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Project Overview

Goa I : Applied Energy §8 (2011) 3524-3531 _
. . . . Contents lists available at ScienceDirect ’?! h Enerﬂ
*Provide process design and economic analysis support for the algae Applied Energy %
platform to guide R&D priorities to commercialization T A
* Translate demonstrated/proposed research advances into
economics (q uantiﬁed as S/ton biomass or S/gal fuels) Techno-economic analysis of autotrophic microalgae for fuel production

Ryan Davis ¥, Andy Aden, Philip T. Pienkos

National Renewable Energy Laboratary, 1617 Cole Blvd, Golden, CO 80401, United Seates

Outcomes:
*Benchmark process models and economic analysis tools — used to:

* Assess cost-competitiveness and establish process/cost targets ﬂ!\‘lﬂﬂm

for algal biofuel process scenarios

Process Design and Economics
for the Production of Algal

i ed Evaluati fC i Biemass: )

* Track progress toward goals via state of technology (SOT) updates | il Bisfuck at the National Seale | A BloassProocton g ora

* Interface with DISCOVR to support operational baseline TEA o S et e e S
beyond nth-plant models, iterate with tech. advisory board e G o M Gruncl ans
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* Evaluate near-term opportunities for today’s algae industry on
existing resources (protein, wastewater, algal bloomes, ...)

* Disseminate rigorous, objective modeling and analysis
information in a transparent way (the “design report” process)

PINREL e
el 3 B Pacific Northwest

2017 Algae Harmonization

frrarars [y

Conceptual Basis and Techno- Study: Evaluating the Potential
context. Economic Modeling for Integrated Algal for Future Algal Biofuel Costs,
] Biorefinery Conversion of Microalgae Sustainability, and Resource
. . . . . H to Fuels and Products Assessment from Harmonized
*This project provides direction, focus, and support for industry 2019 NREL TEA Updato: Highighing Paths to Modeling

and BETO by providing “bottom-up” TEA to show R&D needs for Gombines Alga Processing. Conttuting Authors

H H {“" ” Ryan Davis,! Matthew Wiatrowski,! Christopher Kinchin,!
dacC h evin g tO p‘ d own B ETO Cco St gO a I ) and David Humbird? Resource Assessment: Andre Coleman®

and Mark Wigmosta®

*One of the longest-serving projects under BETO Algae Platform — 2Ou s o L0 Aiges Farm TEA:Fyen Do
11-year history of impactful, authoritative TEA on algae systems e oot vt | 2

- HTL Conversion TEA: Yunhua Zhu
NRELITP-5100-75168 Susanne Jones,® and Christopher Kinchin?
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Market Trends NREL’s Bioenergy Program Is Enabling a
Sustainable Energy Future by Responding
to Key Market Needs

@ Anticipated decrease in gasoline/ethanol demand; diesel demand steady

Increasing demand for aviation and marine fuel

A Demand for higher-performance products
Value Proposition

« This project is key to supporting the BETO
mission by highlighting requirements to

@ Increasing demand for renewable/recyclable materials

0 Sustained low oil prices

- 0 Decreasing cost of renewable electricity achieve economic viability, benchmarking
S ! .
g e Sustainable waste management progress towards goals in $/fon biomass and
k3 $/GGE fuels
@ Expanding availability of green H,
<o Closing the carbon cycle Key Differentiators
Q Risk of greenfield investments « Our approach constantly re-evaluates what
Challenges and costs of biorefinery start-up is working/not working in our research

portfolio, how to further optimize future R&D to
achieve TEA goals

« Success will be driven by acceptance and
7 Access to clean air and water “cutting loose” underperforming approaches
early, dictated by TEA feedback

9 Availability of depreciated and underutilized capital equipment

{L Carbon intensity reduction

% Environmental equity




* This project is highly collaborative with communication/
engagement across numerous active partners:

* Analysis groups: PNNL, ANL, INL, CSU, SNL
* FOA partners: TEA support on 6 FOA awards in past 3 years

* Industry: data sharing (Global Algae Innovations, Algenesis), :
subcontractor engagement (Nexant, DWH Consulting) !

