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AZATI Project Overview: Background

for
Algae Technology and Innovation

» Supplementation of carbon is critical for high productivity cultivation of most microalgae

» Co-location of algae cultivation operations adjacent to waste sources of CO, or proximate
to existing CO, pipelines and water resources may severely limit siting options.?!

» This project technology uncouples algae production from co-location with point sources of
waste CO, or proximity to existing CO, pipeline infrastructure, opening opportunities for
siting near high productivity algae cultivation climate and environmental hotspots or
available land.

« This project aims to demonstrate the modeled integration of an innovative passive direct air
capture (PDAC™) technology in outdoor algae cultivation with improvements along the CO,
delivery train, including novel membrane gas-liquid interface solutions

« The challenge is developing technologies, processes, and strategies that utilize carbon
efficiently, such that the overall system is sustainable and economical.

1. Somers, M. D. and Quinn, J. C., Journal of CO2 Utilization, 2019, 30, 193-204



AZATI Project Overview: Project Objectives and Expected Impact

for
Algae Technology and Innovation

Project Objectives:
» Deliver a fully modeled integration of Passive-Direct Air Capture (PDAC) with
algae cultivation with innovative carbon delivery and enzyme biocatalysis

« Accelerated carbon capture and storage engineering through carbon flux
control in Scenedesmus UTEX393

* Designed resilient pond ecology for long term outdoor cultivation to improve
time to failure and overall productivity

Impacts:
* Uncoupling algae farming from point source CO, by relying on novel DAC-sourced
carbon, and CO, delivery innovations increases national deployment potential

« Metabolic engineering of Calvin cycle control demonstrated in production strain
UTEX393 translates broadly to improve photosynthetic carbon assimilation

* Increase carbon capture efficiency through marketable technology development
(membrane carbonation)

* Accelerate deployment and commercialization of algae-DAC installations



AzCATI

Project Overview:
Challenges:
1. Carbon supplementation is critical for high productivity cultivation of most microalgae and requires high carbon capture

and use efficiency to be sustainable at scale (i.e., current Farm Model assumes 90%) but CUE is highly cultivation
system specific and generally much lower.

Co-location of algae cultivation to waste sources of CO, or proximity to existing CO, pipeline infrastructure can severely
limit siting options, as the most promising locations possessing both the water resources and ideal climate for high
productivity algae cultivation are not near such infrastructure nor have the available land.

Though the potential for liquid fuel production with algae is significant, the potential to capture and recycle CO,
emissions from existing point sources is not. A first-order scalability assessment of available point-source emissions that
could meet location, economics, and sustainability metrics for algal biofuels showed carbon to be a limiting nutrient at an
algal biorefinery with a national capacity of producing only 360 million gallons per year (see Sommers et al, 2019).

In addition, the waste CO, streams often proposed, such as power plants, need refinement to remove contaminants and
CO, sourced on the merchant market can be 3x to orders of magnitude above cost targets for carbon feedstock and
there can be significant volatility challenging commodity product economics such as fuel

However, with the PDAC™ system we propose, locations where climate and water resources are ideal for algae
cultivation can be supplied with a very clean and sustainably sourced CO, feedstock increasing the national potential for
algae biomass production for biofuels and other bioproducts.

Carbon capture utilization efficiency (CCUE) needs to be high (assumed 90% at scale) though few if any systems have
demonstrated that, and in fact is usually much lower (<<50%).



AzC/AT Project Overview: DACIACB Team Members

for
Algae Technology and Innovation

ASU Team

John McGowen (PI)

Taylor Weiss (Co-Pl): Task 3 lead

Peter Lammers (Co-Pl)

Everett Eustance (Senior Scientist, carbon deliver and efficiency)
Jessica Forrester (Lab Manger),

Prabuddha Laltaprasad Gupta (Post Doctoral Scholar)

Jason Potts (Technician — outdoor cultivation)

Richard Malloy (Greenhouse/Fieldsite Supervisor)

Brendan Wacenske (Grad student)

NREL TEAM:

Lieve Laurens: Co-Pl and NREL Lead

Mauro Lua, Andrew Young, engineers, carbon delivery and efficiency
improvements

Foteini Davrazou, protein biochemist, carbonic anhydrase

Jessica Loob, molecular biologist, Scenedesmus engineering

Seth Steichen, biologist, bioinformatics & RNAseq

Arnav Deshpande, Steven Rowland, chemist, metabolomics

Bruno Klein, engineer, TEA & LCA

Carbon Collect Team:

P6l O Morain, CEO, Founder and Director

Mike Austell, VP Engineering

Burge Environmental Team: (vendor on proposal -will be formal sub)
Evan Taylor, Scott Burge, Dave Baker, Brian Ford: pond sensor platform
improvements for monitoring and process control, data integration/analysis




AzCATI . L
e Approach: Project Tasks And Team Organization

for
Algae Technology and Innovation

Task 1: P-DAC Integration Modeling and Testing/Optimization of Carbon Delivery from Commercial
Scale Demonstration Unit (Carbon Collect/ASU/NREL/Burge)
— Subtask 1.1: Baseline Integration Design and Process Modelling of the P-DAC system based on Tempe 1st of a kind full
scale Carbon Tree pilot demonstration (CC/NREL)
— Subtask 1.2: Carbon Delivery Efficiency Optimization (NREL/ASU)
— Subtask 1.3: Accelerating Carbon Capture Rates with CA Biocatalysis (NREL/ASU)
— Subtask 1.4: Outdoor testbed cultivation deployment (ASU/Burge/NREL/CC)

Task 2: Carbon Capture and Storage Improvements in UTEX393 (NREL)

— Subtask 2.1: Integrated Systems Biology for Dynamic Carbon Flux Mapping
— Subtask 2.2: Building Robust Genetic Engineering Toolkit for Scenedesmus sp. Accessing Carbon Assimilation Pathways

Task 3: Rationally Designed Pond Ecology for Resilient, Year-Round Cultivation (ASU)

— Subtask 3.1: Selection for Strain Adaptation to Pest Management Technical Scope Summary.

— Subtask 3.2: Microbial Profiling for Active Crop Management Process modeling of DAC with interface and
— Subtask 3.3: Biomass Quality vs. Pond Ecology Impact Year 1 conceptual integration with cultivation, selection of CO,
delivery and enzyme biocatalysis, phenotyping novel
Task 4: Technoeconomic and Life Cycle Analysis (NREL/CC) e el

_  Subtask 4.1: Engineering Process Modeling Year 2 Select technologies to move towards scaled integration
and outdoor demonstration

— Subtask 4.2: TEA and LCA of Fully Integrated Carbon Delivery System : ”
Improved operations to demonstrate and collect critical

Year 3 performance metrics for DAC delivery to algae ponds,

towards final productivity and biomass quality targets
6



AzCATI

Approach: Go/No Go Decision Points

for
Algae Technology and Innovation

Go/No Go Decision Point 2: Demonstrate 10% improvement in productivity
( and achieve 50% improvement** in carbon utilization efficiency (CUE) at
pond interface at the AzCATI testbed site with simulated DAC CO, carbon
concentration delivery over at least 3 weeks of continuous WT UTEX393
cultivation across at least two seasons, when compared against baseline
(SOT) concentrated CO, delivery using sparging (Spring 2024)

Note - Milestone M.1.4.1 (Spring/Summer 2023) will establish the CCUE baseline for UTEX393
which is expected to be in the 15-25% range for standard 100% CO,/sparging (pH setpoint 7). This
would mean the intermediate target for the Go/No Go would be a CCUE in the range of minimum
23-38%.

