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Why Algae?

Productivity 4 times as dense as corn. Improve nitrogen and

Convert carbon emissions

Biofuel yield 8-13 times larger. Can grow . ..
y g g into market opportunities phosphorous recovery from

rackish and saline water.

onb

point and dilute sources

Corn

Productivity: 4.22 tons/acre;

Conversion quality: 77 GGE/ton
Fuel yield: 326 GGE/ton

Near term ecosystem services
Credit: Clearas Water Recovery

Algae

Productivity: 20 (current)- 33 (potential)
tons/acre; Demonstration testing of direct flue gas
Conversion Quality: 85-120 GGE/ton,; injection into a filamentous algae open
Fuel yield potential: 2,837- 4,000 system operated by the Orlando Utilities
Commission at the Stanton Energy Center
GGE/acre and MicroBio Engineering Inc. Photo by 900 foot algae turf scrubber cleaning
45 acres of cultivation on marginal land in MicroBio Engineering Inc. Funding by impaired water in California
Imperial, Texas, with water drawn from a Office of Fossil Energy. Credits SNL

hyper-saline aquifer. Photo: Qualitas
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Advanced Algal Systems Program

Strategic Goal: Develop technologies that enable production of environmentally sustainable algal
feedstocks that perform reliably in conversion processes to yield renewable fuel blendstocks, as well as
bioproducts and chemical intermediates. Developing algal feedstocks and processes to achieve BETO’s
goals requires technology breakthroughs along the entire algal supply chain.

Priorities:

Algal Biofuels

Develop biology and culture management approaches to increase algal productivity.

Develop low-cost, scalable cultivation and harvesting systems that reduce costs and impacts by
minimizing the use of energy, water, land, and nutrients.

Perform integrative analysis to evaluate impacts on overall yield and identify critical barriers to
developments in biology, cultivation, and processing.
Investigate high-value co-products that can be produced along with biofuels.

Verify laboratory improvements outdoors at increasing scales
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Major Goals: FY2021 - FY2030

By 2021, develop strain
improvement toolkits
and technologies that
enable algae biomass
compositions in en-

By 2023, develop By 2025, increase By 2030, deliver
technologies that the summer technologies that
enable mature seasonal areal enable the

modeled algae productivity to 25 verification of

yields of 30 tons grams per square integrated systems
ash-free dry weight meter per day research at

algae biomass per (g/m?/d) from the engineering scale for

vironmental simulation
cultivation conditions
that represent an
energy content and
convertibility of 80 GGE
of biofuel per AFDW ton
of algae biomass.

acre per year with 2018 benchmark of hydrocarbon biofuel
conversion yields of 13.3 g/m?/d. technologies at

80 GGE per ton of mature modeled
biomass. MFSP of $2.50/GGE.
‘ -

Ruth Spierling from
MicroBio Engineering
taking samples from
outdoor test raceway
ponds at a wastewater
treatment plant in San
Luis Obispo.

Phenometrics ePBRs
which allow
researchers to
simulate outdoor
conditions in the
laboratory.
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Sensitivity Plot for Algae Biomass Costs

Average Productivity (40 : 25 @ 15 g/ m_/day) -$117
Composition Plus Productivity (HPSD @ 35 : HCSD @ 25 1 HLSD @ 15 g/ m_/day) : :
Leakage Control (in-situ clay : fully lined)

$218
$223

CO, price (0O : 45 : 100 $/metric ton) -$91
Overall (Combined) Dewatering Efficiency "Net" (99.9% : 90.0%)
Cultivation Area (10,000 : 5,000 : 1,000 acres) H
Biomass Composition (HCSD : HPSD)
TCIl (-259% : 0% : +259%) E£72

Flue Gas vs. CO,, (flue gas : CO,)
Pond CAPEX (124 : 159 : 197 $NMM)
CO, uUtilization Efficiency (95% : 90% : 35%)