1. Management

Risk identification/mitigation:
1) Research stagnation lacking a clear path to viability

¢ Mitigation: Continuously re-assess R&D progress vs TEA
priorities, feed back recommendations to set new research paths

2) TEA that misses opportunity to support today’s algae industry

DISCOVR
(Partners)

Biomass Production

INL Algal Feedstock

Logistics

(Collaborator)

Feed

CAP Conversion

! Protein

Protein |Coproducts

e Mitigation: Include analysis for today’s algae resources, how best
to utilize them (waste/byproduct algae, value-added products);
engage with industry to identify needs/opportunities for industry

to be successful

Prioritize dissemination
of TEA through reports,
conference talks

Project management
tracked via milestones

Recycle

Nutrients/CO2
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| Analytical Support, Compositional Development

*

G

TEA Analysis
FY19 FY20 FY21 (planned
Project Milestones/Activities ol | a2 | a2 | ca | ot | a2 | oz | o2 | a1 | @2 | a3 | e
Upstream process focus (biomass production logistics)
Algae TEA for wastewater remediation{ W V | A
Algal biomass “intrinsicvalue” modeling | v v v
Opportunities for collection/use of algal bloom biomass - ® V | A
50T benchmarking - A A
Downstream process focus (biomass conversion to fuels)
2019 CAP update tech report - v v Fy
TEA screening for high-protein algae CAP pathway approaches - v\ v YV | V| A
TEA modeling for non-isocyanate polyurethanes - v
50T benchmarking - A A
NREL | 4

A= Milestone W = Quarterly progress measure @ = Go/no-go decision




Aspen Plus process models reflecting NREL/partner data Plant Model in  Cuibment and

(preferred), public literature (if necessary) Aspen Plus Accounting
Discounted cash-flow calculations determine minimum  operatingcondtions

selling prices (MSPs) at fixed IRR

2. Approach

Feedstock Composition

Yields

TEA modeling for both biomass production + conversion Product Yield

Measure progress through annual SOTs, prioritize future
R&D “bang for the buck” through sensitivity analysis

Challenges:

* Biomass SOT requires data from long-term growth runs
(large-scale, year-round, relevant conditions) — unique 0 (253 0 +25%)
challenge for algae SOT vs other platforms

* Work closely with consortia/FOA partners (DISCOVR, ASU)
during experimental planning, make best use of “one shot”

per season

* Building credible TEA models without supporting data to

investigate new concepts

* Frequent communication with researchers to set N recycle (80% : 0%
“theoretical potential” limits up front, refine models as data

catches up

° Stage_gate decision pOintS tO prevent ChaSIHg tOO far down Inoculum system design basis, summer days between inoculation (40 : 20: 10)
rabbit holes (example: Go/No-Go on further pursuit of algal
bloom TEA considering status of data availability)

Minimum Fuel

Flow rates r"E

Average productivity, g/m2/day (40: 25 : 15)

Composition + productivity, g/m2/day (HPSD @ 35 : HCSD @ 25 : HLSD @ 15)
Leakage control (in-situ clay : fully lined)

€02 price $/tonne ($0 : $45 : $100)

Qverall (combined) dewatering efficiency "net" (99.9% : 90.0%)

Cultivation area, acres (10,000: 5,000: 1,000)

Biomass composition (HCSD : HPSD)

Flue gas vs. CO2 (flue gas: CO2)

Pond CAPEX ($124MM : $159MM: $197MM)
CO?2 utilization efficiency (95% : 90% : 35%)
Dewatering CAPEX (-50% : 0% : +50%)
On-stream factor, days/year (365 : 330 : 300)
CO2 recycle (30% : 0%)

Labor costs (-50% : 0% : +50%)

Power Cost (50.068/kWh : $0.100/kWh)

Seasonal Variability (1:3:5)

4150 8100 550 $100 150 $200  $250

Change to MBSP ($/Ton AFDW Algae; Baseline = $488/Ton)



TEA modeling provides high impact:

» Guides R&D/DOE decisions, sets targets
* Technical targets (yields, process performance)
* Cost targets (basis for BETO MYP goals)
* [dentifies key directions (pathways, coproducts, etc.)
* Ex: Setting constraints for practical MOT conditions
* Facilitate interaction between stakeholders in
industry, research, DOE

* Ex #1: Ongoing interactions with GAl, MicroBio,
Algenol, Algix, AECom, Gross-Wen to explore TEA