End of Project Goal: Assemble critical data around the most carbon-efficient
algae-based conceptual biorefinery and demonstrate the end-of-project goal of
100% DAC-derived, dissolved inorganic carbon delivery that achieves a 20%
Increase in biomass productivity (16.8 g/m2-day) and achieving a carbon
capture utilization efficiency (CCUE) at least 75% above baseline in a
conceptual integrated system with UTEX393, while achieving biomass
composition quality of at least 85 GGE/ton fuel intermediate yield.

30 % improvement in productivity for low
pH, but likely large decrease in CUE

Effect of pH on UTEX393 Productivity I vlean
25

-
Ln

AHYP g/m2-day

=
(=]

High pH Low pH
Operaticnal Condition - Secondary

pH setpoint
HighpH=7.9
LowpH=7.0
May data for ~ 14 days
Media: Modified BG-11 (5 ppt salinity and
Ammonium Bicarb as N-source)
7



AzC/ATI Approach: Task 1 Summary

for
Algae Technology and Innovation

Task 1: P-DAC integration modeling and testing/optimization of COg delivery from
commercial scale demo unit.

Subtask 1.1: Baseline Integration Design and Process Modelling of the P-DAC system
based on Tempe 1st of a kind full scale Carbon Tree pilot demonstration (CC/NREL)

This task will focus on the testing of a commercial-scale demonstration unit for P-DAC and
include a conceptual integration with the AzCATI testbed operations as well as novel
membrane-based CO, delivery in combination with an enzymatic biocatalysis unit with the goal of
increased carbon capture and utilization efficiency. The conceptual integration is needed
because the P-DAC tree is not physically co-located at the AzCATI campus in this first
demonstration, and thus algae cultivation will receive a mimic of the CO, collected off the Carbon
Tree for part of the project:

- In BP2: simulated DAC CO, based on expected range of composition (CO, %) off the PDAC pilot in
Tempe, AZ by blending pure CO, with air/moisture (target range 50-95% CO.,).

- In BP3: actual DAC CO, captured and transported (@ 1 atm as target) for at least two separate seasons
of cultivation under best case concentration (% CO,).



AzC/ATI Approach: Task 1 Summary

for
Algae Technology and Innovation

Subtask 1.4: Outdoor testbed cultivation deployment

We will conduct seasonal cultivation field trials using AzCATI's standard scale up pathways for UTEX393
and primarily in 4.2m? ORPs, under semi-continuous operation for harvest/resets (i.e., standard SOT
protocols). Through an iterative lab to field to lab paradigm, we will verify indoor lab results on CO,
management informed results from Task 1 on carbon delivery and improving CUE, strains from Task 2 and
continue lab to field to lab iterations with Task 3.

In BP2: simulated DAC CO, based on expected range of composition (CO, %) off the PDAC pilot in Tempe, AZ by
blending pure CO, with air/moisture (target range 50-95% CO,).

In BP3: actual DAC CO, captured and transported (STP as target) for at least two separate seasons of cultivation.

BP2 Milestones

Milestone 1.4.1. Complete seasonal cultivation trial #1 (summer/fall) and confirm baseline performance of
equivalent annual average of at least 14 g/m2-day and establish baseline CCUE under standard
sparging/cultivation conditions vs initial improved IC delivery targets identified from Subtask 1.2.
(September 2023)

Milestone 1.4.2: Complete seasonal cultivation trial #2 (Fall/Winter) with simulated DAC CO, %'’s based on
Subtask 1.1 design and testbed results, and through CO, delivery optimization improve CUE by at least
50% over baseline SOT conditions with sparging (March 2024).



AzCATI ZINREL

Arizona Center
Transforming ENERGY

for
Algae Technology and Innovation

Goal: Increase growth and productivity by rational and random strain engineering
Comprehensive systems biology (Transcriptomics and metabolomics)
Metabolic flux under varying CO2 concentrations

Carbon storage rates under nutrient limitation

Random mutagenesis and ALE used as risk mitigation for rational engineering

Subtask 2.1: Integrated Systems Biology for Dynamic Carbon Flux Mapping

« Design simulated physiological testing environment for CO, capture and
storage calculations (SAGE upgrades complete)

« Elucidate intermediates between inorganic carbon and organic carbon
storage, metabolomics

« Genetic and physiological response to changing IC environments,
transcriptomics using established pipelines for RNAseq data analysis

Subtask 2.2: Building Robust Engineering ToolKkits
* Provide robust rational engineering tools and protocols to be published for

UTEX393
» Create at least 5 mutant strains, among which those that exhibit successful
integration of the overexpression cassettes and characterized in terms of CBB

carbon flux as described in task 2.1

Approach: Task 2

Carbon Capture and Storage Improvement in UTEX393

co,

o

Scenedesmus obliquus Carbon Tree

UTEX393 % ?
Central Carbon 50-95% 5:
Metaboh% % DDD
rewiring
EPS structure-
function %
tuning .jo

o/_. Pesticide resistance
/e

&%

_‘%\ =

New 18-position reactor for simulated environment cultivation
and with 3 dedicated to CUE measurements (2.5 L)

Milestone 2.1.1: Identify flux bottleneck for carbon assimilation in Scenedesmus, as major varying pathway under different CO2

concentrations and including at least one mutant from year 1 screening effort. (9/2023)

Milestone 2.2.1: Select at least one mutant line from top 5 candidates based on growth, CUE or composition improvements, report 10

whether at least one candidate has target gene is inserted and if present initiate TERA application 12/2023



AzC/ATI Approach: Task 3 Summary

for
Algae Technology and Innovation

Task 3: Rationally Designed Pond Ecology for Resilient, Year-Round Cultivation (ASU)

Subtask 3.1: Selection for Strain Adaptation to Pest Management

This subtask will characterize the putative fluazinam resistance mechanism, glutathione detoxification,
and select for improved bleach and/or salinity-swing resistance. ldentified mechanisms will inform
UTEX393 cultivation as well as provide target for genetic engineering in other species.

Subtask 3.2: Microbial Profiling for Active Crop Management

Isolating and leveraging the bacteria which already most successfully fill the niche presented by large
scale UTEX393 cultures and examine if occupying this niche with a known bacterial partner
prophylactically can diminish the rate of emergence by other random—and possibly pathogenic—
microorganisms.

