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• New Start Annual Operating Plan (AOP) 
in Fiscal Fear (FY) 2020: 
 Builds on algae hydrothermal liquification 

(HTL) pathway to fuels (Peer Reviewed FY 
2019)

 Focused on sequential hydrothermal 
liquefaction (SEQHTL) processing to 
enable the production of fuels and co-
products

• Developed SEQHTL processing and 
provided data for FY 2020 state of 
technology (SOT). 
 Reduced fuel costs by $0.50 to $4.48/ 

gasoline gallon equivalent (GGE).
 Algae feedstocks account for 82% of 

production cost.

• Project has pivoted in FY 2021-2022.
 Adapted SEQHTL process to low-cost 

waste algal feedstocks as recommended 
by the FY 2019 Peer Review Panel.

Project Overview

Directly supports Bioenergy Technologies Office 
(BETO) mission: “By 2030, deliver technologies that can 
enable the verification of technical performance of algae 

cultivation, harvesting, and conversion processes at 
engineering scale capable of converting algal feedstocks to 

biofuels and bioproducts in support of BETO’s goals for 
mature modeled minimum fuel selling price of $2.5/GGE 

for biofuels”
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1 – Management
Risk Mitigation
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1 – Management
Project Structure FY 2020

BETO
Algae

Dan Fishman

PNNL
Hydrothermal Processing 
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and Co-Products
Dan Anderson, Principal Investigator 

/Project Manager 
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Andy Schmidt
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Yunhua Zhu, Lesley Snowden-
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Project structured to address technical risks and challenges. 
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1 – Management
Project Integration & Collaboration

Project is integrated with modeling and other related projects to 
promote communication and collaboration.
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1 –Management
Approach and Communication

• Detailed work breakdown structure (WBS) with experienced task leaders.
o Well-defined scope/deliverables structured to address risk/challenges
o Funding authorizations

• Defined AOP Milestones (1/Quarter) and Deliverables
o Quarterly Reports

• Formal monthly project team/modeling team meetings 
o Review progress, schedule, and budget
o Discuss issues, risks, mitigation plans, and task integration

• Informal weekly discussions at task level
• Regular Meetings with BETO (technical and progress updates)
• Management and integration of supporting projects and partners

6

► Integrated Project Team 
► Strong Project Management
► Experienced Task Leaders
► Structured Plan and Communications
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2 – Approach 
FY 2020 Technical Objectives

(View the PowerPoint “Notes” page for additional information)

Tasks Risk/Challenges  Technical Objectives
 Optimize process conditions for carbohydrate extraction (ML)
 Evaluate effect of processing blended feedstocks (algae + stover)
 Maximize residul solids and composition from Stage 1
 Optimize process conditions for biocrude yield (ML)
 Determine biocrude composition for upgrading and fuel quality
 Concentration of carbohydrate stream

 Carbohydrate hydrolysis to fermentable sugars
 Strain development and screening
 Bioprocess development for co-product production (ML)
 Validate HTL aqueous recycle to support DISCOVR strains
 HTL filter solids reuse (P and other minerals)
Confirm sustainable cultivation of DISCOVR strains (ML)
Provide mass balance data for each segment to modeling team (ML)
  SOT Updates/Pathway Options Analysis

  Adjust R&D Focus 

Provide Process 
Data

Co-product 
Production

Sequential HTL 
Processing

 Developing Targeted 
Comprehensive Data Sets

Developing HTL Stage 1 
Carbohydrate Extraction

Verifying HTL Stage 2 Biocrude 
Production

Recycle and Reuse HTL Waste 
Streams for Algae Cultivation

Pre-processing of 
Carbohydrate Extract to Enable 

Bioconversion
Developing a Bioprocess to 

Produce Co-products

Nutrient Recycle

Approach is focused on addressing key challenges with defined objectives and milestones (ML).   


Sheet1

		Tasks		Risk/Challenges		Technical Objectives

		Sequential HTL Processing		Developing HTL Stage 1 Carbohydrate Extraction		Optimize process conditions for carbohydrate extraction (ML)

						Evaluate effect of processing blended feedstocks (algae + stover)

				Verifying HTL Stage 2 Biocrude Production		Maximize residul solids and composition from Stage 1

						Optimize process conditions for biocrude yield (ML)

						Determine biocrude composition for upgrading and fuel quality

		Co-product Production		Pre-processing of Carbohydrate Extract to Enable Bioconversion		Concentration of carbohydrate stream

						Carbohydrate hydrolysis to fermentable sugars

				Developing a Bioprocess to Produce Co-products		Strain development and screening

						Bioprocess development for co-product production (ML)

		Nutrient Recycle		Recycle and Reuse HTL Waste Streams for Algae Cultivation		Validate HTL aqueous recycle to support DISCOVR strains

						HTL filter solids reuse (P and other minerals)

						Confirm sustainable cultivation of DISCOVR strains (ML)

		Provide Process Data		Developing Targeted Comprehensive Data Sets		Provide mass balance data for each segment to modeling team (ML)

						SOT Updates/Pathway Options Analysis

						Adjust R&D Focus
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2 – Approach
Assumptions and Technical Targets

Assumption Achieved Target

Algae/Corn Stover Blend Stocks 50:50 Blend 50:50 Blend

Stage 1 HTL Plug Flow Reactor (PFR) 
Carbohydrate Extraction 65% 60%

Stage 2 HTL Biocrude Yield 50% 57% 

Carbohydrate Conversion to Co-
products 

LA yield: 
0.37 g/g total carbohydrates

LA yield: 
0.55 g/g total carbohydrates

HTL Nutrient Recycle 3 DISCOVR Strains
Same productivity as defined media

3 DISCOVR Strains
Same productivity as defined media

Project is retiring assumptions and technological uncertainty for 
scale-up and commercialization.
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3 – Impact
Enabling DOE Biofuel Cost Target
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► Fuel conversion cost reduced from $0.88/GGE in FY 2019 to $-0.33/GGE in FY 2020.
► Projected improvements in key cost factors still do not meet the BETO’s $2.5/GGE 2030 goal.
► Shifting to lower cost algae feedstocks provides major impact (e.g., eutrophic algae <$100/ton vs. $478/ton).
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3 – Impact
Technology Transfer

• Project has developed HTL technology that is being leveraged for other wet 
waste feedstocks, providing environmental solutions in addition to biofuel and 
co-products.

• Project has led the way in demonstration of full nutrient recycle.
• Project has led to several collaborative competitive projects with U.S Department 

of Energy (DOE). 
• Project has led to several industrial collaborations and projects.
• Project has resulted more than 20 publications and 20 presentations.
• Project has supported the development of several patents.
• Technology was awarded the 2015 FLC technology transfer excellence award 

and the 2015 R&D 100 Award “Hydrothermal Processing to Convert Wet Biomass 
into Biofuels.”

Project is providing impact for DOE, research community, and 
technology commercialization.
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4 – Progress and Outcomes
SEQHTL and Co-Products included in FY 2020 SOT

• Low temperature 1st stage combined with acid addition produces 
a carbohydrate-rich aqueous phase with high concentrations of 
simple sugars that can be used to produce co-products.

• High temperature 2nd stage processes 1st stage solids into 
biocrude that is upgraded to fuel.

• HTL waste streams used for nutrient recycle. 

FY 2020 Milestone 
Complete and deliver data packages on 
hydrothermal processing of corn stover: DISCOVR 
algae feedstock blend to fuel blend stocks. 

• Processing experiments were completed 
and data packages were delivered to 
modeling team.

o Stage 1 HTL process conditions/mass 
balances

o Stage 2 HTL process conditions/mass 
balances

o Co-product bioprocessing 
conditions/mass balances

o HTL nutrient recycle 
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4 – Progress and Outcomes
Sequential HTL Stage 1 Testing

FY 2020 Milestone 
Complete the integrated sequential HTL test (Stage 1 and Stage 2), 
processing greater than 80-L of corn stover/algae blend in Stage 1 at 
best stage 1 conditions and processing the residual in Stage 2.

• Processed greater than 80-L of corn stover/algae blend in Stage 1 
at best stage 1 conditions and processing the residual in Stage 2. 

• Continuous flow Stage 1 HTL was successfully transitioned from a 
continuous stirred tank reactor to a PFR.

• Algal biomass was DISCOVR algae strain (Acutodesmus obliquus 
UTEX393).   