* Ex #2: Algal polyurethane coproduct inclusion in
SOTs/targets — supported via inputs from industry on

SOT Progression: CAP Conversion

S15

o 4
w [=]
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d

MFSP ($/GGE, 20165)

¥ Protein Coproduct
(AD/CHP)
B PU Coproduct

$5.33

54.94

43.49
—

$3.73

m Storage & Utilities

B Final Fuel Upgrading

Lipid Extraction and
Solvent Recovery
B Sugar Fermentation and

Upgrading

B Pretreatment and
Conditioning

B Feedstock Cost

Total

2019S0T 2020507  2020S0T 2025 2025 2030 2030
(BDO-AD)  [CA-PU-AD) (BDO-PU-AD) Projection Projection  Projection  Projection
|CA-PU-AD) (BDO-PU-AD) (CA-PU-AD] (BDO-PU-AD)

2019 50T
(CA-AD)

costing (Nexant) + technical (UCSD/Algenesis) info ¢

* Foster collaboration with other modeling
groups (ANL, PNNL, ORNL, INL), BETO
consortia (ATP3, DISCOVR, Sep-Con)

* Prioritize dissemination of information: e.g.
Excel algae farm TEA tool available publicly:

* ~19,000 downloads of TEA reports (past 3 years)

Solve Mass Balance

- ) A600: Storage
e o 20wk

] o

[

-
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|

|

|

|

|

A200: Inoculum System



https://www.nrel.gov/extranet/biorefinery/aspen-models/

4. Progress and Outcomes

TEA Screening Identifies Opportunities 5600
fO rA Ig ae WWT ___ Traditional cultivation - algae farm|design case = $488/ton (20168) ______

$237

* FY19: feasibility TEA to quantify benefits 00 $108 = 10
for valorizing treated wastewater

| L
0 .
* Expanded on prior literature studies, I
supported by inputs from MicroBio (5200)

30

20

MBSP ($/ton algae AFDW, 20165)
Algae Yield per Million Gallons Wastewater Treated
(ton/MG WW)

. . . ($288)
* All scenarios highlighted lower MBSPs (5400 e 5390,
vs traditional cultivation (many cases 1$600)
near SO or negatlve) — opportunities to
: 800
support higher-cost systems (PBRs) (5800
e Similar results on tertiary treatment for (51,000) (£976)
N/P mitigation s1200)
: : : 10MGD, 10MGD, 10MGD, 10MGD, 50MGD, 50MGD, 50MGD, 50 MGD,
e Publication in progress $2400/MG, $2400/MG, $4500/MG, $4500/MG, $2400/ MG, $2400/MG, $4500/MG, $4500/MG,
— HCSD  HPSD  HCSD  HPSD  HPSD,2:1 HPSD,1:1 HPSD,2:1 HPSD, 1:1
Raw | (scrooms, [Wasiowme| camen | Emeet—  cuitivation Seting Algal biomass potential, | 29.2 6.2 29.2 6.2 6.2 EX: 6.2 38
5ot 1 i, onds MM ton/yr (base)
etc.) Algal biofuel potential 2.5 0.5 2.5 0.5 0.5 0.3 0.5 0.3
Primary R\f/?tlgre Algae BGGE/yr (base)
Settled Supermatant (Minimized) Algal biomass potential, | 58.4 12.4 58.4 12.4 12.4 7.5 12.4 7.5
° Clean MM ton/yr (high)
‘ﬁ Algal biofuel potential 4.9 1.0 49 1.0 1.0 0.6 1.0 0.6
N Centifuge BGGE/yr (high)
WetSiudge | prne Dewatering Algae farm size (acres) 2150 470 2150 470 2353 1473 2353 1473
Disposal | Thickenin
* Algae (20 wt%) NREL | 7




4. Progress and Outcomes

TEA Modeling Demonstrates New Approaches and User Correlations for Quantifying Algal Biomass Value

*  Joint work under NREL's Algae TEA and Algal Biomass Composition projects highlighted a new means of assessing the
“value” of algal biomass based on its composition

*  Applied to DISCOVR strains run under nutrient replete and deplete harvesting — showed some strains are beneficial,
others detrimental to allow shifting to deplete