Subtask 3.3: Biomass Quality vs. Pond Ecology Impact

This subtask will focus on the engineered UTEX393 strains which may emit less fixed carbon into their
surroundings, disrupting their phycosphere interactions. The presence or absence of consortial members
will be observed and the facultative pathogenicity hypothesis tested (i.e., normally co-existing bacteria
turn pathogenic when acutely deprived of epiphytic nutrition). (This is a BP3 task)

Microencapsulation of UTEX-3793Vbeads

Milestone 3.1.1: Characterization of molecular basis of UTEX393 fluazinam resistance
mechanism; best practices temporal application and dosing reported. (September 2023)
Milestone 3.2.1: Prophylactic bacterial consortium open pond testing completed; mean-time to

failure enhanced 50% during pathogen challenge. (October 2023) T



AzCNATI Approach: Task 4 Summary

Arizona Center

Technoeconomic and Life cycle analysis

Milestone 4.1.1: Initial

Subtask 4.1: Engineering

4 engineering process model
Process Modeling CO, capture cost completed (September 2023)
P-DAC Tree plant 2 : . -
Subtask 4.2: TEA and LCA of P ‘ (S/ton) Milestone 4.1.2: Detalled process
models for three different farm
Fully Integrated Carbon scales at 50-, 500-, and 5000-acre
Delivery System scales (March 2024)

Leveraging NREL's process models:

algae farm and biomass conversion 4 GHG emissions )
e Algae conversion Sl'maPro \ (g CO,eq/M) Y,
Operating conditions Algae farm model |[Flow rates > ¢ model N ) p ~
econvent Water consumption
/
(L water/M))

Equipment and raw
material accounting

Equipment and raw
material accounting

BP3: Milestone 4.2.1: Initial economic and life cycle
results for multiple plant scales obtained through
preliminary TEA/LCA (

MBSP MFSP BP3 Milestone 4.2.2: Updated economic and life
%= ($/ton algae) (S/GGE) cycle results obtained through TEA/LCA, reflective of

el N R E L the "final” experimental improvements demopstrated

Transforming ENERGY over the course of the project.




AzCNATI Approach: Key Risks

Arizona Center

for
Algae Technology and Innovation

Risk: The key technical risk for the DAC technology will be sub optimal performance of the single tree with

respect to daily capture capacity as well as target %CO, during regeneration. A key factor for the techno-

economic analysis/life cycle analysis (TEA/LCA) is the achievable %CO, directly off the tree, at scale (e.g., at

multi-ton per day clusters) with full integration in a biorefinery.

- Mitigation 1) By the time this project would start, Carbon Collect would have deployed first commercial scale prototype at
ASU and data would be available — this was the case and we now have initial performance data showing the tree is

capturing significant quantities of CO, and that % CO, directly off the tree will be at high end of design target (~95%). We
will still test and model down to 50% as there could be energy savings at lower % CO..

Risk: Genetic construct maintenance and stability as this has been encountered after successfully engineering
other, related species across multiple BETO projects.

- Mitigation: Task 2 is focused on a limited number of metabolic targets. We have built in a contingency plan of working with
a mutagenized population of UTEX393 and applying directed laboratory evolution to obtain a non-GM mutant strain that
can be transferred for outdoor deployment (without TERA permit).

Risk: Predatory bacterial contamination in UTEX393 — HIGH RISK.

- Mitigation: if current traditional crop protection/mitigation strategies and or strain adaptation to proven mitigation steps
(e.g., chlorine and or salinity) fail, we likely will not hit productivity and CUE numbers. We could then run other top
performing strains for demonstration of carbon efficiency and DAC integration completing the TEA/LCA modeling work
based on known good performers at AzCATI from elsewhere in the BETO portfolio.

- NOTE: As of March 2023 an additional, yet traditional, chemical based crop protection methodology for bacterial
contamination looks promising in lab even in the absence of strain adaptation. Testing in the field this Spring/Summer with
UTEX393 as wrap up on DE-EE0008906



AzCATI

Arizona Center

Jor
Algae Technology and Innovation

What’s our baseline?

» Standard cultivation format (4.2 m? ponds)

» Standard media recipe

- AzCATI modified BG-11,

- Ammonium bicarbonate as N-
source, dipotassium phosphate as
P-source, 16: N:P ratio

- 5 ppt salinity (*though will explore
higher salinity for crop
protection/CCUE efficiency
improvements)

- SOPs: same standard methodology
as our BETO SOT trials

» Over three years of cultivation data for
UTEX393, most with 10+ months within a
calendar year (CY)

» We propose a productivity baseline that
reflects a three-year average and thus
target improvements over that baseline

» With seasonal (and monthly) data
available, we can extrapolate to
seasonal/yearly improvements with high
confidence while running 3-6week trials
within a given season.

AHYP g/m2-day

Project Baselines: Cultivation Performance Targets

UTEX393 Productivity (AHYP g/m2-day) vs. Season & Month 2019-2021

25— 24 4

24.1

20

16

—
L
|
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071-Winter 04-Fal
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AzCATI

Arizona Center

for
Algae Technology and Innovation

What's our baseline?
» Standard cultivation format (4.2 m? ponds)
» Standard media recipe

Project Baselines: Cultivation Performance Targets

This drop primarily driven by predatory
bacterial contaminant in warmer seasons

- AzCATI modified BG-11, % change Baseline Intermediate End of Project
- Ammonium bicarbonate as N- Season 2018 2019 2020 2021 2019-2021  (3yravg.) Target Target
Iiource' dipl%ta;siFl)Jm phosphate as = \yijier 4.87 5.93 7.25 49% | 6.0 6.6 7.2
-source, 16: N:P ratio _ v
- 5 ppt salinity (*though will explore Spring --- 16.2 17.6 14.1 -14% ) 16.0 17.6 19.2
higher Sa”nity for Crop Summer --= 27.1 20.7 20.2 -27% 22.7 24.9 27.2
protection/CCUE efficiency Fall 10.1 13.9 9.0 11.6 -16% 114 12.5 13.7
improvements) Annual Avg  N/A 15.5 133 133 -14% 14.0 15.4 16.8
- SOPs: same standard methodology
as our BETO SOT trials
» Over three years of cultivation data for
UTEX393, most with 10+ months within a Baseline Interim Final
calendar year (CY) Lipids g/g AF 0.1205 0.1205 0.1403
» Productivity baseline reflects a three-year Carbohydrates g/g AF 0.0841 0.1487 0.3016
average and thus target improvements Protein g/g AF 0.4585 0.3897 0.3315
over that baseline
» With seasonal (and monthly) data Other g/g AF 0.1128 0.1128 0.1189
available, we can extrapolate to GGE/Ton (total) 51 60 77 CAPS only
seasonal/yearly improvements with high GGE/Ton (total) 102 104 108 CAPS + Protein to HTL

confidence while running 3-6 week trials
within a given season.



AzCATI

. Project Baselines: Cultivation Performance Targets

Subtask 1.4 (M4 — M39): Outdoor testbed cultivation deployment
UTEX393 Mean TTF & Reliability Coefficient vs. Month 2018 . o
10 e o . e — | 2019 « As with productivity, we also have
B [1F ] 1o e Ape = /7 = P multiple years of tracking reliability

g N U : : of UTEX393 as a function of
%é 08 _L cultivation month/season.
-E‘ 07 R t « We propose again using a monthly
S o0s " : . — average rolled up to seasonal

when we run outdoor trials (in
particular for Milestone M.3.2.1
120 - “Prophylactic bacterial consortium

o0 ~ open ppnd testlng completed,;
. mean-time to failure enhanced
O 50% during pathogen challenge.
§ o M ) «  We will target months where we
40 — know contamination pressure Is
2 e high fo_r 393 (both aphelid and or
" bacterial pests)
0 \?ﬂ \?ﬂ qjﬁ\ ‘?ﬂa\ @""4' Rl c\:.&k o é‘:’é o 01-Winter 02-Spring  03-Summer 04-Fall
“5'3‘0 .kz‘d\ - k ?94:"3{?' "

Manth Seascn 16



AzCATI

Arizona Center

Project Approach: Synergies with other projects

for
Algae Technology and Innovation

This proposal leverages prior BETO funding to both ASU, NREL and partners in the areas of carbon delivery,
strain improvement, cultivation, conversion and compositional analysis and early PDAC prototyping/small-
scale pilot testing and now commercial pilot scale testing, as well as sensor platform development and data
management/analytics.