• Carbohydrate extract from the Stage 1 testing was provided for co-
product fermentation to produce a product (lactic acid).

Demonstrated >65% 
carbohydrate extraction in 

Stage 1 PFR process.
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4 – Progress and Outcomes
Bioconversion of Carbohydrate Stream

FY 2020 Milestone 
Quantify the production of a co-product from 1st stage HTL 
carbohydrate extract from a feedstock blend of algae and corn stover.

• An initial bioprocessing study was completed.

• Stage 1 carbohydrate extract was concentrated by evaporation.

• Concentrated extract was treated by enzymatic hydrolysis to release 
sugar monomers.

• Lactobacillus pentosus and Lactobacillus rhamnosus were tested 
for direct conversion of carbohydrate extract to lactic acid in 
bioreactors.

• Glucose was rapidly converted to lactic acid. Conversion of xylose, 
galactose, and mannose was incomplete and produced acetic acid as a 
side product. 

• Additional bioprocess development will be required for optimization. 

Demonstrated lactic acid 
co-product production from 

SEQHTL.
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4 – Progress and Outcome
SEQHTL Stage 2 Processing

FY 2020 Milestone
Complete the integrated SEQHTL test (Stage 1 and Stage 2) 
processing. Meet SEQHT technical target of 50% biocrude yield 
from Stage 2 HTL processing of residual solids.

• Continuous Stage 2 HTL processing was conducted using Stage 
1 residual solids.

• Process conditions were 3000 psia, 350oC, LHSV 4/

• Target biocrude yield of 50% (around 2nd Stage) was 
demonstrated.

• HTL aqueous phase and ash solids provided for nutrient recycle 
evaluation.

Stage 2 HTL Product Yields 
Algae/corn stover (50/50)

Demonstrated 50% biocrude mass yield 
for Stage 2 SEQHTL processing of 

residual solids.
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4 – Progress and Outcomes
HTL Nutrient Recycle with DISCOVR Strains

FY 2020 Milestone 
Demonstrate that 3 DISCOVR algal strains can be grown in 
recycled media derived from HTL wastewaters without reduced 
productivity.

• Completed screening DISCOVR strains in photobiorectors. Eight 
strains showed strong growth in HTL derived media.

• Recycle of HTL aqueous phase from a wood: algae blend stock 
had an inhibitory effect. Inhibitory impacts were mitigated by 
simple filtration of char particles and micronutrient addition.

.

Demonstrated nutrient recycle using SEQHTL 
derived media with DISCOVR strains. 

Char filtration and 
DISCOVR 

micronutrients addition
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FY 2021 – 2022 Project Pivot 

Objective: Adapt SEQHTL to low-cost algae feedstocks
Management: Same Team, New Risks, and New WBS
• New Risks and Challenges

 High ash, dirt, and moisture content
 Slurry prep and separations challenging 
 High carbohydrate/low lipid
 Harvesting and transport costs may be significant

Approach: Revised R&D Plan
• Task 1 - Selection and Sourcing of Target Algae Feedstocks for Characterization and Testing 

 (coastal kelp farms, turf-scrubber remediation projects, tertiary wastewater treatment, etc.)

• Task 2 - Develop Processing Scenarios and Experimental Plan for Macroalgae and Scrubber Algae Feedstocks 
 (thermal hydrolysis below 200 °C to hydrothermal carbonization, HTL, SEQHTL, and co-product production

• Task 3 - Hydrothermal Process Development for Targeted Algae Feedstocks 
• Task 4 - Provide Process Data for Modeling/Techno-Economic Analysis (TEA) to Focus R&D on the Most 

Promising Pathways

Impacts: Process economics, environmental benefits, and technology adoption
Progress: Task 1 and 2 underway (Q2 MLs); Task 3 beginning in Q3 

Objectives
► Demonstrate hydrothermal 

processing methods for low-cost, 
high ash algae feedstocks.

► Evaluate co-product product options 
and biocrude production.

► Provide process data to modeling 
team for conducting TEA.

► Go/No-Go 9/30/22
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Summary

1 - Management
 Project WBS structured to address technical risks and challenges 
 Integrated project team with strong project management, experienced task leaders, 

and structured communications 

2 - Approach 
 Based on key risks and technical challenges 
 Clear R&D objectives and milestones

3 - Impact
 Developed fully-integrated SEQHTL process to produce fuel and co-products 

 Potential to meet BETO FY 2030 goal of $2.50/GGE
 Potential to be adapted to low-cost algae feedstocks and other wet wastes

 Publications, presentations, awards, and collaborations
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Summary

4 - Progress and Outcomes
 SEQHTL, bioprocessing, and nutrient recycle process data developed

 Demonstrated >65% carbohydrate extraction in Stage 1 PFR process 

 Demonstrated lactic acid co-product production from SEQHTL

 Demonstrated 50% biocrude mass yield for Stage 2 SEQHTL processing of residual 
solids

 Demonstrated nutrient recycle using SEQHTL derived media with DISCOVR strains 

 Provided process data for modeling/TEA and SOT

 Pivoted direction in FY 2021 – 2022 to focus on SEQHTL processing of low-cost algae 
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Quad Chart Overview 
Hydrothermal Processing for Algal Based Biofuels and Co-Products 1.3.4.101 

Timeline
• 10/1/2019
• 9/30/2022

FY20 Active Project
DOE Funding (10/01/2019 –

9/30/2020)
$525,000

(negotiated total federal 
share over active project)
$1,575,000

Barriers Addressed 
Aft-H. Overall Integration and Scale-Up
Process integration (HTL, Upgrading, Recycle), TEA; Engr. Scale HTP 
system being tested
Aft-J. Resource Recapture and Recycle
Aggressively demonstrating reuse of HTL byproduct stream

Project Goal
Develop/adapt hydrothermal process technology to enable the 
commercialization of algal-based biofuels and co-products from 
lower-cost algae feedstocks derived from nutrient remediation in 
wastewater treatment and marine macroalgal farms. 

End of Project ML
Provide conversion pathways and associated data for processing 
two low-cost algae feedstocks to the PNNL HTL Model Development 
project (WBS 1.3.1.202) for completion of a new design case or the 
FY 2022 SOT for HTL of a down-selected, low-cost algae feedstock.

Related/Leveraged Projects
• 1.3.5.202 HTL Model Development 
• 1.3.2.501 Algae DISCOVR Project 
• 2.2.2.301 PNNL Hydrothermal Process Development Units

Funding Mechanism
Lab Call 2019
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Responses to Previous Reviewers’ Comments 
2019 Peer Review Report

22

This project demonstrates further progress in optimizing hydrothermal liquefaction (HTL) process 
technology with the goal of meeting the BETO liquid biofuel  cost target.  Results achieved over this review 
period have shown how increases in feed solids loading for biocrude production and pre-treatment and an 
improved catalyst for upgrading are helping to drive down the overall cost towards the BETO goal.  PNNL 
staff have continued to investigate methods of improvement to the HTL process from many angles, as 
shown by the results of blending tests and nutrient recycle tests.  While it is understood that the HTL algae 
work has laid the groundwork for subsequent tests with real wet wastes (e.g., sludge), the algae used in 
these tests are not waste and therefore this project may not really belong in this group (though this is a 
BETO decision).  However, eutrophic algae would qualify as a waste and its negative feedstock cost would 
further help meet the BETO biofuel cost target, so it should be considered as a future feedstock.  The only 
major concern with the work shown is the apparent disconnect in the modeling cost results between that 
shown in this project and in the formal TEA modeling project (2.1.0.301), also performed by PNNL staff.  
Future modeling work in any of the PNNL HTL projects should all be performed on the same basis with the 
same cost categories to avoid confusion.