*  Developed user correlations to quickly estimate biomass “value” contributions from carbs, lipids, protein fractions
independently (specific to one CAP fuel/product configuration)

$1,400 @ CarbstoSA & Lipids 1o Fuels s ProtentoAD/CHP
SR Nutrient depfetfon Nutrient depfehon --------- Linear (Carbs to SA) =reseeees Linear (Lipidsto Fuels Linear [Protein to AD/CHP)
= -y - -r: o
Z beneficial detrimental sLdll  Results specific to CAP with:
< 51,000 e Carbs to succinic acid L
Q — . . -'.‘ =64 -
S o 2342 g553 B * Lipids to fuels o | R
= S - 72¢ 5594 = * Protein to AD
] CEDD 5628 =
3 $600 5558 e $173 k578 z
R $373 $405 saa7 ] e
c @
E 5 5100 y=51834¢-3263 @ .- o
= $400 437 E RE= 2'92:3_-.";-.-""..' T v 1 . . e ®
o n y= 34.081x + 70.528
4 5288 g S50 R R#= 0.4034
= 5200 £185 5195 2 oy

s 5133 5130 S0 .
i 0 01 02 03 0i4 0l 06 07 0.8
- -$50

Replete Deplete Replete Deplete Replete Deplete Replete Deplete . _ _
UTEX393 UTEX393 DOE1412 DOE1412 CCMP2329 OCMP2329 DOE1116 DOE1116 Relatve composition tatio, camponent A v K4 BC

Biomass value (S/ton AFDW) = A x Fermentable Carbohydrates + B x FAME lipids + C x Protein + X
For this CAP product suite: A = 655; B =518; C=34; X = -49

TEA modeling highlights degree of benefit or penalty moving  Cost correlations for algal biomass intrinsic value
from nutrient replete to deplete harvesting of algal biomass from carbs, lipids, protein fractions of biomass

m MBSP (5/ton) W Biomass Intr nsic Value (5/ton) u Defta (MBSP - Int. Value)

NREL | 8



4. Progress and Outcomes

NREL TEA Sets SOT Benchmarks

* Incorporated cultivation data from DISCOVR partners
to support SOT

* Continued experimental progress demonstrated across
FY19-20 trials:

* Achieved 36% increase in FY19 annual average
productivity vs FY18 (enabled by better
contamination control, optimal strains)

* Exceeded 31 g/m2-day for FY20 summer season
(enabled by switch from Scenedesmus UTEX393 to
P. celeri strain — superior growth and
contamination resistance)

* Achieved >15% FY20 increase to annual average
>18 g/m2-day

2018
2015 2016 2016 SOT 2017 SOT (ATP3/ 2019 SOT
ot SOT SOT (ABY1 SOT

Productivity (ATP?) (ATP®) Performer) (ATP) DISCOVR/ (DISCOVR)
(g/m2-day) RACER)
Summer 10.9 13.3 17.5 14.1 15.4 271
Spring 11.4 111 13.0 13.2 15.2 18.6
Fall 6.8 7.0 7.8 B.5 8.5 114
Winter 5.0 5.0 4.8 5.5 Tl 6.4
Average 8.5 9.1 10.7 10.3 11.7 15.9
Max variability 2.3:1 2.7:1 3.6:1 261 20:1 42:1
MBSP ($/ton, 20168)  $1,142 $1,089 $960 4309 $824 $670

Algal biomass selling price ($/ton AFDW)

$1,142

$1,200 ((rers=$1
( $1,508] $1,08

"Liners" = Ponds Fully Lined

(Liners=$1,433)

$1,000

$960

$800

5600

$200

S0

—
Q
A
n
—
=1
o~

2016 SOT -ATP3

(Liners = $1,250)

5909

(Liners = $1,211) M Salt Management

(Liners = $1,090) m OSBL

$670
(Liners= $866) 4603
(Liners = $772)

W Dewatering

W Ponds+ Inoculum

M Fixed OPEX Costs

W Other Variable
OPEX

Nutrients

m CO2

2016 SOT - ABY1
Performer

2017 sOT

2018 sOT

2019 sOT

2020 SOT

2030 Targets

2020 50T 2030
(DISCOVR) Projection

31.6 35.0

18.5 28.5

15.0 249

8.3 11.7

13.4 25

3381 3.0:1

$603 S48 m—

* FY20 vs FY19 SOT: 10% MBSP reduction

)’ 5-year progression: 47% MBSP reduction,

2.2X productivity increase since FY15

basis NREL | S
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4. Progress and Outcomes