Several aspects of the proposed work extend technical aspects of previously concluded/or ongoing projects
including:

- NREL-led Rewiring Algal Carbon Energetics for Renewables (RACER) which is providing the foundational genetically
engineering carbon storage components in a promising non-model alga (UTEX393)

- NREL- led DOE-funded completed project leveraged for this work that yielded a suite of robust carbonic anhydrase
variants that will be included in the overall carbon delivery and engineering task for this proposal.

- ASU led and subcontract projects:

- ATP?3 for overall experimental SOT outdoor cultivation framework DE-EE0005996

- Early PDAC pilot testing and sorbent development along with and membrane carbonation for CCUE improvement
(Rittmann/Lackner as ASU PI1/Co-Pl, respectively) DE-EE0007093 and DE-EE0008517

- PACE for GM cultivation/TERA protocols

- DISCOVR and DMSACPE (DE-EE0008906) for baseline cultivation and crop protection work with UTEX393

- DMSACPE (DE-EE0008906) for improved pond operational monitoring and control and overall data management and analysis
integration (pH/CO, tracking and control for improved CCUE).

- Carbon Collect sponsored research with ASU thru ASU’s Center for Negative Carbon Emissions (CNCE) including and a
concurrently funded DOE (NETL: DE-FE0032097) project and the CNCE PDAC testbed and first commercial pilot in Tempe.



AzCATI Progress and Outcomes: Task 1.1
e e Carbon Collect - Key Project Inputs

Data flows and input to support TEA and LCA

Cost Projections Provide cost projections at scale for different algae farm configurations

Run the collector models in Tempe to determine and meet the main
performance parameters of interest. Capture time, CO, purity, CO, storage etc.

Capture & Supply

Model off current design specifications for configuration options to resolve the
asynchronous utilization of CO, over diel cycles

Process Engineering Model

CO, composition; volume; intermittency; transport, storage medium (low cost),

DeSign Targ ets coupling and CO, delivery to pond.

Cultivation trials with actual DAC CO, for at least 6 weeks in each of two

CUItivation TriaIS seasons (in BP3, M30 and M39)

CARBON
COLLECT 18



AzCATI

Arizona Center

for
Algae Technology and Innovation

P

MechanicalTree™ in Tempe, AZ
extended for CO, capture (January
2023). First of kind design in metal.
Next iteration will shift to
dramatically reduce cost/tree going
to plastic composite materials

* CARBON
COLLECT

Progress and Outcomes: Task 1.1
Carbon Collect - Key Project Inputs and Current Status

Why passive direct air capture (P-DAC)
The MechanicalTree™ is unique relative to other DAC technologies in that
(1) passive air delivery by wind avoids the energy penalty of forced convection

(2) the flexibility to operate hybrid temperature, vacuum, and moisture swing cycles without iv
substantive hardware changes provides commercial access to broad climate '
geographies

(3) MechanicalTree™ modular commercial design is suited to mass production and solves
the scaling limitations and challenges of other DAC solutions, more readily capable to
scale up and down depending on the application.

MechanicalTree™ design targets:
Single Tree = 82 kg/d; (batch mode)
Current Status Control group (up to 12 capture columns) = 1 ton/d

scale carbon farms producing CO, continuously

installed and operational in October 2022

« Initial shakedown complete — optimizing
operational hardware/software
« Capture rates hitting kg/cycle targets
» Under current thermal vacuum swing operation
— hitting >90% CO, _
—  CC’s overall target is <$100/ton (100% liquid CO2), for algae — we Control group modules _ scale to

avoid backend purification and compression completely which particular application
should allow for <$50/ton DOE target to be met 19




AzCATI

Arizona Center

for
Algae Technology and Innovation

Progress and Outcomes: Task 1.1

Carbon Collect - Key Project Inputs and Current Status

Batch Cycle — Single Tree

1)
2)
3)
4)
5)

6)

7)

+ Intermediate storage: required for algae application due to intermittency (algae growth/CO, capture)

CAPTURE - Tree disk stack in full open position

Close and collapse disk stack into vessel

PRE-EVACUATION - rough vacuum to remove
most residual air, separate from product withdrawal
REGENERATION - Temperature-Swing: steam

condensation heating under vacuum
POST-EVACUATION - continue evacuation

without steam addition for heat and water recovery
Store in ambient bag structure — deliver to algae

process
Open and raise disk stack

» Low-cost, low complexity storage a must: “bag house” approach”

 Stores high purity CO, without the requirement for specialist or expensive back-end system (NO

COMPRESSION)

» Carbon tree effluent CO, will be at 1 bar, saturated with water vapor, and contain 5-10% residual air

« For this project, can be truck mounted to collect and transport the gas over the short distance between the
carbon tree pad at ASU Tempe and the location of the algae test facility in Mesa.

% ton per day

- C ) B PDAC control

— Aiw group
1\

Low pressure,
intermediate CO?
CO2 storage Commercial scale

algae cultivation

7

(7

6,
2y

A,
O,
0

Air to Algae overall concept. We will model small to large scale
farms (50-500-5000 acres)

» Design for different scale farms for on-site storage part of process engineering modeling in Subtask 1.1 and 4.1

20



AzCATI Progress and Outcomes: Subtask 3.2

satarn Center Microbial Profiling for Active Crop Management

Algae Technology and Innovation

Basic Wgrk-FIow

e 'Y

Spiral Plating and Screening
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Sampling e Sy gl g
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AzCATI Progress and Outcomes: Subtask 3.2

Artaon cnter Microbial Profiling for Active Crop Management

Algae Technology and Innovation

Co-cultivation and Phycosphere Selection

Co cultivation methods

(A) Liquid-Liquid Bacterial culture 0.1 OD Algae culture
(~24 hr Old)
L 0D Al (B) Bead-Liquid  Bacterial culture Algae Encapsulated
0.10D Algae (~24 hr Old) Beads
or Bacterial
culture (C) Liguid-Bead  Bacterial Encapsulated 0.1 OD Algae culture
+ beads
3% Na-
o Alginate (D) Bead-Bead Bacterial Encapsulated Algae Encapsulated
beads beads
[ J
[ ]
—— — — — §— —
i ? Wk — 4 1& - 7 Wk - 7 k B
o — _ _ _ _
. - - - -
e —— —— —
e 3 S $L.
\\h._s’/ 2% CacCl, ¥
(B) (€) (D)

Microencapsulation of UTEX-393 beads



AzCATI Progress and Outcomes: Subtask 3.2

Arizona center Microbial Profiling for Active Crop Management

Algae Technology and Innovation

Sampling

50 ml samples were pulled out of ponds and plated on enrichment media to obtain colonies