Reviewers’ Comments PNNL Response

We thank the reviewers for their thoughtful comments. This project is part of 
the Algae Program at BETO specifically focused to develop an HTL conversion 
pathway for algal biomass to produce biofuels. BETO decided to conduct the 
peer review of this Algae Program project as part of the Waste to Energy 
Program and this resulted in some confusion for Waste to Energy reviewers. On 
the positive side we were able to show the reviewers how this algae HTL 
project had laid the technical groundwork for establishing the HTL conversion 
and Modeling projects focused on wet wastes. However, there was disconnect 
with algae project and its relationship to the wet waste process/TEA since the 
associated Algae HTL Process Model project was reviewed in the Algae 
program session. This project has a direct connection with HTL Algae 
Model/TEA project from the very beginning, but it was not presented to the 
reviewers. So, there is direct connection between the Algae HTL Conversion 
project and the Algae HTL Modeling effort as the reviewers suggest. We do 
agree that focusing on eutrophic algae as a potential negative cost feedstock 
makes sense and we are pursuing project opportunities in that area.

https://www.energy.gov/eere/bioenergy/downloads/2017-project-peer-review-report
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		29		General Comment		Strength		This project demonstrates further progress in optimizing hydrothermal liquefaction (HTL) process technology with the goal of meeting the BETO liquid biofuel  cost target.  Results achieved over this review period have shown how increases in feed solids loading for biocrude production and pre-treatment and an improved catalyst for upgrading are helping to drive down the overall cost towards the BETO goal.  PNNL staff have continued to investigate methods of improvement to the HTL process from many angles, as shown by the results of blending tests and nutrient recycle tests.  While it is understood that the HTL algae work has laid the groundwork for subsequent tests with real wet wastes (e.g., sludge), the algae used in these tests are not waste and therefore this project may not really belong in this group (though this is a BETO decision).  However, eutrophic algae would qualify as a waste and its negative feedstock cost would further help meet the BETO biofuel cost target, so it should be considered as a future feedstock.  The only major concern with the work shown is the apparent disconnect in the modeling cost results between that shown in this project and in the formal TEA modeling project (2.1.0.301), also performed by PNNL staff.  Future modeling work in any of the PNNL HTL projects should all be performed on the same basis with the same cost categories to avoid confusion.		We thank the reviewers for their thoughful comments. This project is is part of the Algae Program at BETO specifically focused to develop an HTL conversion pathway for algal biomass to produce biofuels.  BETO decided to conduct the peer review of this Algae Program project as part of the Waste to Energy Program and this resulted in some confusion for Waste to Energy reviewers.  On the positive side we were able to show the reviewers how this algae HTL project had laid the technical ground work for establishing the HTL conversion and Modeling projects focused on wet wastes. However, there was disconnect with algae project and it's relationship to the wet waste process/TEA  since the associated Algae HTL Process Model project was reviewed in the Algae program session.  This project has a direct connection with HTL Algae Model/TEA project from the very beginning but it was not presented to the reviewers.  So there is direct connection between the Algae HTL Conversion project and the Alage HTL Modeling effort as the reviewers suggest. We do agree that focusing on eutrophic algae as a potetnial negative cost  feedstock makes sense and we are pursuing project oppotunities in that area.		NL0026324		9507

		55		General Comment		Strength		This is a relevant project and HTL has tremendous potential given the wide applicability to feedstock which are not easily or economically amenable to other treatment. I would like to see a bit more detail on the choice of feedstock and feedstock blends. The focus on recycle of water and recovery of nutrients is very goo. This being said, the technical and economic feasibility of upgrading by hydroprocessing remains a critical unknown and the weakest link in the TEA even accounting for the future work. HTL may be the only practical thermochemical technology working with wet streams.				NL0026324		9763

		35		Criteria 1: Approach		Strength		Strength: The PNNL team’s wealth of talent and solid management plan have accelerated R&D achievements in alga HTL configurations and appears to have fundamental knowledge of alga/woody material HTL conversion.				NL0026324		10058

		55		Criteria 1: Approach		Strength		Strength: 1) The project has several significant strengths in the approach. Among them a clear definition of success metrics and proper breaking down of the tasks with prioritization. 2) recovery of nutrients is relevant for HTL 3) System approach and access to the hydrothermal PDU 				NL0026324		9759

		52		Criteria 1: Approach		Strength		Strength: The learnings into resource re-capture and recycle has a huge impact on process economics.  Process engineering scale HTL facility to backup modeling (Design/test/build).  Blending good.  Model-driven process/progress.    This project also tackles one of the major drawbacks to algal-based biofuels, the seasonal productivity fluctuation in a smart way, by blending with pine based on where algae modeled to grow best (gulf coast).				NL0026324		9714

		29		Criteria 1: Approach		Strength		Strength: Excellent slide (#5) showing the relationship among the four PNNL HTL projects, the specific focus of each project, and the types and pathways of data flow among the projects and outside stakeholders.  The slide on project history was not required but very helpful in understanding past events and achievements that has led the project to where it is today.  Tasks clearly presented, along with challenges and technical objectives associated with each.				NL0026324		9503

		35		Criteria 1: Approach		Weakness		Weakness: The project did not elaborate on efforts to engage industry partners, such as petroleum refiners, to provide technical and cost insights to be a future biocrude offtaker.		The project has collaborated with industrial partners and is actively seeking refinery partners as recommended.		NL0026324		10063

		55		Criteria 1: Approach		Weakness		Weakness: The most significant weakness is the lack of clear or explicit pathways for refinery and conventional fuel integration. A minor weakness is that the presentation provides scant detail about topics which should be more central such as the blending of woody biomass - in particular, the rationale about the use of wood rather than feedstock is not clearly expressed -, and the use of ensiled algae is introduced without much comment. 2) How does quantitatively algae as a feedstock relate to biosolids or other waste in WWT plant.		The project has defined a stand alone pathway to make algal biofuels with HTL processing located at the algae farms and regional upgrading for multiple farms.  The biocrude requires hydrotreating as a first step to remove heteroatoms (N, S, O) and that results in a fuel blend stock. Discussions with refiners has confirmed the approach of having a dedicated hydrotreater for thid specifc biocrude.    Algal feedstock compostions are very similar in proximate analysis to sewage sludge as an example.		NL0026324		9764

		52		Criteria 1: Approach		Weakness		Weakness: Needs better integration (or at least communication) of feedstock prices.		Algal feedstock production and cost are not part of the scope of this project.		NL0026324		9719

		29		Criteria 1: Approach		Weakness		Weakness: Technical objectives for each task are qualitative; should be more quantitative with specific, measurable targets. Critical success factors are qualitative and not discussed during presentation (though included in backup slides).  List of all milestones in terms of original goals not included; they are only mentioned in the results section in terms of what was achieved.  Time periods for each task not specified; not clear when each task will be addressed.		We will work to sharpen our technical objectives and metrics.		NL0026324		9508

		35		Criteria 2: Accomplishments/Progress		Strength		Strength: The progress to successfully demonstrate recycling of HTL by-product streams to supply 100% of nutrients for alga cultivation should help lower cost and acceptable scale – up.  The project also demonstrated higher throughput potential for biocrude products.				NL0026324		10059

		55		Criteria 2: Accomplishments/Progress		Strength		Strength: 1) The two-stage approach is very promising 2) The indication of possible capital cost reduction promising and well motivated. 3) Pretreatment methods for Fe, Si, Water removal. 4) Demonstrated nutrient recovery 5) Sugar stream generated				NL0026324		9760

		52		Criteria 2: Accomplishments/Progress		Strength		Strength: Good to see growth of algae on HTL waste.  Impressive to see 51 cultivation cycles using nutrients from waste HTL stream with  2 algae highly tolerant to HTL WW.  2020 target HTL costs already met.				NL0026324		9715

		29		Criteria 2: Accomplishments/Progress		Strength		Strength: Test results presented in terms of meeting milestones with several significant accomplishments claimed. Algae/wood blend test results show that blending is a good way to address seasonal dips in algae availability with no significant change in biocrude yield.  Demonstrated higher biocrude yield (an important goal) from organic solids percent increase via Sequential HTL process.  Good presentation of upgrading data.  Nutrient recycle results appear promising, though not sure how it is ensured that P remains in dissolved form in HTL aqueous phase for recycle vs. exiting process in HTL solids.  				NL0026324		9504

		35		Criteria 2: Accomplishments/Progress		Weakness		Weakness: The project could benefit from more detailed explanation and conclusions about the potential to develop biocrude products from alga and woody feedstocks.		Noted		NL0026324		10064

		55		Criteria 2: Accomplishments/Progress		Weakness		Weakness: Still lacking a clearly understood pathway to upgrade . 2) how does the costs relate to the different characteristics of waste water solids		See comments above		NL0026324		9765

		52		Criteria 2: Accomplishments/Progress		Weakness		Weakness: No error bars on HTL processing technical accomplishments.  		Noted		NL0026324		9720