Dewatering CAPEX (-50% : 0% : +50%) . ' H ' H
On-Stream Factor (265 : 330 : 300 days/year) | ' -$33 s34 : :
CO_, Recycle (20% : 0%) : -$27 $0 : : :
Labor Costs (-50% : 0% : +50%) . i -$19 $19 : ; '
N Recycle (90% : 0%) ! : ig14a $0 : : :
Power Cost ($0.068,/kWh : $0.100/kWh) | : : E:Ye] $13 : : :
Seasonal Variability (1 - 3 : 5) | | L BT . ' | '
Inoculum System Design Basis (40 : 20 : 10 summer days between inoculation) H : -$G $12: ! N H
Paddlewheel Work (48 : 55 : 75 kWh/ hay/ day) | : R 3= $5 ] : : H :
Recirculation (gravity flow in one direction : pumping both directions) . H H $0 $4 . B H N H
P Recycle (50% : 0%) : ¢ -3 | s0 : : : : :
Membrane Power (0.02 : 0.04 : 0.4 KWh/m_) ! : ' -0 | 2 ' : : ' :
Annual Average Evaporation Rate (0.06 : 0.02 : 0.12 cmy/day) . | ' -$1 1 $1 . | | H |
Sulfur Cost (O : 0.14 $/1b) ' ] $0 | $1 ' : : ' '
Centrifuge Power(O.7 : 1.45 : 2 kWhy/m_ ) ! : : -1 | s0 : : H H :

-$150 -3$100 -$50 $0.00 $50 $100 $150 $200 $250
Change to MBSP from 2030 Baseline ($,/ton AFDW)
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Program Structure

Advanced Algal
Systems R&D

Strain Cultivation System Logistics Conversion Systems
Development Improvement Interface Integration
Develop stable algal Improve cultivation Reduce costs and Examine integration Conduct
strains that: systems through: improve efficiencies of feedstock experiments in
* Are highly » Understanding and of: production and outdoor test
productive managing the * Algae harvesting preprocessing and environments and
* Produce high microbial * Processing conversion verify improvements
yields of fuels and community « Stabilization and technologies, such through analysis
products * Optimization of transport as:
* Are robust against cultivation system * Lipid extraction
environmental design and * Fermentations
perturbations management *« HTL
 Crop protection » Co-products
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Program Structure: Strain Improvements

Advanced Algal
Systems R&D

Strain Cultivation System Logistics Conversion Systems

Development Improvement Interface

Integration

Develop stable algal strains that:
':bl ; iiNREL  Produce high yields of fuels and

BERKELEY LAB

2L products
: Sandia . .
‘Losmamos  M{JfEW *+ Highly productive
* Robust against environmental
\?{/,/' perturbations
AzCATI
o PaC'f'C N°fthW95t
NA AL LABO ORY
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Program Structure: Cultivation System Improvements

Advanced Algal
Systems R&D

Strain Cultivation System Logistics Conversion Systems
Development Improvement Interface Integration
21 _
» Los Alamos S o Improve cultivation systems
w TOLEDO XA through:
@cl_um ALGAE * Understanding and managing
INNOVATIONS . o o .
ESi mNREL the microbial community
M Lawrence Livermore ApSER SO — e Optimizati f cultivati
| kizarsncs Livermon ptimization of cultivation
, systems and design
Sandia T ORADC
@[‘:&Ei}';?ém DUke %y LUMEN management
Georgia | * Crop protection
JCVI J.CRAIG VENTER Tech|
INSTITUTE"® =
|
- New Mexicc
UCSanDiego CONSORTIUM
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Program Structure: Logistics RD&D

Advanced Algal
Systems R&D

Conversion Systems
Interface Integration

Strain Cultivation System Logistics
Development Improvement

Reduce costs and ,.rﬁ%ﬁ?v‘%w

improve efficiencies of:

e Algae harvesting m

e Processi ng ARIZONA STATE
UNIVERSITY

loaho Nefionel Laboratory

e Stabilization and
transport
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Program Structure: Conversion Interface

Advanced Algal
Systems R&D

Strain Cultivation System Logistics Conversion Systems
Development Improvement Interface Integration
: : : [ :
Examine the integration of /M:" O UCSan Diego |
feedstock production and Duk %
reprocessing and conversion @sa"-““ uKe L
prep 8 itaies SR Pacific Northwest

NATIONAL LABORATORY

technologies, such as:

* Lipid extraction E:E NREL

W ERNEN
* Fermentations @ G%,(')B,\vl. AI(\I
 Hydrothermal liquefaction oo
e Co-products development FSU A MONTANA

e YA STATE UNIVERSITY
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Program Structure: Systems Integration

Advanced Algal
Systems R&D

Strain Cultivation System Conversion Systems

Development Improvement

Interface Integration

New Mexico 2
CONSORTIUM ARIZONA STATE
LINIVERSITY
A a Conduct experiments in
rgonne "*NREL outdoor test environments,

NATIONAL LABORATORY

as part of an iterative
development process, and
verify improvements

I ILLINOIS through analysis projects

URBANA-CHAMPAIGN

Pacmc Northwest

ATIONAL LABOR

THE UNIVERSITY
. OF ARIZONA

28 G1OBAL ALGAE
- INNOVATIONS
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Budget: FY19 - FY21

45
40

35
30
25
20

15
10

. I I I

FY19 FY20 FY21
m Management mLab core mFOA

$ in Millions
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National Laboratory Core R&D

The Program funds foundational
research & development
through its national laboratory
partners.