Incubation Condition
Sample No Date of sampling Pond Number Culture Appearance Sampling Plating media .
Light/Dark Temperature

4-Jul-22 SPW-26 UTEX-393 Dense Green Sample pulled before TF BG-11 Light 30 °C
SPW-26 UTEX-393 Dark Green Sample pulled before TF TSB Agar . 30 °C
2 11-Jul-22 Light
SPW-23 UTEX-393 Yellowish Brown AM (No Reset) TSB Agar 30°C
BG-11
SPW-26 UTEX-393 Dark Green Sample pulled before TF  BG-11 + Glucose Light 30 °C
3 18-Jul-22 TSB Agar
BG-11
SPW-26 UTEX-393 Dark Green Sample pulled before TF~ BG-11 + Glucose Dark 30 °C
TSB Agar
BG-11 + 1% TSB
4 25-Jul-22 SPW-26 UTEX-393 Dark Green Sample pulled before TF BG-11 + 5% TSB Light 30 °C
BG-11 + 10%TSB
BG-11
5 1-Aug-22 SPW-26 UTEX-393 Dark Green Sample pulled before TF TSB Agar Light 30 °C

LB Agar



AzCATI Progress and Outcomes: Subtask 3.2
A __ Microbial Profiling for Active Crop Management

Algae Technology and Innovation

|Isolated Consortial Bacteria

Isolate name Date of Sampling Pond Number Gram Stain
UT1 4-Jul-22 SPW-26 Gram Negati
- Atotal of 17 phycosphere : e T
bacterial isolates were obtained uT2 4-Jul-22 SPW-26 Gram Negative
from different screening media uT3 4-Jul-22 SPW-26 Gram Negative
under different COndl'.[IOn (Ilght uT4 4-Jul-22 SPW-26 Gram Negative
and dark) and sampling time _
_ _ uTs 11-Jul-22 SPW-26 Gram Negative
* These Isolates are preserved in UT6A, UT6B, UT6C 11-Jul-22 SPW-26 Gram Negative
Slants/Glycerol stocks and |
deS|gnated as UT1toUT14 UT7A, UT7B 11-Jul-22 SPW-26 Gram Negative
. . . UT8 11-Jul-22 SPW-23 Gram Negative
 The most promising bacterial |
Candldateslpopulatlons Wl” be uT9 18-Jul-22 SPW-26 Gram Negative
DNA sequenced for UT10 18-Jul-22 SPW-26 Gram Negative
Identification uT11 25-Jul-22 SPW-26 Gram Negative
UT12 25-Jul-22 SPW-26 Gram Negative
UT13 1-Aug-22 SPW-26 Gram Negative

uT14 1-Aug-22 SPW-26 Gram Negative




AzCATI Progress and Outcomes: Subtask 3.2

Arizona Center

oma oS anttmavation Microbial Profiling for Active Crop Management

Co-cultivation and Phycosphere Selection (Beads, High-Titer)

1 gram Immobilized UTEX393
beads (n=3)

10 ml BG 11 (sterile)

= Chlorophyll a: Chl-a (ug/mL) = 16.72 A, ,-9.16 A, 4
= Chlorophyll b: Chl-b (ug/mL) = 34.09 A, ,~15.28 A, ,

Effect of co-cultivation of phycosphere bacterial isolates on chlorophyll content on UTEX393

2 ml Bacterial isolates culture

2

‘|‘|‘|

(20 hours old) 24 mChFA  mchl-B
E 4.00 *
Easn *
5300 o
Incubated at 30°C for 1 weeks ®
continuous shaking in constant E 20
light g 200
= 1.50
% 1.00
Growth: Measured by % 0.50
Chlorophyll content 0.00
(day 0 and day 7) ControlContral UT1 UT2 UT3 UT4 UT5 UTGA UTEB UTGC UT7A UT7B UT8 UT9 UT10 UT11 UT12 UT13 UT14
BG-11 (LB)

Isolates UTEC, UT10, UT11 and UT12
Bacterial Isolates shows significant growth |P<0.05)


https://A652.4�15.28
https://A665.2�9.16

AzCATI

Arizona Center Qu ad Ch art OverVI eW
Timeline Project Goal: Deliver a fully modeled integration of Passive-
< BP1 Initial Verification January 2022 Direct Air Capture (PDAC) with algae cultivation with
+ BP2 Start date delayed due to contracting (October ' i i i i
2022), New BP2 End Date . March 2024 (BP2 18mo). |nn0\|/at|vte dcarbotr)l dehver;t/ and egzyn:e blocatalygls qnd
« BP3 and End of project (September 2025 — BP3 18 mo) APEElElElizl] - Galidoll - elglitite. il Sueltslgis Sglinseing

through carbon flux control in Scenedesmus UTEX393
designed resilient pond ecology for long term outdoor
cultivation to improve time to failure and overall productivity

$495.000 $3.200.000 Mid Project Go/No Go: Demonstrate 10% improvement in

productivity (15.4 g/m2-day) and achieve 50%
improvement in CUE with simulated DAC CO, carbon

ST e SO0 delivery over at least 3 weeks of continuous WT UTEX393

cultivation across at least two seasons, when compared
against baseline (SOT) concentrated CO, delivery using

sparging.
End of Project Goal: Assemble critical data around the
most carbon-efficient algae-based conceptual biorefinery

Funding Mechanism
DE-FOA-002 FY21 BETO Feedstock Technologies and

Algae FOA Topic Area 2b: Algae Productivity Exceeding
Expectations (APEX) with Direct Air Capture

Project Partners* and demonstrate the end-of-project goal of 100% DAC-
« National Renewable Energy Laboratory (NREL) derived, inorganic carbon delivery that achieves a 20%
« Burge Environmental increase in biomass productivity (16.8 g/m2-day) and
« Carbon Collect LLC achieving a CUE at least 75% above baseline in a

conceptual integrated system while achieving biomass
composition quality of 85 GGE/ton fuel intermediate yield.



AzCATI . ..
Project Objectives and Expected Impact
Project Objectives:
» Deliver a fully modeled integration of Passive-Direct Air Capture (PDAC) with algae cultivation with innovative
carbon delivery and enzyme biocatalysis
» Accelerated carbon capture and storage engineering through carbon flux control in Scenedesmus UTEX393
» Designed resilient pond ecology for long term outdoor cultivation to improve time to failure and overall productivity
Impacts:

* Uncoupling algae farming from point source CO, by relying on novel DAC-
sourced carbon, and CO, delivery innovations increases national deployment

potential

« Metabolic engineering of Calvin cycle control demonstrated in production
strain UTEX393 translates broadly to improve photosynthetic carbon
assimilation

* Increase carbon capture efficiency through marketable technology
development (membrane carbonation)

« Accelerate deployment and commercialization of algae-DAC installations



AzCATI

Arizona Center
for

Additional Slides

1. Response to previous reviewer's comments: N/A

2. Go/No Go highlights:

- Passed Initial verification Go/No in January 2022, but project
not awarded for BP2 until October 2022, subcontracts through
ASU also delayed so BP2 has shifted a 1 quarter (see quad
chart). Progress now accelerating.