Publication of CAP Conceptual Update Technical Report
* Tech report published Sept 2020 — reflective of newer NREL CAP
research on mild oxidative treatment (MOT)
* Schematic focuses on flash hydrolysis, solvent extraction, lipids to
fuels + PU, carbs + protein to fuels via MOT and catalytic upgrading
* Envisioned to allow for better feedstock composition flexibility,
potential to accommodate higher-protein algae

* Aspirational projections highlight what would be required to achieve
~$2.5/GGE MFSP through this new pathway — set constraints on MOT
operating conditions for researchers ..

TDI
Caustic lmherchems

Peroxide
Methanol
Stofc'fg_e & Other Chems
Utilities —_

Solvent Makeup

- —

Hydrogen

. TAG
Biomass
(20 wit% solids) Naphtha
Algal
Biomass Solvent e . Upgrading
Production Extraction [hydrotreater)
(co-located)

h Diesel

Raffinate Ash to Disposal

Fuel
Intermediates

A

H

H
H H
H Wet Storage H
H H
" (Peak at

Seasons)

|
|
|
\

Mild
Oxidative
Treatment

lCDZ + P04 + NH3

Solids q Acid Cat.
Filtration Upgrading

Recycle Nutrients + CO2 Agueous residuals

Epoxidation Polyurethane Polyurethane
to Polyols Polyols 3 Synthesis >

NREL is a national laboratory of the U.S. Depariment of Energy
Office of Energy Efficiency & Renewable Energy
Operated by the Alliance for Sustainable Energy, LLC

This report is available at no cost from the National Renewable Energy
Laboratory (NREL) at www.nrel govipublications.

| iiNREL

Conceptual Basis and Techno-
Economic Modeling for Integrated Algal
Biorefinery Conversion of Microalgae
to Fuels and Products

2019 NREL TEA Update: Highlighting Paths to
Future Cost Goals via a New Pathway for
Combined Algal Processing

Ryan Davis,! Matthew Wiatrowski,! Christopher Kinchin,?
and David Humbird?

1 Mational Renewable Energy Laboratory
2 DWH Process Consuiting LLC

Technical Report
HREL/TP-5100-75168
September 2020

Contract No. DE-AC36-083028308

https://www.nrel.gov/docs/fy200sti/75168.pdf

NREL | 10




4. Progress and Outcomes

Expanded Focus on Algal Polyurethanes: Opportunities to Enable Algal Biorefineries

e Significant effort has been placed over FY19-21 to understand technical, market, economic
opportunities for PU as a key value-added coproduct for CAP approaches

 TEA highlights strong sensitivities to both processing costs and market values on overall MFSP

* In light of this, we placed an engineering subcontract with Nexant to refine design/cost details (included
in 2020 tech report), and consulted with UCSD/Algenesis to refine process details (included in SOT)

* One example of a unique opportunity with high value and large markets to enable algal biofuels

. @ Capital R ch B Raw Materials, Catalyst, & Wast
*  New modeling (Q1 FY21) also done to evaluate non- o tlecraty o O Fivod Cooe 7 e, S
isocyanate PU (NREL R&D focus) m CoProduct
*  Promising opportunities for NIPU to further reduce costs Feedstock & Handling: 548.3¢ —
and improve enwronmental/safety profile avoiding Seasonal Storage and Pretrestment: 20.4¢ 1
Isocyanates 9 ~$1/GGE MFSP SaVIngS pOSSIbIe Lipid Extraction, Purification, and Separation: 72.2¢ m

formic acld

Formic acid —» Vapor impurities MOT and Catalytic Upgrading:

TAG i
o MOT & IX: 1.9¢ 1]
Epoxidation and i
ring opening Aqueous Ketonization and Condensation: 57.4¢ a
HDO: 45.4¢
o1 -$10.80 B
Other chems Polyol/Polyurethane Production: -574.1¢ -//“
Wiped film =
evaporators Boiler, Utilities, and Storage: 84.3¢ B $2.56 MFSP
Polyurethane ' : : ' ' !
From 202 CAP tech report: fo cutting and -$6.00 5400 5200 5000  $2.00  $400  $6.00

ixing an handling

https://www.nrel.gov/docs/fy200sti/75168. pdf osne NREL | 11
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Quad Chart Overview

