysiyear ) 330 330
Biomass Concentration at Harvest o'L AFDW 027 027 05
Dewatering

‘Capital Cost Contribution $/ton AFDW 393 593 $52
Operating Cast Contribution Siton AFDW 323 523 512
Gioss Dewatening Eficiency - % 8% 7% 7%
Not Dewalenng Eficiency * % 0% 0% %
Final C on af D gL AFDW 20 200 200
Dewalening CAPEX ! $18 si8 35
Dewatsring OPEX Sm‘ggw‘:"‘ s $4 $1
‘Balance of Plant

Capital Cost Contributian

$/ton AFDIW 331 531 515
$/1on AFDW 31 $1 36

Operating Cost Contribution

*Base case assumes nth-plant facility utilizing kow-cost uniined ponds; altemative SOT scenanio considers fully ined ponds
“Included as part of “operating cost contribution’ gross cost does ot account for CO/nutnent recycling from conversion

High Impact Data:
Informing Current State of Technology
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Algal Biomass Selling Price ($/ton AFDW) (2014$)

50

$1227

2015 SOT*

! Qutside Baltery Limils
$1,641
1 Dewatering
W Ponds + Inoculum
Il Fixed Operating Expenses
M Other Variable Operating Expenses
W Nutrients
W Co,
$494
2015 SOT+Liners® 2022 Projection*

2015 MBSP projections are derived using cultivation data from the ATP® test-bed consortium with 2015
Algae Farm design report assumptions.

Figure 2-16: Cost contribution for algal biomass selling price by process area

_ $17.69 @ $20.00
@
3§ s1800 —— Utiities g
& : g
3 $13.89 Shegs =
g s1500 — A Product Purification and Upgrading 2 $15.00
E ) M Lipid Extraction and Solvent Recovery g
§ W Fermentation and Distillation g
'S B Pretreatment and Conditioning o 81000
8 sso0 5 @
% W Feedstock Cost o
F) $438 £
= W Anaerobic Digestion/CHP o
a o $5.00
3 S300 Total £
frd ®
£ 2]
H el = °
E g0 2015807 2015SOT  Original 2022 Revised 2022 £ 5000
= . Liner* Projection® Projection® £
3
#2015 MBSP projections are derived using cultivation data from the ATP* test-bed consortium with 2015 Algae Farm TE:
design report and 2014 ALU design case assumptions. s ($5.00)

° Original 2022 projection based on 2014 ALU design report (assumed biomass feedstock)*® ‘
© Revised 2022 projection based on modified ALU design case (modeled biomass feedstock) 9

Figure 2-17: Cost contribution by process area for CAP Pathway

“# ATP? Algae Testbed Public-Private Partnership. http://en.openei.org/wiki/ATP3.

* R. Davis, et al. (2013). Process Design and Economics for the Production of Algal Biomass: Algal Biomass
Production in Open Pond Systems and Processing Through Dewatering for Downstream Conversion, National
Renewable Energy Laboratory, NREL/TP-5100-64772. http://www.nrel gov/docs/fv] 6osti/64772.pdf.

$14.78

2015 80T
(revised basis)

no liners

$18.60 M Feedstock
M Hydrothermal Liquefaction
| Hydrotreating to Finished Fuels
M HTL Aqueous Phase Treatment

1 Balance of Plant

$4.51 34.72
2015 SOT Original 2022  Revised 2022
(revised basis) Projection Projection
pond liners

Figure 2-18: Cost contribution by feedstock and conversion process area for HTL Pathway

%% Jones et al. (2014). Process Design and Economics for the Conversion of Algal Biomass to Hydrocarbons: Whole
Algae Hvdrothermal Liquefaction and Upgrading, Pacific Northwest National Laboratory, PNNL- 23227,
http:/fwww.pnnl. gov/main/publications/external/technical _reports/PNNL-23227 pdf

22


http://www.energy.gov/sites/prod/files/2016/07/f33/mypp_march2016.pdf

/NTP3 Advanced Field Studies (AF

Public-Private Partnership

A Advanced field Studies began late in year 2 of the cultivation trials and
continued thru Spring 2018

A AFS were meant to expand the experimental space and leverage unique
assets of the individual sites