3. Publications, Patents, Presentations to date: N/A



AzC/AATE Integrated Pest Management: a continuous cycle

UTEX393 cultivated at AZCATI | | | o EIcl * Mitigation with salinity

) ) : T - swings increased TTF from
continuously since Fall 2018 ~ 14 days>24 days but
« Rapid culture crashes through Spring 2019

cultures still crashed
« Fungal parasitoid crash morphology - fungicide
mitigation began spring 2019 with success

increasing productivity and MTTF Pre-treatment Post-treatment
Mean_'lTF& Mean AHYP g/m2-day for UTEX393 by Month

« Highest productivity ever achieved to date with

t 10de [ EE]
5 2019
>25 g/m?-day for 5 months (May-Sept 2019) § oo W:SS?
- Increased time to failure (TTF) from 2018 SOT baseline . ) 2022
of 30 days to 54 days to ~100 days through Spring 5 ™7 \ )
2020 g " Y |
o
120
« However, a new 100 « Chlorine intervention

80 showed mixed results but
revisiting
Pest confirmed as bacterial
- Crash model established
- Likely identity has been
established (at genus level)
- PCR/gPCR assays
developed

contaminant observed in
Spring 2020 which looked
like a predatory bacterium

* Dropped TTF from over 60
days to <15 days and
lowered productivity in 2020
and 2021 and 2022

Mean{TTF
=
=
F
F

AHYP g/m2-day

29




AzCATI

Arizona Center

for
Algae Technology and Innovation

AFDW-AVE Temp (C)

ASP (g/m2-day)

"
35

SourcelD

» UTEX393_06032020_CRW
1 * UTEX303_06192020_CRW
» UTEX303_07082020_CRW

» UTEX303_07222020_CRW

» UTEX303_08112020_CRW

. '™ B 1
)

30 f '

25 e L{ b

20 L/“ /' '

15

»

0.60
0.50
0.40
0.20 a
0.20
0.10
0.00

s TTF=14d TTFE 10 days

s = ays (24 with mitigation) ]

i I +
25
L ]

20

15 !
10

Biggest Challenge to UTEX393 an as yet Unidentified Bacterial Pest

Spring/Summer/Fall of 2019 successful
mitigation of fungal parasitoids

Achieved highest productivity at AzCATI

Robust cultivation of UTEX393, experiencing
zero culture crashes (did have other algae
contamination)

Run times from a single inoculation event
exceeding 90 days — IN THE SUMMER

However, in 2020 and again in 2021 culture
time to failure (TTF) accelerating from 25
days in early June to ~10 days in August

With aggressive seed train maintenance, we
were able to routinely reseed new ponds as
older ponds crashing and keep overall
productivity from cratering.

Summer 2020 = 20.8 g/m2-day (Summer
2021 also lower)

-

oL,
[V~

12/2020
1442020
16/2020
18/2020
2042020
22,2020
2442020
26/2020
28/2020
30/2020
02/2020
04,2020

0/2020

242020

442020
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22,2020
2442020
26/2020
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01/2020
03/2020

— = — —
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Season
S SESS88S8888888 Winter
[ e B e TR e B o TR e T e A e e T e T e T e T e TR e
dooddddgddgdSdad .
o0 90 - — — e [ BRI B By
11111111111111
S8 88888838 S

ummer

Fall

% change
2019-2021
4.87 5.93 7.25 48.9%
16.3 17.6 14.0 -14.1%
27.1 20.8 19.7 -27.3%
13.8 9.0 11.6 -15.9%

2019 2020 2021




AzCATI “NREL Approach:

g
Arizona Center ‘ !ﬁ

Nigae Techmaloly ana mavation Transforming ENERGY Subtask 1.2 — Carbon Delivery Efficiency Optimization

Other C COs
spedes Sueelv

* Integration of commercially-

available membrane gas- | e
. . e PH control . (losses) ; (assume neglig.)

delivery system and ASU in- e e

house developed M C mod u IeS 1 l Cell/Biomass Media/Supernatant I é,

« Carbon balance accounting

ASU In-house developed MC modules will be

development Of reference utilized along with commercial for Subtask 1.2
reporting prOCGdUI"e to ensure 100% carbon transfer efficiency into
media (CTE) developed under DE-EE0008517.

CUE = Carbon Utilization Efficiency

Carbon assimilated into cells

CUE = S
— Carbon Input
== &8
—— P-DAC Tree CUE = 20%hiomass___ . 10004
—— T J Y(Sparging + pH Dosing)
) — ! 1
\ [ : i — Of fgassing
1 ' " Doc o = .
| T‘ﬂ L E : o 2 S %Loss = Y(Sparging + pH Dosing) 100%
bt LU ~ B8 ] IH I — h
T ) 7 ol E’iL E >
ob—{( w4 £ . : : ' '
= e / - " s .~ == Milestone 1.2.1: Demonstrated baseline CUE improvements
[optional storage] . Ai. - RS m in 100L mini-ponds at least 15% over baseline with at least
[ E one membrane module installed and integrated with

. concentrated CO, source (September 2023)

Figure 8: Overview of process flow diagram of CO2 delivery systems from P-DAC to open ponds based on feedback control and utilizing novel

gas-liquid interface membranes, (a) Air Products PRISM PA1010-N1 membrane module, and (b) Dupont OxyMem 31



AzCATI Approach: Subtask 1.3

Accelerating Carbon Capture with CA Biocatalysis
* Improve stability of bicarbonate supply to accelerate growth “INREL

Transforming ENERGY

and increase CUE
« Test and develop CA enzyme variants tolerant to lower pH
 Activity testing with different immobilization methods

Immobilization Strategies o Parameters for good support material:
— Decorate hollow fiber membrane module with immobilized CA Good CO2 bili
enzyme, e.g. fiber electrospinning - W00 permeabllity
— tl\)/lagnetic Na;]noPa}rticIes (MN]!?g imrH_obiIization; placée in]dialysis - Compatible surface activity
ag or attach to electrospun fibers [literature precedent i : : s
— Immobilize enzyme via Histidine residues (or other tag) Structural integrity/durability

i how enzyme aggregate coatings 4 2N
electrospun fibers on clectrospum fibers e v
&

formed. Initially, enzymes are
either adsorbed or covalently

®
#" N y i N
attached to the fibers. i R 4 »
Additional enzymes or R Enzyme adsorption
aggregates are then attached to or covalent attachment
. . . q:c initial layer until a coating is —_—
Milestone 1.3.1: Selection of at least one CA variant demonstrated to Bome on. 06, e g

have an at least 10x increased IC flux at pH 7.5 in cultivation-relevant

media relative to uncatalyzed reaction, present approach for feasibility EmE i
and activity for at least 2 immobilization strategies for incorporation into l:ﬁ‘:ﬂiﬁ:i;;f:;‘f;
carbon delivery system (September 2023)

) . . . %
Milestone 1.3.2:Demonstrated inorganic carbon (IC) delivery by Enzyme cotng i
jormation
32

attached to the C-terminus; place in dialysis bag or attach to Fig. 6 Schomatic disgsam of . 3

immobilized biocatalysis module interfacing with algae cultivation
system, improvement of at least 20% increased IC over baseline direct
CO2 delivery at small-scale SAGE reactor (March 2024)




AzCATI Progress and Outcomes:
Subtask 1.4 Upgrading ponds for CO2 and pH monitoring

for
Algae Technology and Innovation

Subtask 1.4: Outdoor testbed cultivation deployment — NEW DIN Enclosure & Industrial Raspberry Pi (Top-Left)
SENSOR/PROCESS CONTROL CAPABILITY B23T Next-Gen MiProbe Instrument Board (Top-Right)

With our partner Burge Environmental, we are leveraging our current
DMSACPE project and the Burge sensor and data management
platform already established by adding additional upgraded sensor
platforms that will enable actual process control for CO,
delivery/management as well as automate data collection of CO2 flow
totalizers, options for additional sensors (e.g., dissolved CO, sensors.,
optical DO, etc. in addition to the Burge microbial sensors, ORP, pH,
temp/conductivity). All of this is a single, industrial Rasberry PI/Python
based control system.