		29		Criteria 2: Accomplishments/Progress		Weakness		Weakness: Not clear in many cases whether results claimed are from a single test, several tests, average of many tests, or one test but at best conditions. For blending tests, it is not specified how long storage period was.  Might have been more valuable to have tested blending concept with other real (i.e., negative cost) wastes as opposed to wood.  No data provided on upgrading of biocrude from blended feedstocks.  No yield data provided to verify claim of increased yield from Sequential HTL tests.  Not clear what relative HTL tolerance values mean for nutrient recycle tests.  No yield or process stability metrics data provided to verify claim of meeting engineering scale performance milestone.  Not clear why TEA modeling is being performed in this project when there is a separate project (2.1.0.301) dealing with this task.  TEA cost data is a bit misleading since it only shows the conversion cost; should be put on the same basis to predict where the process stands relative to the BETO goal of $3/gge.  Data does not appear to be consistent with that presented in project 2.1.0.301 in terms of biocrude production and hydrotreating costs as well as the categories of cost components shown.  Even though there are different feedstocks between the two projects, it is not obvious that feedstock material alone could cause as big a difference in cost predictions as shown between the two studies.		All test results are from continuous HTL with mass balance data from steady state conditions.  Same for hydrotreating.  Blending with wet waste is possible but blending with a dry biomass that can be cost effectively transported to a algae farm to blend with wet algae supports the cuurent design case. Data persented was very limited do to template, oand time. We do have data to address most of your questions.  		NL0026324		9509

		55		Criteria 3: Relevance		Strength		Strength: The project is extremely well aligned with BETO goals, especially considering that any progress in HTL technology is easily transferrable to other BETO areas. 				NL0026324		9761

		52		Criteria 3: Relevance		Strength		Strength: Both the blending and nutrient recycle learnings are in-line with and contribute significantly to the BETO advanced algal systems R&D goals.  The path to a commercial product is linear and the team knows what needs to get done to get there.  				NL0026324		9716

		29		Criteria 3: Relevance		Strength		Strength: It is very clear that the results of this project directly support the major BETO goal of fuel generation from algae feedstock at the target $2.50/gge.  Even though there are concerns with the absolute cost values presented (see above under Criteria 2), one can clearly see the relative changes in cost and how the results demonstrated have reduced the different cost categories in the direction needed.				NL0026324		9505

		35		Criteria 3: Relevance		Weakness		Weakness: the project does not provide practical insights or results from more than one woody waste residue.		We have tested both pine and forrest product residues with similar results.		NL0026324		10065

		55		Criteria 3: Relevance		Weakness		Weakness:  The waste to energy part seems still a bit of second thoughts and so the economics and impact in this area are largely qualitative.		This is not a waste to energy project but was reviewed in the Waste to Energy program area		NL0026324		9766

		52		Criteria 3: Relevance		Weakness		Weakness: None				NL0026324		9721

		29		Criteria 3: Relevance		Weakness		Weakness: The claim is made from the graph shown on slide #14 that the project is successfully driving down conversion costs below target values.  This would be a major achievement if true, but the values shown are conversion costs only and are not on the same basis as the BETO $2.50/gge target.		Yes the project is focused only on the conversion cost.  The cost of the algal biomass is being developed in other project that are part of algae program.		NL0026324		9510

		55		Criteria 4: Future Work		Strength		Strength: Future work is well balanced and appears to address at least nominally all the remaining gaps.				NL0026324		9762

		52		Criteria 4: Future Work		Strength		Strength: One of the main costs is hydrotreating, so establishing experimental parameters to enhance catalyst stability and productivity is an appropriate target for future research. 				NL0026324		9717

		29		Criteria 4: Future Work		Strength		Strength: Milestones for FY19 are clearly presented.  SOT targets are provided for each task.				NL0026324		9506

		35		Criteria 4: Future Work		Weakness		Weakness: The project could benefit from incorporation of lifecycle analytical steps to calculate and reduce carbon intensity in the algal/woody biomass HTL process to estimate revenue streams that offset high costs of some of the feedstock/HTL stages, which might accelerate TRL progress in some markets.		This work is going on in associated modeling/TEA project Algae HTL Model		NL0026324		10066

		55		Criteria 4: Future Work		Weakness		Weakness: I did not see any target for future hydrotreating other than 200 hr. It would be beneficial to look at catalyst deactivation and expected economic life during that time and also understand the type of catalyst targeted. Later these are essential components of TEA. 2) WWT solids not yet directly addressed. 3) algae and WWT integration could make sense?		We are planning longer catalyst lifetime testing as part of the project. This project is focus on alge feedstocks and blends with other dry feedstocks like wood that could cost effectively transported to the algae farm for blending.		NL0026324		9767

		52		Criteria 4: Future Work		Weakness		Weakness: I think a missing component in the future work is to identify why certain algal species are more or less tolerant to recycled HTL liquids.  This could lead to a targeted  selection process for additional species to test for HTL tolerance.		We agree		NL0026324		9722

		29		Criteria 4: Future Work		Weakness		Weakness: Not clear what milestones are for FY20.  No Go/No Go decision points are indicated after FY18, but not clear if there are any more (should clearly state if all milestones for the program have been achieved).  Insufficient detail provided regarding the stated work to be performed in FY19 and FY20 as posted in the WBS/Schedule slide, and how this will meet remaining goals.		This is the end of the project's current lifecycle. A follow-on project for merit review will cover future milestone and Go/No Gos for FY20 and beyond.		NL0026324		9511
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 		Most studies on microalgae hydrothermal liquefaction (HTL) are currently conducted in small laboratory batch reactors, with a few research teams reporting on continuous systems. Scalable designs and strategies for optimal algae HTL configurations require data for nutrient recovery, water treatment and recycling, enthalpies of HTL reactions, residence times and space velocities, heat recovery, corrosion, separations, and removal of heteroatoms (i.e., upgrading to hydrocarbons). In addition, variations in seasonal algal cultivation require approaches to capital asset utilization and balancing of energetic trade-offs associated with feedstock management and storage. Benchmarking how these technical issues affect the costs of algal HTL conversion and tracking how improvements reduce capital and operating costs are a responsibility of the Bioenergy Technologies Office (BETO).

The Thermochemical Interface project team at Pacific Northwest National Laboratory (PNNL) has more than five years of experience with continuous algae HTL systems and is developing advanced HTL processing methods to improve process efficiency, and reduce capital and operating costs for the production of drop-in biofuels blendstocks from microalgae. One strategy for achieving full utilization of capital assets (and minimizing operational costs) is to blend algal feedstocks with woody materials during lean algal seasons. The Thermochemical Interface project is developing methods for co-processing algal woody feedstock blends and has identified synergistic effects beyond what was expected.

Upgrading technology for the production of finished fuels blendstocks is a critical subtask of the project, as are studies of nutrient recycle from HTL waste streams for algae cultivation. A major accomplishment so far includes demonstration of recycling HTL byproducts streams to supply 100% of the nutrients required for algal cultivation, with 89 culture cycles completed by Quarter four of fiscal year 2018.

In recent years, the Thermochemical Interface project supported the acquisition and testing of an engineering scale HTL process development unit at PNNL with three skids for (1) feedstocks prep; (2) HTL processing; and, (3) product separations. All data from bench and engineering-scale HTL efforts feed directly into algal HTL process models for examining techno-economic and lifecycle impacts of different system configurations. The process models inform BETO’s annual State of Technology (SOT) evaluation and are also used to determine the most useful research and development targets for driving down fuel costs.
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				Reviewer Comments																RESPONSE TO COMMENTS

		9507		This project demonstrates further progress in optimizing hydrothermal liquefaction (HTL) process technology with the goal of meeting the BETO liquid biofuel  cost target.  Results achieved over this review period have shown how increases in feed solids loading for biocrude production and pre-treatment and an improved catalyst for upgrading are helping to drive down the overall cost towards the BETO goal.  PNNL staff have continued to investigate methods of improvement to the HTL process from many angles, as shown by the results of blending tests and nutrient recycle tests.  While it is understood that the HTL algae work has laid the groundwork for subsequent tests with real wet wastes (e.g., sludge), the algae used in these tests are not waste and therefore this project may not really belong in this group (though this is a BETO decision).  However, eutrophic algae would qualify as a waste and its negative feedstock cost would further help meet the BETO biofuel cost target, so it should be considered as a future feedstock.  The only major concern with the work shown is the apparent disconnect in the modeling cost results between that shown in this project and in the formal TEA modeling project (2.1.0.301), also performed by PNNL staff.  Future modeling work in any of the PNNL HTL projects should all be performed on the same basis with the same cost categories to avoid confusion.																We thank the reviewers for their thoughful comments. This project is is part of the Algae Program at BETO specifically focused to develop an HTL conversion pathway for algal biomass to produce biofuels.  BETO decided to conduct the peer review of this Algae Program project as part of the Waste to Energy Program and this resulted in some confusion for Waste to Energy reviewers.  On the positive side we were able to show the reviewers how this algae HTL project had laid the technical ground work for establishing the HTL conversion and Modeling projects focused on wet wastes. However, there was disconnect with algae project and it's relationship to the wet waste process/TEA  since the associated Algae HTL Process Model project was reviewed in the Algae program session.  This project has a direct connection with HTL Algae Model/TEA project from the very beginning but it was not presented to the reviewers.  So there is direct connection between the Algae HTL Conversion project and the Alage HTL Modeling effort as the reviewers suggest. We do agree that focusing on eutrophic algae as a potetnial negative cost  feedstock makes sense and we are pursuing project oppotunities in that area.