A Additional strains deployed as planned in years 2-6 of the cultivation trials i
targeting known high performers and expanding into more site specific
cultivation trials

I Polycultures/wastewater, mixing energy (Cal Poly)
I New marine strains shown to outperform N. salina (NREL supplied)
I Additional freshwater strains: Scenedesmus sp., Monoraphidium sp. (ASU),
i C. sorokiniana (DOE1230, DOE1228, DOE1412)
I PBRs/larger scale cultivation
A Flat panel PBR cultivation (AzCATI)

AARI D (400 m2) vs ORPOs (harvesting, nutrie

A Mid scale vs. large scale comparisons/2 stage PBR-Pond Batch vs. semi-continuous
operation (Cellana and AzCATI)

A HTL aqueous recycling
A All the above include integrated harvesting at pilot scale

A >40 additional experimental data sets that directly support the SOT, some of
which ran >90 days.



/N\T P3

¢ Algae Testbed
Public-Private Partnership

@

\$

AFDW-AVE

y

08
0.8
0.7
0.6
0.5
04
03
0.2
0.1

05/04/2016

Major

Settling

Observed]
In ARID

Advanced

1 Morning harvestl Afternoon harvest

F i

Major
Settling
Observed]
In ARID

e |

PondID
& SPWIY
& SPWIBE
& S5PWI1S
& TP

d

St udi

dres;

24

Miniponds ARID v ',
crashed crashed :
2 8 2 8 2 & 2 2 2 B B2 B 2 2B EBEREE R EGE
S 8 &8 8 8 8 8 8 8 8 8 8 8 8 8 8 § 8 &8 8 %
5 5 = 8 § S - A4 @ F & & 5 @& & g - & = 3 MGEographs fgbcendesmus acutgsltures:
§ & & & & &§ & &§ # &§ &§ &§ &§ @ 5§ & &8 & &5 & :pre(right) andipost (left) crash. Large: ciliates
[=] [=] [=] [=] [=] [=] [=] [=] (=] [=] [=] [=] [=] [=] [=] [=] [=] [=] (=] [=] . DATETIME .
SATETIME (Oxytrichasp.) wereobserved as the main
grazer leading torash in all systems.
Calculated i
Harvest Harvest AFDW @ Volume Biomass i Solids Harvest Harvest Harvest | Total Ash Total
Datetime ID Harvest Harvested Removed Paste Yield (g) | Content Yield (g) | Effeciency (%) | Method (%DW) FAME (%
(gallons) (@) (DW) AFDW)
5/9/2016 7:00| 204 0.43 2400 3906 13309 21.0% 2796 72% Evodos 6.1 7.9
5/9/2016 16:00] 205 0.8 2200 6662 23453 20.8% 4889 73% Evodos 9.0 7.9
5/10/2016 8:00] 206 43093 15.0% 6464 Evodos 11.0 6.7
5/10/2016 8:00] 207 800 40740 17.0% 6926 Evodos 16.0 7.1
5/12/2016 8:00] 208 0.35 2200 2914 14681 15.6% 2290 79% Evodos 9.9 59
5/15/2016 16:30| 210 0.94 2800 9963 38422 20.7% 7953 80% Evodos 48 8.9
5/16/2016 8:00, 211 0.74 2800 7843 29950 22.5% 6739 86% Evodos 4.8 8.1
5/17/2016 16:30| 212 0.8 2400 7267 30477 20.3% 6187 85% Evodos 4.2 9.2
5/19/2016 8:00) 213 0.63 2400 5723 26030 17.3% 4503 79% Evodos 46 8.1
5/20/2016 8:00]  N/A 0.68 2500 6435 28000 18.9% 5292 82% Evodos 19.7 12.0
Sum 23000 54591 288155 54038 _
avg g/day 2913 >17 g/m?-day if harvest
| avg g/m2-day 140 | efficiency was consistently >90%
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& AT et 2018 Winter Season SOT Campaign at AzCATI

A Hypothesis: Thermal management through the novel ARID-PW
(UA-Weller) design will improve productivity by increasing
overall temperature of the culture relative to standard PW pond
design

A Experimental conditions:
T Two (2) strains tested in series:
A Scenedesmus acutus (LRB-AP-0401) from Jan 18-Feb 12 and
A Monoraphidium minutum (26B-AM) from Feb 14 i Mar 7.
A Sampled am/pm throughout entire cultivation trial
I Triplicate ponds for each condition. Ponds run at 10 cm depth.
A Steady increase in productivity from Jan-Mar.