Additional 6 ponds on top of 6 systems for CCUE tracking deployed
under DISCOVR (in place Aril 2023) with the Ilatest hardware
configuration/board design.

i2c Relay Control Board (Bottom-Left)
B23T Sensor Connector Board (Bottom-Right)

analysis into the same platform as the rest of the cultivation data and

This will allow for moving the capture of data needed for CCUE
sensor data, K

33



AzCATI Progress and Outcomes:
Subtask 2.1 — Integrated Systems Biology for Dynamic Carbon Flux Mapping

for
Algae Technology and Innovation

« Design simulated physiological testing environment for
CO2 capture and storage calculation

» Elucidate intermediates between inorganic carbon and
organic carbon storage, metabolomics

» Genetic and physiological response to changing IC
environments, transcriptomics using established pipelines
for RNAseq data analysis

Existing Metabolomics Workflow

e ThermoScientific QExactive
Orbitrap high-resolution MS

Spirulina Untargeted relative quantitation of ) installed November 2020, to
T d and . ; :
cultures — Uanrtgaertgeet:;UPLC- products and select pathway mapping Complement lab analytlcal sulte
MS analysis ° Central carbon metabolism ® Runn|ng HILIC Chromatography as
Soraied o l « Calvin-Benson Cycle generic full metabolite screening
glass filters « C3cycle panel including energy and redox
hw/Amm, — S— .
Ace. toW{enr:;r\?e l ! Others / metabohte; -
salts ; - :A's:: ;:::fszai]chandes (6) p— g:'irflt"r‘::;(gl"vahves (6)
, : — Voo rgonc s 19 o SamBe A0 NAOPHD)
Milestone 2.1.1: Identify flux bottleneck for carbon
Quenching Step: E;‘;:;tc')‘l’l:ezfm assimilation in Scenedesmus, as major varying
F'asgfrize“ in Stored at -80°C and -80°C pathway under different CO2 concentrations and
auie nirosen ship on dry ice to methanol including at least one mutant from year 1 2 M
NREILf_"'rOm'CS screening effort. (December 2023) VR A LR AT
i analysis 1

Tansforming ENERGY — https://www.agilent.com/cs/library/applications/application-discovery-metabolomics-hilic-z-5994-1492en-agilent.pdf



AzCATI Progress and Outcomes:

Arizona Center

Subtask 2.2 - Building Robust Engineering Tools

RT-PCR, DD3/DD193, 1074 b.p.

« Expression of gene confirmed in 3/5 transformants (1, 2, and
5) using RT-PCR in July 2021 (stable since June 2020)
- Phenol/chloroform RNA extraction followed by RT-PCR
- Sequencing of product shows mutation

kb
. . 10.0
» First 5 lanes of gel from UTEX 393 transformed using 6.0
Nourseothricin as a resistance marker 40
- Lack of gene expression suggests spontaneous i
resistance to Nourseothricin -
1.0
CTGGTATGAGACTGGCCTGCACATCTTOGTOBGCGCATACCCCAACATGATGAACGTGTTCAAGGAGCTGAACATTGBAGE
; : . ; EEacs IETAMACRTTONGE

GACCATACTCTGACCGGACGTGTAGAAQCACLCGCGTATGGGGTTGTACTACTTGCACAAGTTCCTCGACTTGTAACTCC

=>

131v

CTGGTATGAGACTGGCCTGCACATCTT(UOGTGEGCGCATACCCCAACATGATGAACGTGTTCAAGGAGCTGAACATTGAGE

Original Sequence [+ [ | »
CTGGTATGAGACTGGCCTGCACATCTTUQGTGEGCGCATACCCCAACATGATGAACGTGTTCAAGGAGCTGAACATTGAGE
¥ PDS1-DDO3 -
=l , \
AR AL A NAAA A A . : A
\\\f] A ANV VAR AN YL A AN I\ AN\
- /\Whl Sl L_\,ALAJXA 1 LX)
» PDS 5-DDO3 we CTGGTATGAGACTGGCCTGCACATCTTAGTGEGCGCATACCCCAACATGATGAACGTGTTCAAGGAGCTGAACATTGAGE
» PDS 2-DDO3 w CTGGTATGAGACTGGCCTGCACATCTTAGTGEGCGCATACCCCAACATGATGAACGTGTTCAAGGAGCTGAACATTGAGE

ZINREL "

Transformina ENERGY



AzCATI Progress and Outcomes:
Subtask 2.2 - Building Robust Engineering Tools

for
Algae Technology and Innovation

* Modification of the mutated PDS plasmid to include genes of interest has
been done with fructose bisphosphate aldolase (FbaA) and can be done

with other genes
- Electroporation with this PDS-FbaA plasmid in addition to a cNAT-FbaA (conferring
resistance to Nourseothricin) were unsuccessful in transforming UTEX 393

 PDS-FbaA plasmid below made using In-Fusion cloning with the mutated
PDS plasmid as the vector
* New personnel on project from NREL, spinning up on protocols

ac cperator

R NS erraacer czahs Gene construct
.II' [ B S T s i :I__ : THC i3 P> = " [ heoRfienk 2 [ Beok 2
ST lacZ-alpha I CaMy signal Strep-Tag 11 lag Z-alphls Ince-aloha
E’i‘: N R E L New promotor selected from public RNAseq datasets: EF1 (jgi|Sobl393_1[1284|5ZX77192.1)
= Native UTEX393 FbaA gene will be amplified and expressed behind EF1 promotor in new construct design 36

Transforming ENERGY
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Algae excrete/shed organic material providing nutrition to
contaminating bacteria/fungi

Algae cultures are inevitably randomly populated by contaminating
bacteria/fungi

Isolating and then prophylactically dosing a numerically dominant,
positive/neutral-interacting bacteria will create a most consistent
starting point and likely impede further intrusion

Numerous methods for positive/negative selection available, but
spiral plating will expedite isolation and encapsulation directly from
operating ponds and across nominal/subpar conditions

Pathogen resistance will be established in lab, but MTTF reduction
tested in scaled ponds

Plating
Constant mode Spiral® mode Circle mode
replicates the manual plating allows a decreasing allows the plating
with a homogenous deposition. concentration deposition. of 3 dilutions on 1 Petri dish.
50 uL, 100 pL, 200 L 50 pL, 100 pL, 200 pL 10 pL inner circle, 27 pL middle circle
and USB programmable and USB programmable and 56 pL outer circle
Examples: —
Before
incubation -
Homaogs fe tion wentrated centr atec W0y .'
» From 100 to 1x107 CFU/mL o } Ryl K 2 ;
N P r
on 1 single Petri dish incubation