		9763		This is a relevant project and HTL has tremendous potential given the wide applicability to feedstock which are not easily or economically amenable to other treatment. I would like to see a bit more detail on the choice of feedstock and feedstock blends. The focus on recycle of water and recovery of nutrients is very goo. This being said, the technical and economic feasibility of upgrading by hydroprocessing remains a critical unknown and the weakest link in the TEA even accounting for the future work. HTL may be the only practical thermochemical technology working with wet streams.



				Criteria 1: Approach																														25%

				• The project performers have implemented technically sound research, development, and deployment approaches, and have demonstrated the results needed to meet their targets.

• The project performers have identified a project management plan that includes well-defined milestones and adequate methods for addressing potential risks.

• The project performers have clearly describe critical success factors which will define technical and commercial viability, and that they have explained and understand the challenges they must overcome to achieve success.

				Reviewer Comments																RESPONSE TO COMMENTS

		10058		Strength: The PNNL team’s wealth of talent and solid management plan have accelerated R&D achievements in alga HTL configurations and appears to have fundamental knowledge of alga/woody material HTL conversion.

		9759		Strength: 1) The project has several significant strengths in the approach. Among them a clear definition of success metrics and proper breaking down of the tasks with prioritization. 2) recovery of nutrients is relevant for HTL 3) System approach and access to the hydrothermal PDU 

		9714		Strength: The learnings into resource re-capture and recycle has a huge impact on process economics.  Process engineering scale HTL facility to backup modeling (Design/test/build).  Blending good.  Model-driven process/progress.    This project also tackles one of the major drawbacks to algal-based biofuels, the seasonal productivity fluctuation in a smart way, by blending with pine based on where algae modeled to grow best (gulf coast).

		9503		Strength: Excellent slide (#5) showing the relationship among the four PNNL HTL projects, the specific focus of each project, and the types and pathways of data flow among the projects and outside stakeholders.  The slide on project history was not required but very helpful in understanding past events and achievements that has led the project to where it is today.  Tasks clearly presented, along with challenges and technical objectives associated with each.

		10063		Weakness: The project did not elaborate on efforts to engage industry partners, such as petroleum refiners, to provide technical and cost insights to be a future biocrude offtaker.																The project has collaborated with industrial partners and is actively seeking refinery partners as recommended.

		9764		Weakness: The most significant weakness is the lack of clear or explicit pathways for refinery and conventional fuel integration. A minor weakness is that the presentation provides scant detail about topics which should be more central such as the blending of woody biomass - in particular, the rationale about the use of wood rather than feedstock is not clearly expressed -, and the use of ensiled algae is introduced without much comment. 2) How does quantitatively algae as a feedstock relate to biosolids or other waste in WWT plant.																The project has defined a stand alone pathway to make algal biofuels with HTL processing located at the algae farms and regional upgrading for multiple farms.  The biocrude requires hydrotreating as a first step to remove heteroatoms (N, S, O) and that results in a fuel blend stock. Discussions with refiners has confirmed the approach of having a dedicated hydrotreater for thid specifc biocrude.    Algal feedstock compostions are very similar in proximate analysis to sewage sludge as an example.

		9719		Weakness: Needs better integration (or at least communication) of feedstock prices.																Algal feedstock production and cost are not part of the scope of this project.

		9508		Weakness: Technical objectives for each task are qualitative; should be more quantitative with specific, measurable targets. Critical success factors are qualitative and not discussed during presentation (though included in backup slides).  List of all milestones in terms of original goals not included; they are only mentioned in the results section in terms of what was achieved.  Time periods for each task not specified; not clear when each task will be addressed.																We will work to sharpen our technical objectives and metrics.



				Criteria 2: Accomplishments/Progress																														25%

				• The project performers have made progress in reaching their objectives based on their project management plan. The project performers have described their most important accomplishments in achieving milestones, reaching technical targets, and overcoming technical barriers.

• The project performers have clearly described the progress since the period of the last review.

				Reviewer Comments																RESPONSE TO COMMENTS

		10059		Strength: The progress to successfully demonstrate recycling of HTL by-product streams to supply 100% of nutrients for alga cultivation should help lower cost and acceptable scale – up.  The project also demonstrated higher throughput potential for biocrude products.

		9760		Strength: 1) The two-stage approach is very promising 2) The indication of possible capital cost reduction promising and well motivated. 3) Pretreatment methods for Fe, Si, Water removal. 4) Demonstrated nutrient recovery 5) Sugar stream generated

		9715		Strength: Good to see growth of algae on HTL waste.  Impressive to see 51 cultivation cycles using nutrients from waste HTL stream with  2 algae highly tolerant to HTL WW.  2020 target HTL costs already met.

		9504		Strength: Test results presented in terms of meeting milestones with several significant accomplishments claimed. Algae/wood blend test results show that blending is a good way to address seasonal dips in algae availability with no significant change in biocrude yield.  Demonstrated higher biocrude yield (an important goal) from organic solids percent increase via Sequential HTL process.  Good presentation of upgrading data.  Nutrient recycle results appear promising, though not sure how it is ensured that P remains in dissolved form in HTL aqueous phase for recycle vs. exiting process in HTL solids.  

		10064		Weakness: The project could benefit from more detailed explanation and conclusions about the potential to develop biocrude products from alga and woody feedstocks.																Noted

		9765		Weakness: Still lacking a clearly understood pathway to upgrade . 2) how does the costs relate to the different characteristics of waste water solids																See comments above

		9720		Weakness: No error bars on HTL processing technical accomplishments.  																Noted

		9509		Weakness: Not clear in many cases whether results claimed are from a single test, several tests, average of many tests, or one test but at best conditions. For blending tests, it is not specified how long storage period was.  Might have been more valuable to have tested blending concept with other real (i.e., negative cost) wastes as opposed to wood.  No data provided on upgrading of biocrude from blended feedstocks.  No yield data provided to verify claim of increased yield from Sequential HTL tests.  Not clear what relative HTL tolerance values mean for nutrient recycle tests.  No yield or process stability metrics data provided to verify claim of meeting engineering scale performance milestone.  Not clear why TEA modeling is being performed in this project when there is a separate project (2.1.0.301) dealing with this task.  TEA cost data is a bit misleading since it only shows the conversion cost; should be put on the same basis to predict where the process stands relative to the BETO goal of $3/gge.  Data does not appear to be consistent with that presented in project 2.1.0.301 in terms of biocrude production and hydrotreating costs as well as the categories of cost components shown.  Even though there are different feedstocks between the two projects, it is not obvious that feedstock material alone could cause as big a difference in cost predictions as shown between the two studies.																All test results are from continuous HTL with mass balance data from steady state conditions.  Same for hydrotreating.  Blending with wet waste is possible but blending with a dry biomass that can be cost effectively transported to a algae farm to blend with wet algae supports the cuurent design case. Data persented was very limited do to template, oand time. We do have data to address most of your questions.  



				Criteria 3: Relevance																														25%

				• The project performers have describes how the project contributes to meeting Program/Technology Area goals and objectives and the Bioenergy Technologies Office, as cited in the MYPP.

• The project performers have considered applications of their expected outputs.

• The project performers have presented the relevancy of this project and how successful completion of the project will advance the state of technology and impact the viability of commercial bioenergy applications.