Timeline Project Goal

* Project start date: Oct 1, 2010 Provide techno-economic modeling and analysis to support

. PrOjeCt end date: Sept 30 2021 (ongomg cycle algae-related program activities. This is done by creating
process/TEA models for production AND conversion of algal

biomass to fuels and co-products, in order to relate key
FY20 Active Project process parameters with overall economics and to track

progress via SOT benchmarks towards BETO goals.
OE $350k $3.0 MM

F““d'“g (10/01/2019 - (Total FY11 - FY21) End of Project Milestone

9/30/2020) Submit final draft for publication approval: Near-term opportunities
for utilization of algal biomass resources: A CAP biomass utilization
report draft will be subjected to an external review process,
soliciting inputs from at least 5 reviewers to vet the modeling

Project Partners assumptions documented in the report, and the final draft will be

* No partners with shared funding (but collaborate delivered to BETO for subsequent publication approval. The report
frequently with other a|gae analysis projects at ANL, will demonstrate at least one algal CAP pathway strategy towards

PNNL ORNL. INL. SNL: also tie-ins with D|SCOVR) achieving economical fuels and products attributed to processing
! ! ! ! algal biomass that may be collected, in whole or as a residual by-
Barriers addressed product, from existing activities being pursued in the algae industry.

* AFt-A: Biomass Availability and Cost
* This project quantifies biomass + fuel costs

* AFt-H: Integration
* TEA models tie all R&D operations together

Funding Mechanism
Direct AOP funding

NREL | 12
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Summary

@ Anticipated decrease in gasoline/ethanol demand; diesel demand steady
%) Increasing demand for aviation and marine fuel

A Demand for higher-performance products

@ Increasing demand for renewable/recyclable materials
G Sustained low oil prices

0 Decreasing cost of renewable electricity

e Sustainable waste management

@ Expanding availability of green H,

Closing the carbon cycle

Q Risk of greenfield investments

Challenges and costs of biorefinery start-up
9 Availability of depreciated and underutilized capital equipment
Carbon intensity reduction

Access to clean air and water

Environmental equity

NREL'’s Bioenergy Program Is Enabling a
Sustainable Energy Future by Responding
to Key Market Needs

Summary

« Management: Iterate/collaborate with researchers to
maximize efficiency of R&D dollars

» Approach: Continuous re-evaluation for optimal cost
impact, vetting TEA details with expert stakeholders

» Impact: High impact via frequent external
engagement, focus on transparent dissemination of
work

» Outcomes: Work is key to supporting BETO mission

by highlighting requirements to achieve economic
viability, benchmarking progress towards goals

Future Work

* Publish joint manuscript with SNL/Algix on “CAP
processing opportunities for high-protein algae”

* TEA assessment to support “today’s industry
opportunities”: collection, processing, conversion
costs for current algae resources (wastewater, algal
blooms, byproduct/residual biomass, etc)

 Further expand on algal polyurethane/NIPU TEA
modeling to support commercial adoption




Acronyms

* AD = anaerobic digestion

* AFDW = ash free dry weight

* BDO = 2,3-butanediol

* CA = carboxylic acids

* CAP = Combined Algae Processing (biochemical algae conversion process)
* Design case = future technical target projections to achieve TEA cost goals
* GGE = gallon gasoline equivalent

* MBSP = minimum biomass selling price

* MFSP = minimum fuel selling price

* MOT = mild oxidative treatment

* MYP = BETO’s Multi-Year Plan (formerly MYPP = Multi-Year Program Plan)
* NIPU = non-isocyanate polyurethanes

* PU = polyurethanes

 SOT = state-of-technology (annual benchmarking to update TEA based on latest R&D data)
* TEA = techno-economic analysis

* WWT = wastewater treatment

NREL | 14
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Responses to Previous Reviewers’ Comments

* The project team continues to build on their experience strengthening the value of the TEA data to drive the prioritization
of R&D activities. There is a now a great opportunity to explore the interactions between cost and value drivers as well
as refine areas such as the impact of crop protection in cultivation. It will be great to see further development of the tool
as stakeholders begin to use the model and provide feedback.