This funding aligns with national
laboratory core competencies.

Labs collaborate heavily within
this core portfolio, as well as
with competitive funding
recipients.

Novel concepts can be initiated
easily within the “seed” program
for minimal initial investment.

U.S. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY

» Los Alamos
NATIONAL LABORATORY
EST 1943

M Lawrence Livermore
National Laboratory

BERKELEY LAB

@ National
Laboratories

Pacific Northwest
N N, IORATC

\dana Naional Labaratary

Advanced Biology

Algae Cultivation
Conversion Interface
Resource Assessment
Techno-economics

Logistics




Competitive Funding

The Program annually supplements Core
R&D with open and competitive funding
through EERE Funding Opportunity
Announcements (FOAS)

* Relatively large awards encourage
partnership within the algal biofuels
community —

* Multi-year project work allows for
research during multiple growing

Seasons

* This funding allows for robust outdoor
validations at commercially-relevant

S Ca I e S University of Arizona’s RAFT testbed in Tucson, AZ

U.S. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY



Funding Opportunity Announcements

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Algae Productivity Exceeding Increase algal areal

. productivity by 20%
Expectations (APEX) producing 25 g/m?/day

Algae Bioproducts and CO2 Direct Increase productivity 10%
-Air-Capture Efficiency (ABCDE) over baseline g/m?/day
with CO, from DAC
Synergistic Wastewater Integration \iaai P°5t';‘eme:iati°“
o . wastewater phosphorous
with Microalgae (SWIM) content of <0.1mg/L
Cultivation Intensification Achieve a 50% improvement in

Processes for Algae (C|PA) harvest yield enabling 80 GGE/ton
conversion yield

Efficient Carbon Utilization Achieving, at a minimum, a 25% improvement in

Algal Systems (ECUAS) CO, utilization efficiency over the baseline with
a minimum improvement of 25 g/m?/day

Productlwty Enhanced Algae Produce 18 g/m?/day - minimum of 80 GGE per ton
and Tool Kits (PEAK) of biomass potential

Advancements in Algal o I
Minimum interim yield between 1,900 and 2,500 gal/acre/year

Biomass Yield Phase 2 (ABY2) Producing final yield - 3,700 gal of intermediate/acre/year

Targeted Algal Biofuels and
Bioproducts (TABB)

U.S. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWAFLE ENERGY

<$5 gasoline gallon equivalent
for algal biofuels



Key Accomplishments

8 GLOBAL ALGAE o0
%l\\'()\'\'['l()\'\‘ D I .O.VR

* Direct air capture supports 20-30 g/m?*/d for * Fall 2020 (FY21) formal SOT seasonal average was
$8/ton CO, 19.3 g/m?/day compared to 15.0 g/m?2/day for

« Open raceway contamination control with Fall 2019 (FY20), an increase of 28.7%.

99.95% reduction in area and cost for inoculum

* Demonstrated improvement of greater than 20%

* Zobi harvester produces up to 20% algae slurry in simulated AZ summer season biomass
and crystal clear permeate using 0.05 kWh/m?3 productivity of P. celeri

Zobi Harvester at Qualitas Facility; picture
courtesy of Global Algae

Scenedesmus cultivation; Arizona Center
for Algae Technology and Innovation

U.S. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY



Key Accomplishments

:&:ﬁ L‘i\;‘ | | BI o
i
’ '&"

MicroBI10 ENGINEERING

s

’ i

g

1Y 7

il

:
31% higher outdoor productivity

by an improved Scenedesmus
obliquus vs. wild type.

~

/

* New isolate Tribonema minus
monoculture had higher
productivity than a native

o Lt | 6|y cylture (prior leading

producer). T. minus is filamentous;
harvested by screens.

7 In g/m?/d annual average: 17.1

Tribonema, 13.3 polyculture, vs. 9.1
BETO 2016 SOT.