				Reviewer Comments																RESPONSE TO COMMENTS

		9761		Strength: The project is extremely well aligned with BETO goals, especially considering that any progress in HTL technology is easily transferrable to other BETO areas. 

		9716		Strength: Both the blending and nutrient recycle learnings are in-line with and contribute significantly to the BETO advanced algal systems R&D goals.  The path to a commercial product is linear and the team knows what needs to get done to get there.  

		9505		Strength: It is very clear that the results of this project directly support the major BETO goal of fuel generation from algae feedstock at the target $2.50/gge.  Even though there are concerns with the absolute cost values presented (see above under Criteria 2), one can clearly see the relative changes in cost and how the results demonstrated have reduced the different cost categories in the direction needed.

		10065		Weakness: the project does not provide practical insights or results from more than one woody waste residue.																We have tested both pine and forrest product residues with similar results.

		9766		Weakness:  The waste to energy part seems still a bit of second thoughts and so the economics and impact in this area are largely qualitative.																This is not a waste to energy project but was reviewed in the Waste to Energy program area

		9721		Weakness: None

		9510		Weakness: The claim is made from the graph shown on slide #14 that the project is successfully driving down conversion costs below target values.  This would be a major achievement if true, but the values shown are conversion costs only and are not on the same basis as the BETO $2.50/gge target.																Yes the project is focused only on the conversion cost.  The cost of the algal biomass is being developed in other project that are part of algae program.



				Criteria 4: Future Work																														25%

				• The project performers have outlined adequate plans for future work, including key milestones and go/no go decision points.

• The project performers have communicated key planned milestones and addressed how they plan to deal with upcoming decision points and any remaining issues.

				Reviewer Comments																RESPONSE TO COMMENTS

		9762		Strength: Future work is well balanced and appears to address at least nominally all the remaining gaps.

		9717		Strength: One of the main costs is hydrotreating, so establishing experimental parameters to enhance catalyst stability and productivity is an appropriate target for future research. 

		9506		Strength: Milestones for FY19 are clearly presented.  SOT targets are provided for each task.

		10066		Weakness: The project could benefit from incorporation of lifecycle analytical steps to calculate and reduce carbon intensity in the algal/woody biomass HTL process to estimate revenue streams that offset high costs of some of the feedstock/HTL stages, which might accelerate TRL progress in some markets.																This work is going on in associated modeling/TEA project Algae HTL Model

		9767		Weakness: I did not see any target for future hydrotreating other than 200 hr. It would be beneficial to look at catalyst deactivation and expected economic life during that time and also understand the type of catalyst targeted. Later these are essential components of TEA. 2) WWT solids not yet directly addressed. 3) algae and WWT integration could make sense?																We are planning longer catalyst lifetime testing as part of the project. This project is focus on alge feedstocks and blends with other dry feedstocks like wood that could cost effectively transported to the algae farm for blending.

		9722		Weakness: I think a missing component in the future work is to identify why certain algal species are more or less tolerant to recycled HTL liquids.  This could lead to a targeted  selection process for additional species to test for HTL tolerance.																We agree

		9511		Weakness: Not clear what milestones are for FY20.  No Go/No Go decision points are indicated after FY18, but not clear if there are any more (should clearly state if all milestones for the program have been achieved).  Insufficient detail provided regarding the stated work to be performed in FY19 and FY20 as posted in the WBS/Schedule slide, and how this will meet remaining goals.																This is the end of the project's current lifecycle. A follow-on project for merit review will cover future milestone and Go/No Gos for FY20 and beyond.
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Recent Publications

 Zhu Y, SB Jones, AJ Schmidt, KO Albrecht, SJ Edmundson, and DB Anderson. 2019. “Techno-economic analysis of alternative aqueous phase 
treatment methods for microalgae hydrothermal liquefaction and biocrude upgrading system.” Algal Research 39:101467.

 Zhu Y, SB Jones, AJ Schmidt, JM Billing, MR Thorson, DM Santosa, RT Hallen, and DB Anderson. 2020a. “Algae/Wood Blends Hydrothermal 
Liquefaction and Upgrading: 2019 State of Technology.” PNNL-29861. Pacific Northwest National Laboratory, Richland, WA.

 Zhu Y, SB Jones, AJ Schmidt, JM Billing, DM Santosa, and DB Anderson. 2020b. “Economic impacts of feeding microalgae/wood blends to 
hydrothermal liquefaction and upgrading systems.” Algal Research 51:102053.
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Past Publications

 Pegallapati, AK, J Dunn, E. Frank, S. Jones, Y Zhu, L Snowden-Swan, R Davis, C Kinchin. April 2015. “Supply Chain Sustainability Analysis of Whole 
Algae Hydrothermal Liquefaction and Upgrading.” ANL/ESD—13/8 https://www.osti.gov/src/details.jsp?query_id=1&Page=0&osti_id=1183770. 

 Davis R., A. Coleman, M.S. Wigmosta, J. Markham, Y. Zhu, S.B. Jones, and J. Han, et al. 2018. “2017 Algae Harmonization Study: Evaluating the 
Potential for Future Algal Biofuel Costs, Sustainability, and Resource Assessment from Harmonized Modeling.” PNNL-27547. Richland, WA: Pacific 
Northwest National Laboratory.

 Zhu Y., S.B. Jones, and D.B. Anderson. 2018. “Algae Farm Cost Model: Considerations for Photobioreactors.” PNNL-28201. Richland, WA: Pacific 
Northwest National Laboratory.

 Jiang Y., S.B. Jones, Y. Zhu, L.J. Snowden-Swan, A.J. Schmidt, J.M. Billing, and D.B. Anderson. 2018. "Techno-Economic Uncertainty Quantification of 
Algal-derived Biocrude via Hydrothermal Liquefaction." Algal Research. PNNL-SA-138139. [submitted]

 Jiang Y., S.B. Jones, Y. Zhu, L.J. Snowden-Swan, A.J. Schmidt, J.M. Billing, and D.B. Anderson. 10/29/2018. "Techno-Economic Uncertainty 
Quantification of Algal-derived Biocrude via Hydrothermal Liquefaction." Pittsburgh, Pennsylvania. PNNL-SA-139100.

 Anderson D.B., J.M. Billing, S.J. Edmundson, A.J. Schmidt, and Y. Zhu. 04/29/2019. "Demonstration of the Hydrothermal Liquefaction Pathway for 
Conversion of Microalgae to Biofuels with Integrated Recycle of Nutrients." Abstract submitted to Biofuels and Bioenergy Conferences, San Francisco, 
California. PNNL-SA-139499.

 Jessica Tryner, Karl Albrecht, Justin Billing, Richard T. Hallen, and Anthony J. Marchese. 2017. “Performance of a Compression Ignition Engine Fueled 
with Renewable Diesel Blends Produced from Hydrothermal Liquefaction, Fast Pyrolysis, and Conversion of Ethanol to Diesel.” Paper accepted for 
presentation and publication in Conference Proceedings of the Western States Section of the Combustion Institute Meeting at the University of 
Wyoming, October 3, 2017.
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Past Publications (cont.)

 Jessica Tryner, Karl Albrecht, Justin Billing, Richard T. Hallen, and Anthony J. Marchese. 2017. “Performance of a Compression Ignition Engine Fueled 
with Renewable Diesel Blends Produced from Hydrothermal Liquefaction, Fast Pyrolysis, and Conversion of Ethanol to Diesel.” Paper accepted for 
presentation and publication in Conference Proceedings of the Western States Section of the Combustion Institute Meeting at the University of 
Wyoming, October 3, 2017.

 Edmundson S.J., M. Huesemann, R. Kruk, A. Schmidt, T. Lemmon, J. Billing, and D. Anderson. “Phosphorus and Nitrogen Recycle Following Algal Bio-
crude Production via Continuous Hydrothermal Liquefaction.” Algal Research, 26, 415-421. https://doi.org/10.1016/j.algal.2017.07.016

 Edmundson S.J., R. Kruk, K. Pittman, M. Huesemann, A. Schmidt, T. Lemmon, and D. Anderson. “Water and Nutrient Recycling in Algal Biomass 
Production.” Nature Scientific Reports, In preparation.
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 Edmundson S.J., R. Kruk, K. Pittman, M. Huesemann, A. Schmidt, T. Lemmon, N. Schlafer, J. Wood, and D. Anderson. “Water and Nutrient Recycling in 
Algal Biomass Production.” In preparation.
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crude Production via Continuous Hydrothermal Liquefaction.” Algal Research, in progress.