A 26BAM>0401 but 0401 run early part of winter (colder/less
light) so not a direct comparison between strains for the winter
season.

A NO SIGNIFICANT DIFFERENCE IN PRODUCTIVITY BASED
ON THERMAL MANAGEMENT SCHEME

A Buti we did observe an overall ~47% increase in productivity
for 2018 relative to 2017 (7.7 vs 5.5 g/m2-day)

I We are still exploring why the large difference year over year with PNNL
I weather/media/operation?
A 26BAM strain was continued into the spring 2018 run without
the ARID-PW
Previously cultivated at AzCATI only until early March
Spring run focused mainly on semi-continuous production
Layered in strain (0401 vs 26BAM) and depth comparisons (10 vs 20cm)
26BA > 0401 and was less susceptible to contamination 25
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g Algae Testbed

Public-Private Partnership 2018 Wlnter SeaSOn SOT Cam palgn a.t AZCATI
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/\TP3 Winter and Spring 2018 SOT Summ:

Public-Private Partnership

6 months of continuous cultivatior

26BAM 26BAM/LRBO401 SEBAM receed across two seasons. Winter seast
LRBO401 Mean(Harvest Productivity (g/m2-day)) & 3 more vs. DATETIME focused on a novel thermal

management approach that was

N&VWW{M@ -“,!uwmll'“ W“M “ l U] l‘“’ § | | h‘ﬂh J.—‘effl” predicted to lead to better

productivitescA G RA RY Qi

Different cultivars compared along
with operational scenarios (nutriel
loading, batch vs sertiontinuous

cultivation, thermal management)

Steady increase in biomass
productivity as season progressec

crash due to demonstrated for 2018

- e - —= === with year over year improvement
;" e %h Monoraphidiumminutum (26BAM)

M due tochytrld .
B e S I T S s e s - =« =+ = shown to be more robust tohytrid
g 8 S S g 2 H g g g 2 2 2 2 8 2 S g 5 5 . .
g 08 g 2 = 8 2 22 & 2 2 £ 8 8 £ I & & ¢ contamination thanrScenedesmus
DATETIME

acutus(LRB0401L
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Advanced Field Studies:

2018 SOT Campaigns at AzCATI
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Public-Private Partnership
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Advanced Field Studies:

2018 SOT Campaigns at AzCATI
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071 -Winter

02-5pring

Season
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019
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DISC"-VR

-Areal Productivity (harvest
to harvest) for ALL
cultivation trials conducted
in calendar year 2018 (and
into 2019) at AzCATI in
Mesa, AZ includes 7
strains

N>700 discrete harvest
events covering over 280
total days of cultivation in
2018

The ATPSOT framework
successfully transitioned to
DISCOVR

Major efforts continue to
improve towards the 2025
cultivation goals for BETO
with additional focus on
translating promising crop
protection strategies from
within the DISCOVRd¢eam
and across the portfolio



/AN\TP3 Advanced Field Studies:

Algae Testbed

® PublicPrivate Partnership 2018 SOT Cam palgnS at AZCATI

U ATP SOT frameworkuccessfully transitionedndimplementedin DISCOVR.
U Summer, Fall, and Winter cultivation trials successfully executed under DISCOVR

U Summer cultivation trial included three different cultivé8senedesmusp. (46BD3),
Desmodesmusp. C046) andPicochlorunsoloecismu¢DOE101)

U Fall and Winter trials included two different cultivaBsenedesmusbliquus(UTEX393)
and Monoraphidiumminutum (26BAM)

U Six strains total tested in 2018 under DISCOVR SOT at AzCATI
U Data output will continue to be in standardized formats and made publically available
i FY18SOT results yielded 13.6% improvement oW17S0T6 ¢ | NBIDW pek \@ear)x

30