* We thank the reviewers for their positive feedback in recognizing the utility of this project for BETO and the algae
community. We do hope to further develop and refine the newly-published algae farm TEA tool to maximize its utility
based on feedback from stakeholders. Since the last peer review, we have continued to expand on the algal biomass cost-
versus-value tradeoff considerations, including establishment of a new “intrinsic value” calculation methodology that
enables a user to rapidly estimate the value of biomass based on its harvested composition, reflecting one example CAP
conversion configuration and product suite. We have also worked to quantify the impact of crop protection on resultant
MBSPs, based on data furnished from DISCOVR for the use of fungicide (Fluazinam). Based on the dosage and frequency
of fungicide use, its application is not seen to dramatically penalize MBSP. This has also been further explored under our
contributions to the TEA subtask of the DISCOVR consortium.

* More work needs to be done on (a) saline water growing systems, (b) cost of CO2 carbon capture vs that of terrestrially
deliverable CO2, and (c) incorporating multiple sources on data instead a singular site.

* Over recent years, the focus for algae cultivation (both experimentally and in TEA modeling) has shifted to focus primarily
on saline cultivation under NREL/BETO activities. This includes recent harmonization efforts to understand resource
scalability projections with saline water sourcing, as well as SOT trials requiring at least 5 ppt salinity tolerance for all
strains of focus (most recently, P. celeri was cultivated in 50 ppt salinity in support of summer season FY20 SOT data). We
continue to investigate TEA implications across a variety of CO2 sourcing scenarios, primarily focused on carbon capture
and (under FOA partnerships) direct air capture, though terrestrial CO2 is generally viewed as problematic given it would
represent non-biogenic CO2 emissions upon release. We also would welcome the opportunity to incorporate additional

data sources/locations in support of SOT inputs, as such data availability would allow. el | 1



Publications, Patents, Presentations, Awards, and Commercialization

Publications (since 2019 review):

* R. Davis, M. Wiatrowski, C. Kinchin, D. Humbird. “Conceptual basis and techno-economic modeling for integrated algal
biorefinery conversion of microalgae to fuels and products. 2019 NREL TEA update: Highlighting paths to future cost goals via a
new pathway for Combined Algae Processing.” NREL/TP-5100-75168, September 2020:
https://www.nrel.gov/docs/fy200sti/75168.pdf.

* R. Davis, L. Laurens. “Algal biomass production via open pond algae farm cultivation: 2019 State of Technology and future
research.” NREL/TP-5100-76569, April 2020: https://www.nrel.gov/docs/fy200sti/76569.pdf.

* R. Davis, M. Wiatrowski. “Algal biomass conversion to fuels via Combined Algae Processing (CAP): 2019 State of Technology and
future research.” NREL/TP-5100-76568, April 2020: https://www.nrel.gov/docs/fy200sti/76568.pdf.

* J. Clippinger, R. Davis. “Techno-economic analysis for the production of algal biomass via closed photobioreactors: Future cost
potential evaluated across a range of cultivation system designs.” NREL/TP-5100-72716, September 2019:
https://www.nrel.gov/docs/fy190sti/72716.pdf.

* L.M. Wendt, C. Kinchin, B.D. Wahlen, R. Davis, T.A. Dempster, H. Gerken. “Assessing the stability and techno-economic
implications for wet storage of harvested microalgae to manage seasonal variability.” Biotechnology for Biofuels 2019, 12:80.

* H. Cai, L. Ou, M. Wang, E. Tan, R. Davis, A. Dutta, L. Tao, D. Hartley, M. Roni, D. Thompson, L. Snowden-Swan, Y. Zhu (report
coordinated by ANL). “Supply chain sustainability analysis of renewable hydrocarbon fuels via indirect liquefaction, ex situ
catalytic fast pyrolysis, hydrothermal liquefaction, combined algal processing, and biochemical conversion: Update of the 2019
State-of-Technology cases.” ANL technical report, April 2020. https://greet.es.anl.gov/publication-renewable hc 2019

Presentations (since 2019 review):