 Karl O. Albrecht, Daniel B. Anderson, Justin M. Billing, Douglas C. Elliott, Richard T. Hallen, Todd R. Hart, and Andrew J. Schmidt. “Progress in 
Hydrothermal Liquefaction of a Variety of Species of Microalgae.” Algal Research, in progress.

 Jarvis JM, N Sudasinghe, KO Albrecht, AJ Schmidt, RT Hallen, DB Anderson, JM Billing, and T Schaub. 2016. "Impact of Iron Porphyrin Complexes 
when Hydroprocessing Algal HTL Biocrude." Fuel 182:411-418. doi:10.1016/j.fuel.2016.05.107.

 He Y, X Li, X Xue, MS Swita, AJ Schmidt, and B Yang. 2017. "Biological Conversion of the Aqueous Wastes from Hydrothermal Liquefaction of Algae 
and Pine Wood by Rhodococci." Bioresource Technology 224:457-464. doi:10.1016/j.biortech.2016.10.059.
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Past Publications (cont.)

 Elliott, D.C. 2016. “Review of Recent Reports on Process Technology for Thermochemical Conversion of Whole Algae to Liquid Fuels.” Algal Research
13, 255-263, web published: December 17, 2015, DOI: 10.1016/j.algal.2015.12.002.

 Albrecht, K.O. 2016 “Impact of Heterotrophically Stressed Algae for Biofuel Production via Hydrothermal Liquefaction and Catalytic Hydrotreating in 
Continuous-Flow Reactors” Algal Research 14, 17-27, web published: January 8, 2016, DOI: 10.1016/j.algal.2015.12.008.

 Frank E, AK Pegallapati, R Davis, J Makrham, A Coleman, SB Jones, MS Wigmosta, and Y Zhu. 2016. “Life-cycle analysis of energy use, greenhouse 
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Past Presentations

 An oral presentation entitled “Complete NPK Recycle following Algal Bio-crude Production via Hydrothermal Liquefaction” was presented by Scott 
Edmundson at the 7th International Conference on Agal Biomass, Biofuels, and Bioproducts in Miami, FL on June 21st, 2017. 

 A poster entitled “Climate simulated biomass productivities of Chlorella sorokiniana DOE 1412 using recycled nutrients derived from hydrothermal 
liquefaction processing” was presented by Robert Kruk at the 7th International Conference on Agal Biomass, Biofuels, and Bioproducts in Miami, FL on 
June 19th, 2017.

 Jessica Tryner, Karl Albrecht, Justin Billing, Richard T. Hallen, and Anthony J. Marchese. 2017. “Performance of a Compression Ignition Engine Fueled 
with Renewable Diesel Blends Produced from Hydrothermal Liquefaction, Fast Pyrolysis, and Conversion of Ethanol to Diesel.” Paper presented and 
publication in Conference Proceedings of the Western States Section of the Combustion Institute Meeting at the University of Wyoming, October 3, 
2017.

 Jessica Tryner, Karl Albrecht, Justin Billing, Richard T. Hallen, and Anthony J. Marchese. 2017. “Characterization of Fuel Properties and Engine 
Performance of Renewable Diesel Produced from Hydrothermal Liquefaction of Microalgae and Wood Feedstocks.” Algal Biomass Summit, Salt Lake 
City UT, October 30, 2017. PNNL-SA-126131.

 Edmundson S.J., R. Kruk, K. Pittman, M. Huesemann, A. Schmidt, and D. Anderson. 2018. “Sustained Algal Biomass Productivities in Continuously 
Reused Cultivation Water with Nutrients Derived from the Waste Products of Algal Biocrude Production by Hydrothermal Liquefaction.” Presentation at 
the 2018 International Conference on Algae Biomass, Biofuels, and Bioproducts. Seattle, WA.

 Edmundson S.J., R. Kruk, K. Pittman, M. Huesemann, A. Schmidt, T. Lemmon, N. Schlafer, J. Wood, and D. Anderson. 2018. “Water and Nutrient 
Recycling in Algal Biomass Production for Biofuels.” Presentation at the 2018 Algal Biomass Summit Houston, TX.

 Kruk R, SJ Edmundson, and MH Huesemann. 2017. "Climate simulated biomass productivities of Chlorella sorokiniana DOE 1412 using recycled 
nutrients derived from hydrothermal liquefaction processing." Presented by Robert Kruk at The 7th International Conference on Algal Biomass, Biofuels 
and Bioproducts, MIAMI, FL on June 19, 2017. PNNL-SA-126819.

 Edmundson SJ, R Kruk, MH Huesemann, TL Lemmon, JM Billing, AJ Schmidt, and DB Anderson. 2017. "Complete NPK recycle in algal cultivation after 
hydrothermal liquefaction of algal biomass." Presented by Scott J Edmundson at 7th International Conference on Algal Biomass, Biofuels, & 
Bioproducts, Miami, Florida, FL on June 21, 2017. PNNL-SA-126818.
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Past Presentations (cont.)

 Robert Kruk. 2016. “Completing the Nutrient Cycle in Algae Biomass Production” at the 28th Northwest Algae and Seagrass Symposium, on Whidbey 
Island, WA, May 8th, 2016.

 Scott Edmundson. 2016. “Phosphorus Recycle following Algal Biocrude Production via Hydrothermal Liquefaction” at the 6th International Conference 
on Algal Biomass, Biofuels and Bioproducts in San Diego, California, June 27th, 2016.

 Albrecht KO, RT Hallen, AJ Schmidt, JM Billing, MA Lilga, AR Cooper, JE Holladay, and DB Anderson. 2016. "Waste Streams as Economic Feedstocks 
for the Production of Sustainable Liquid Fuels." Presented by Karl O Albrecht at 2nd CRC Advanced Fuel and Engine Efficiency Workshop, Livermore, 
CA on November 2, 2016.

 Billing JM, AJ Schmidt, TR Hart, GD Maupin, KO Albrecht, H Wang, DB Anderson, RT Hallen, and DC Elliott. 2015. "Continuous Flow Hydrothermal 
Liquefaction of Biomass Feedstock." Presented by Justin Billing at tcbiomass 2015, Chicago, IL on November 4, 2015.

 Billing JM, DB Anderson, RT Hallen, TR Hart, GD Maupin, AJ Schmidt, and DC Elliott. 2016. "Design, Fabrication, and Testing of the Modular 
Hydrothermal Liquefaction System (MHTLS)." Presented by Justin M Billing at TCS 2016, Chapel Hill, NC on November 3, 2016. 

 Elliott DC, DB Anderson, RT Hallen, AJ Schmidt, and JM Billing. 2016. "Recent Developments in Hydrothermal Processing of Wet Biomass." Presented 
by Douglas C. Elliott (Invited Speaker) at South Dakota School of Mines and Technology, Rapid City, SD on March 22, 2016. 

 Drennan C. 2016. "Hydrothermal Liquefaction - a new paradigm for sustainable bioenergy." Presented by Corinne Drennan at Bioenery Australia 2016, 
Brisbane, Australia on November 14, 2016.

 Jones SB, Y Zhu, LJ Snowden-Swan, and DB Anderson. 2015. "HTL Model Development." Presented by Susanne B. Jones (Invited Speaker) at DOE 
Bioenergy Technologies Office (BETO) 2015 Project Peer Review, Washington DC, DC on March 24, 2015. PNNL-SA-108674. 

 Zhu Y., S.B. Jones, A.J. Schmidt, J.M. Billing, K.O. Albrecht, R.T. Hallen, and D.B. Anderson. 06/12/2018. "Co-feeding of algae/wood blend feedstock for 
hydrothermal liquefaction (HTL) and upgrading – a techno-economic analysis." Presented by Yunhua Zhu at The 8th International Conference on Algal 
Biomass, Biofuels and Bioproducts, Seattle, Washington. PNNL-SA-135398.

 Zhu Y, SB Jones, DB Anderson, RT Hallen, AJ Schmidt, KO Albrecht, and DC Elliott. 2015. "Techno-Economic Analysis of Whole Algae Hydrothermal 
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Patents, Awards, and Commercialization

Awards
 2015 FLC technology transfer excellence award

 2015 R&D 100 Award “Hydrothermal Processing to Convert Wet Biomass into Biofuels”

Patents
 Mike Thorson, Rich Hallen, Justin Billing, Andy Schmidt, Todd Hart, and Teresa Lemmon. Filed December 2019. “MOVING BED 

PRETREATMENT FOR IRON-CONTAINING BIOCRUDE.” US Pat Appl 31594/ 9760.