N

A1 E L

ALGAE TECHNOLOGY
EDUCATIONAL CONSORTIUM

~

Covid-19 Pivot
Conversion of Algae Academy (K-12) to
online; for 2020-2021 more than 250

/ ]
lAlgae headem
DUCHTING STUDENTSON THEPOVER OF AL schools and 35,000 students to be served;

conversion of college face to face courses to online lectures and

Qntensive face to face laboratories

Massive Open Online Courses \
(MOOCs): MOOC #1 Introduction to
Algae > 16,500 enrollees. MOOC #2

Introduction to Algae Biotechnology > 500
enrolled (3 weeks on Coursera.org

\ platform) /

4 Established partnership with the Future )
Farmers of America (FFA) and its 760,000
members to introduce algae as a crop and
STEM curricula

o 4

U.S. DEPARTMENT OF ENERGY

OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY



Examples of Stakeholder Engagement

UNDERSTANDING THE RULES OF LIFE: COMPLEXITY IN
ALGAL SYSTEMS

DOE & NSF Joint Workshop
September 25, 2020

Bio-Restore Workshop
Summary Report

Argonne National Laboratory
September 25-26, 2019

A A ALGAE

U.S. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY




Barriers to Scale: Algae Crop Protection Workshop

* AAS is seeking stakeholder input on crop protection, a significant
barrier to scaling the algae industry

* Register for free now! Event will be virtual, April 20-21, 2021 et
* Keynote, Panel Presentations + Q&A, Breakout Sessions, Networking
e Day1,11:00-4:30 (ET) I

— Keynote Presentation — Barry Goldman, Pluton Biosciences

— Session #1 — Current State of Crop Protection
— Session #2 — Alternative Crop Protection Approaches to Chemicals and Pesticides
e Day2,11:00-4:30 (ET) Av

— Session #3 — Pest Models: Understanding Pest Life Cycles and Infection -
Mechanisms

— Session #4 — Current and Future Pest Monitoring Practices

— Session #5 — Developing Scalable, Economic, and Consumer- Accepted Pest
Management Practices

U.S. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY




The Advanced Algal Systems Peer Reviewers - Thank You!

Jaime E. Moreno, PE
Managing Principal
The GWP Group

Jose Olivarez
Editor in Chief

Algal Research

Tyler Johannes, Chair &

Rumley Assoc. Prof.
Chemical Eng U. of Tulsa

Brendan Scott
Project Manager
Pebbles Lab

U.S. DEPARTMENT OF ENERGY  OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY

\"&?5.
b . ol
Linda Rauch, Process
Engineering Consultant

Next Rung Technology

Ify Oranugo
Associate Director

Homology Medicines, Inc

4

Jennifér Stewart
Scientific Team Lead
CMC Connect

Lora Cameron-Landis
Sr Technical Lead Strategic Growth
Initiatives, Lonza Biologics




U.S. DEPARTMENT OF ENERGY OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY




Key Accomplishments

Producing Algae for Coproducts w=3 N R E L
and Energy Algal Biofuel from Field b LY

to Engine

Intracellular mCherry
fluorescent protein

Algae Biotechnology Partnership

. Di .
Reliance Industries Ltd. Algal Ponds Picochlorum renovo is a

U.S. DEPARTMENT OF ENERGY

— largest raceway ~1 km.
Average annual productivities during
PACE project ~23 g/m?/d

Biocrude produced by RIL was
hydrotreated at Pacific Northwest
National Laboratory (Anderson
Laboratory) but NOT fractionated.

Diesel Engine Testing at Colorado State
University (Marchese Laboratory).
Undistilled, hydrotreated HTP fuel
produced from algal biomass can be
blended to 5% without negatively
affecting engine performance. Higher
levels not yet tested.

OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY

Blended up to 5% with certification diesel.

robust algae strain with
high growth rate,
salinity, and
temperature tolerance

Strain isolation,
genome sequencing,
transformation tools
developed through DOE
funded projects

Genome analysis
identified native signal
peptides

Robust protein
secretion tools are now
being applied to other
projects in the portfolio

Secreted mCherry
fluorescent protein




Advanced Algal Systems Investment in CCU and Partnership with FE

Selection of
FOA awards
that include
carbon
utilization from
a point source
and direct air
capture

The algae industry is an early DAC and flue gas capture adopter.
BETO has partnered with FE on carbon utilization algae efforts to investigate both flue gas
capture and direct air capture (DAC) to reduce delivered CO, costs and provide added value.

Algae Cultivation for
Carbon Capture and
Utilization Workshop
Summary Report

U.S. DEPARTMENT OF ENERGY

ECUAS
Topic
language
developed
with input
from FE

45Q includes
algae as a
CCU

technology

OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY

e ABCDE

HNCES | ENGRIRNG | MEDCRE

Scoping on FOA discussed with FE
©/STREAMS UTILIZATION FE reviewer

Stat d R h Need
e FE Federal Consensus Board

The IRS released a new set of
regulations for the Section 45Q tax
code that can award a federal
investment tax credit of up to $35
per ton for carbon utilization with
algae.
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