* R. Davis, “Techno-economic analysis for the production of algal biomass: Process, design, and cost considerations for future
algae farms.” 2019 International Biofuels and Bioenergy Conference, April 29, 2019, San Francisco, CA.
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DISCOVR Cultivation Data: Inputs to SOT

Mean{AHYP g/m2-day) & AHYP g/m2-day vs. Month

* June/July/August FY20 trials revealed major challenges with new pest
for UTEX393 — would lead to summer decline vs 2019

* Frequent crashing due to new (unidentified) bacterial pest, no good
contamination control measure found

AHYP g2 day

:|_ s Replacing UTEX393 with P. celeri values as new FY20 summer strain
* Exceeded 31 g/m2-day for the summer season
* Exceeded the 10% annual improvement target in annual year
over year SOT
Achieved >15% increase to an annual average of >18 g/m2-day

8% increase in total cultivation . .
days (97% - now exceeds 90% Slide credit: John McGowen, DISCOVR

SOT basis) FY2020 SOT
Productivity AFDW at —oavg.  Productivity . S )
Month g/m2-day Harvest g/l Stdev gfm2-day Harvestg/L Sraln
16
Fall October 133 0.38 26BAM 23 Wempsc [ 18 144 0.35 26BAM 30 0em/sC [ 41 Productivity
November | 9.8 057 268AM 27 Mem/sC | msD=16% | 112 036 | 26BAM | 28 20em/SC | RSD=27% improvement
December 5.7 0.58 26BAM 38 10cm,/5C 6.5 7.1 0.35 26BAM 34 20cm//SC 83 28.9% .
Winter | January 7.3 0.52 26BAM 24 emysc [ 08 8s 0.72 26BAM 31 1W0em/sc | 1.2 driven by fall,
February 6.4 0.43 ZEBAM 28 10cm/5C | RSD = 12% 9.4 0.60 26BAM 28 10cm/SC | RSD=14% winter,
March 12.3 0.68 26BAM 31 10cm f5C 186 141 0.58 26BAM 31 10em5C 185 -0.9%
Spring April 17.6 0.66 268AM 28 WemfSC [ 69 171 033 | utexses | 32 Wam/sc [ 52 SR
May 26.0 0.46 UTEX393 _ 28 20cm/SC | RSD=37% 242 0.33 uTExX393 | _ 30 20em/sC | RSD=27%
June 26.3 0.44 UTEX393 27 2em 5 27.1 271 0.40 P. Celeri 19 20emf5C 316 16.4%
Summer July 30.6 0.48 UTEX393 | 30 | 20cm/SC 3.1 319 0.49 P. Celeri 30 Wem/sC [ 44 A
August 245 0.37 UTEX393 28 WemfsC | RSD=11% ELE:] 0.56 P. Celeri 31 20cmfSC RSD = NREL | 20
128 15.9 153 18.4 15.4%



TEA Screening: Costs/Opportunities for Algal Bloom Biomass

e Conducted preliminary
screening study on HAB
collection/logistics and
conversion opportunities
based on public info
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Algal Bloom Biomass: Preliminary Conclusions

Opportunities for conversion:

HTL (if low carbs),

fermentation to products (if

high carbs), protein to

products (bioplastics), AD

Parameter Value

Distance between plants (miles) 0 (co-located) 10 50 100
Total cost with transportation (k$/year) 0 196 263 347
Transportation cost ($/ton) 0 52 70 92
Required treated water credit to reach total

biomass price of $45/ton ($/MG) 2,340 2,355 2,360 2,365

High-level screening
considered AD for biogas

$45/ton MBSP required to achieve

AD biogas cost parity with natural
gas ($3.50/MM BTU)

Go/No-Go: Establish whether sufficient understanding exists to allow for in-depth TEA study on
HAB in early FY21 (Go) or must be deferred to collect more info (No-Go)

*  Qutcome = NO-GO — not yet sufficient information available, high uncertainties based on limited public data —
must first collect more information to reduce uncertainties

Path forward:

* Solicit further engagement with industry experts

* Overall resource availability assessment for HAB scale in U.S.

* Evaluate other collection/harvesting options, more granularity on energy + flocculent consumption as a function

of incoming algae concentration

* Consideration for HAB collection from open sea

NREL | 22
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