* Upto 75% less
consumables

« Full plating cycle
in 25 seconds!

oy
\\‘\0 O, %,

oA
% JOURNALS

£ investing in science
OXFORD Uy o™

REVIEW ARTICLE

Progress and Outcomes: Subtask 3.2
Microbial Profiling for Active Crop Management

FEMS Microbiology Reviews, fux029, 41, 2017, 880-899

doi: 10.1093/femsre/fux029
Advance Access Publication Date: 22 August 2017
Review Article

Strategies and ecological roles of algicidal bacteria

Nils Meyer'#, Arite Bigalke!#, Anett Kaulfu8! and Georg Pohnert*:*

(a)
bacteria
[
[
[}

(b) (c)

bacteria bacteria

a”-i-i.aii-’»

Y

o s filtrate ‘
algae algae algae

(d)

bacteria

é
é

[
incubation
algae algae

(e)

bacteria

\/
ﬁhrath /

o
bacteria
(low density)

bacteria
+ algae \.\/
grate

|

- .

bacteria (low density)

==

incubation

ig
of the methods described (a-d). Care has to be taken regarding the material of filters
nhibition of algicide passage through the membranes.
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Co-Cultivation and Phycosphere Selection (Planktonic, Low-Titer)

200 pL Bacterial isolates

Progress and Outcomes: Subtask 3.2

Microbial Profiling for Active Crop Management

Effect of co-cultivation of phycosphere bacterial isolates on UTEX393

__0.07
culture (20 hour old) € 0.06
S 0.05
3 0.04
® 0.03
Incubated at 30°C for 1 weeks 8 0.02
in culture tube in constant light g 0.01
:.é: 0.00
N
§ & FPELFFPFFLLEFTLELEFLLL
Growth: Measured by OD at C
680 nm Bacterial Isolates

All the 17 isolates where showing significance results (P<0.05)



AzCATI Approach: Subtask 4.1
Engineering Process Modeling

for
Algae Technology and Innovation

Modification #1: CO, source

Benefiting from a decentralized CO,
collection plant

Expanding the number of feasible
sites for algae production: proximityto | modeling
a stationary point CO, source is no
longer a constraint

A200

INOCULUM SYSTEM A PI | ALGAE BIOMASS
Spen us | CONVERSIONTO |

| BIOFUELS (not modeled |

| here) |

(20 wt% solids)

0.05 wt%
A100 A500
BIOMASS PRODUCTION DEWATERING

Process model for DAC developed for

the operating conditions and setup of

the P-DAC Carbon Tree system
Infrastructure requirements and

.
operational costs
MAKEUP WATER DELIVERY + ON-
SITE CIRCULATION TO/FROM
A300 DEWATERING A600
CO, DELIVERY STORAGE

LINREL

OVERALL PROCESS:

ALGAL PRODUCTION PROCESS
JULY 2015 | PFO.Y! [




AzCATI Approach: Subtask 4.1

Arizona Center

e e— Engineering Process Modeling

Goal: Developing a process engineering model of a CO, capture and compression system

Exploring the impact of: Effect of CO, price and CUE over MBSP*
* Plant scale 100% MBSP ($/ton AFDW)

3,380
* CO, price and CUE tradeoffs l 2 090
* Feeding CO, concentration < 100% to algae ponds ’

- 2,800

75%
- 2,510
3D plot

MBSP
($/ton AFDW)
3,380

3,090
- 2,800
2,510
2,220
1,930
- 1,640
- 1,350
1,060
770

480

- 2,220

‘ 1,930

— 1,640

CUE

50%

g

(MQav uoyg) 4SaN

— 1,350

1,060
25%

770

—_— , T . 480
60 80 100 120 140

CO, price ($/ton)

40
* Open algae ponds with “conventional” CO, sourcing/supply



Approach: Subtask 4.1

Engineering Process Modeling

AzCATI

Arizona Center

for
Algae Technology and Innovation

Modification #2: cultivation strategy,

farm scales, and associated changes
1200 1 ALGAE BIOMASS
INOCULUM SYSTEM Aspen Plus 1 CONVERSION TO
. 3 BIOFUELS (not modeled j
modeling "
Using experimental data to inform s
process models -
Adjusting pH and water recirculation g
BIOMASS PRODUCTION DEWATERING S~
strategy
Achieving high carbon uptake efficiency N
is crucial
A400
N e CRCVLATIONTO/FROM
A300 DEWATERING A600
CO, DELIVERY STORAGE
LINREL
Tivovs | PER




AzCATI Approach: Subtask 4.2

Arizona Center

e TEA and LCA of Fully Integrated Carbon Delivery System

Primary cost drivers

Leveraging NREL's process models: algae farm and biomass conversion
(algae farm)*

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

[ ] .

Algae farm. Open raceways . Composition + productivity, g/m2/day (HPSD @ 35 : HCSD @ 25 : HLSD @ 15)
* Biomass conversion: Combined Algal Processing Leskage conrl (s oyl ned]
* Hydrocarbon fuels: diesel and naphtha S —
* SUStGinGble GVICItiOI? fUEI (SAF) IS an OptiOn Overall (combined) dewatering efficiency "net" (99.9% : 90.0%)
* Obtaining coproducts is essential to support liquid biofuels Cultivation ares, seres (10,000 5,000: 1,000
Acid TDI Biomass composition (HCSD : HPSD)

Caustic lD‘lherChems
Peroxide TCl (-25% : 0% : +25%)

Methanol
SE:I&.:E.E & Other Chems Epoxidation Pk e Polyurethane Flue gas vs. CO2 (flue gas: CO2)
to Polyols Polyols Synthesis Pond CAPEX ($124MM : $159MM: $197MM)

—— -
1 1 €02 utilization efficiency (95% : 90% : 35%)
] 1 Biomass Solvent Makeup TAG Hydrogen )

) Dewatering CAPEX (-50% : 0% : +50%)
| 1 [20 wit% solids) Maphtha
| lﬁlgal 1 i Lipids : On-stream factor, days/year (365 : 330 : 300)
1 Biomass 1 [acid or Solvent Distillation Upgrading
I IPrc-.~||:i |.n:tt I:.:I I ' Extraction (hydrotreater) CO2 recycle (30% : 0%)

CO-lDCa

1 I
1 1
l\ [

H Diesel
Wet Storage Raffinate Ash to Disposal Labor costs (-50% : 0% : +50%)
D (Peak - Fuel
- Seasons) Intermediates N recycle (90% : 0%)

Mixed
Acids iqui Acid Cat.
Filtration Upgrading

Mild
Oxidative
Treatment

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

Seasonal Variability (1:3:5)

lcoz + PO4 + NH3 | Inoculum system design basis, summer days between inoculation (40 : 20: 10)

. -5150  -5100 -550 0 50 5100 5150 £200 $250
Agqueous residuals $ $ $ § $ : ; ; s

CAP bio rEfi ne ry Change to MBSP (5/Ton AFDW Algae; Baseline = $488/Ton)

Recycle Nutrients + CO2

42
* Open algae ponds with “conventional” CO, sourcing/supply
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