 Mike Thorson, Lesley Snowden-Swan, Andy Schmidt, Todd Hart, Justin Billing, Dan Anderson and Rich Hallen. Filed January 2020. “Split 
Heat Exchanger Design for HTL.” US Pat Appl 31697 / 9854.

 Elliott, D.C.; Oyler, J.R. Issued on November 4, 2014. "Methods for Sulfate Removal in Liquid-Phase Catalytic Hydrothermal Gasification 
of Biomass." U.S. Patent #8,877,098.
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Project History

 FY 2013: Algal HTL potential demonstrated as part of the National Alliance of Advanced 
Biofuels and Bioproducts.

 FY 2014 - 2019: Thermochemical Interface project focused on developing algae HTL 
pathway for fuel production.
o Project conducted process R&D and developed HTL design case and SOT outlining cost reduction targets for the 

2022 timeframe. 
o Conversion cost were driven down from $3.02/GGE in FY 2015 to $.88/GGE in FY 2019.
o Demonstrated fuel production costs of $4.98/GGE for FY 2019 SOT. (Modeled algae feedstock cost at $670/US 

ton dry ash free basis accounts for 82% fuel production cost).
 FY 2020: Began the current project to further drive down minimum fuel selling price 

$/GGE.
o Focused on microalgae with terrestrial feedstocks supplement in non-summer seasons and sequential HTL to 

produce both fuels and co-products.
o FY 2020 SOT demonstrated potential to drop fuel production costs to $4.48/GGE.
o Conversion cost were driven down from $0.88/GGE in FY 2019 to $-0.33/GGE in FY 2020.

 FY 2021 - 2022: BETO requested a change in project approach focusing on hydrothermal 
processing of low-cost algae feedstocks.
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1- Management: FY 2021 Milestones

31

Q1 Q2 Q3 Q4

Prepare and present the scenario 
analysis with experimental plan 
for both a marine macroalgae and 
another wastewater algae used 
for nutrient remediation to BETO. 
(AMR)

Compile resource availability reporton 
low-cost algae feedstock from 
wastewater treatment and marine 
macro algae farming. Obtain materials 
needed for characterization and 
bench-scale processing work. (QPM)

FY 2022

Provide all remaining
process data from FY 
2020 to the modeling 
team for completing a 
final SOT for publication. 
(QPM)

Provide performance data 
form continuous 
processing experiments to 
modeling/TEA team. (QPM)

From batch testing results, select 
a processing strategy for the 
second low-cost algae feedstock 
and develop an approach for 
implementing the strategy in a 
continuous process. (QPM)

From batch testing results, 
select a processing strategy for 
one of the low-cost algae 
feedstocks and develop an 
approach for implementing the 
strategy in a continuous 
process. (QPM)
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3 – Impact FY 2021 - 2022 Pivot
Adapting SEQHTL for Low-Cost Algae Feedstocks

• SEQHTL has potential to enable processing low-cost feedstocks (<$100 vs. 
$670 per DMT).

• Micro- and macroalgae wastes could be processed into fuel and products.
• SEQHTL could provide mitigation of environmental problems.

 Nutrient recovery, metals recovery, etc.

• Nearer term commercial application of the SEQHTL possible with existing 
waste/low-cost algae feedstocks.
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4 – Progress and Outcomes: FY 
2019 Lessons Learned

• Synergistic biocrude yields achieved using 
algae/wood blends.

• Algae/wood silage storage blends feasible for long-
term storage of a blended feedstock. 

• Sequential HTL conditions identified to produce:
 carbohydrate stream for co-product production in Stage 

1, and 
 residual stream that is 25 wt% solids increasing Stage 2 

throughput and higher biocrude yields of 50%.

• Initial testing of blended feedstocks for sequential 
HTL showed likely blended feedstocks will yield 
more carbohydrates.

• Methods identified enabling hydrotreating algal 
biocrudes at industrial relevant conditions.

• HTL aqueous recycle and HTL derived nutrients 
work with multiple DISCOVR algal strains. 

Blending to Level Seasonal Algae Production 
Provides Improved Biocrude Yields
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4 – Progress and Outcomes FY 
2020: Batch Sequential HTL

FY 2020 Milestone 
Determine conditions for recovery of up to 60% of total 
carbohydrates from algae/corn stover blended feedstocks.

• Stage 1 extraction studies were completed in high 
throughput center.

• A range of process conditions were evaluated, including: 
o temperature, acid concentration, residence time, and 

temperatures
o 60% recovery achieved 

• Residual solids recovery for Stage 2 conversion were 
determined:
o 50-60% yield dry wt. basis
o 20% solids
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FY 2020 Risk Matrix
Name Status

Target 
Completion 

Date
Severity Response/Progress Description

Access to Algal 
Biomass

9/30/2022 High Mitigate

In 2020, we worked with AzCat 
in Arizona and GAI out of Hawaii 
to supplement algae supply.

Lack of algae feedstock availability 
for integrated sequential HTL 
testing (need about 10 kg dry per 
test)

Access to formatted 
Forest Product 
Residual 

Known 9/30/2022 High Mitigate

We will work with Idaho National 
Laboratory in FY 2020 Q-4 to 
allow rapid start in FY 2021 Q-1.

Lack of forest product residual 
feedstock availability for integrated 
sequential HTL testing (need 
about 15 kg dry per test)

Stage 1 Plug Flow 
Processing

Closed 6/30/2021 Medium Mitigate

Through experience, this risk 
has been reduced; higher linear 
velocity reduces plugging.

Failure to successfully conduct 
Stage 1 HTL in pure PFR mode 
(e.g., persistent plugging)

Stage 1 Additives to 
Boost Carbohydrate 
Extraction

Response 
Selected

6/30/2021 Medium Mitigate

H2SO4 is inexpensive and 
relatively effective. 

Failure to identify Stage 1 additive 
that boosts carbohydrate recovery.

Recycle Toxicity from 
Blended Feeds

Known 9/30/2022 Medium Mitigate Toxicity of combined feedstocks is 
increased and inhibits algal 
growth.

Bacterial/Fungal 
Contamination of Algal 
Cultures

Analyzed 9/30/2022 Medium Mitigate Bacterial/fungal contamination of 
algal cultures.

Bioconversion 
Metabolic Inhibitors 

Partially 
understood. 
Established 
mitigation 
measures. 

9/30/2022 Medium Mitigate. Evolve strains to 
tolerate higher concentration of 
inhibitors. Search of alternative 
strains with higher tolerance. 

Varying metabolic inhibitors in 
carbohydrate extract from 
feedstock blends
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Risk Matrix FY 2021 - 2022
Name Status

Target 
Completion 

Date
Severity Response Description

Access to Algal 
Biomass

Known 9/30/2022 High Mitigate Lack of algae feedstock availability 
for integrated sequential HTL 
testing (need about 10 kg dry per 
test).

Hydrothermal 
Processing High Ash 
Feedstocks

Known 9/30/2022 High Mitigate High ash feedstocks require new 
sequential HTL processing 
methods to enable separations and 
processing.

Adapt Batch 
Processing to Plug 
Flow Processing 

Known 9/30/2022 Medium Mitigate Processing in pure PFR mode may 
lead to plugging and/co-product 
degradation.

Additives to Enable 
Extraction Co-Product 
Biopolymers 

Known 9/30/2022 High Develop

H

Failure to identify additive that 
boosts co-product recovery in plug 
flow processing.

Direct Conversion High 
Ash Algae Biomass to 
Fertilizer

Known 9/30/2022 Medium Develop Carbonization requires new plug 
flow process.
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Abbreviations and Acronyms

 AMR: Annual Milestone Regular

 AOP: annual operating plan 

 BETO: Bioenergy Technologies Office

 DOE: U.S. Department of Energy

 FY: fiscal year

 GGE: gasoline gallon equivalent

 HTL: hydrothermal liquefaction

 PDU: Process Development Unit

 PFR: plug flow reactor 

 PNNL: Pacific Northwest National Laboratory

 QPM: Quarterly Progress Measure

 SEQHTL: sequential hydrothermal liquefaction

 SOT: state of technology

 TEA: techno-economic analysis

 WBS: Work Breakdown Structure
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