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• DOE/NREL Bio H2 Working Group  
• Roxanne Garland, DOE 
• Ali Jalalzadeh-Azar, NREL 
• Mike Seibert, NREL 
• Maria Ghirardi, NREL 
• Pin-Ching Maness, NREL 
• Tasio Melis, UC Berkeley 

 

• Gerald C. Dismukes - Princeton University 
• Bruce Logan, Penn State 

 

• DTI Team 
• Brian James 
• George Baum 
• Julie Perez 
• Kevin Baum 

Overview of 2009 Directed Technologies Inc. (DTI) Analysis 
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 Start Date: April 2008 

 End Date: Sept 2009 

 AK. Diurnal Operation Limitations 

 AJ. Systems Engineering 

 AS. Waste Acid Accumulation 

 

  

Timeline 

Barriers 

Partners/Collaborators 

Deliverables 
 Written Report (207 pages) 

 

Strong Technical 
Team is a must. 
Analysis will be 
interactive and 
collaborative. Should 
not be conducted in 
isolation by one 
group. 

Full documentation is needed. 



Objectives 

 Conceptual System Designs 

 Photobiological H2 production systems 

 Dark fermentation H2 production systems 

 Microbial electrolysis H2 production systems 

 Integrated H2 production systems 

 

 Hydrogen Cost Calculations 

 Calculate Capital costs, Operating costs, Feedstock costs for 
conceptual systems 

 Compute levelized hydrogen costs for conceptual systems 

 Determine key factors affecting cost estimates 
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Conceptualization 
of systems was 
more than half the 
battle. 

H2A Model was 
main $/kgH2 
evaluation tool. 



Approach 

Photobiological 

Systems 

• 5 Organisms: 
Characterize H2 production 

• 4 Reactor Concepts: 
Define operation process 

• 5 Plant Designs: 
Design a reactor and plant 
for each organism 

Fermentation & Microbial 
Electrolysis Systems 

• Fermentation using 
waste organisms from 
photobiological systems 

• Fermentation using 
Lignocellulose feed 

• MEC (Microbial 
Electrolysis Cell) 
systems using acetate 
feedstocks 

Integrated Systems 

• Combined 
Photobiological systems 

• Combined fermentation 
and MEC systems 

• Combined 
Photobiological and 
Fermentation systems 
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Defining scope at beginning of project is critical.  
Agree on simplifying assumptions early. Can 
always add detail later on. 

Fundamental decision is the technology timeframe. 
Is it current, near-future, or far-future systems that are to be examined? 



Photobiological Approach 

Define growth 
and hydrogen 

production 
characteristics  of 

the 
photobiological 

organisms 

Preliminary 
evaluation of 

various reactor 
systems 

Downselect 
reactor bed 
design: cost 

criteria, 
production 

efficiency, land 
efficiency  

Design auxiliary 
systems and 
conceptual 

plant (modular 
approach) 

Develop bill of 
materials and 
capital costs  

Calculate 
levelized H2 cost 
by performing 
H2A analysis 

Repeat with 
each organism 
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While shown as 
sequential, in 
practice the 
approach had 
much iteration 
and back-tracking. 
This led to much 
better product. 

In association with Tech Team 
augmented by literature references, 
commercial company practices. 

Mostly Excel computations for system performance 
computations.  PowerPoint diagrams of system 
concepts for ease of discussion. 

In Excel with scaling 
parameters (since design 
and assumptions will 
change numerous times). 

Using H2A 
Model. 



Organisms & Reactor Beds 
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PNS bacteria (B-5) 

Immobilized Algal, 
Phosphate/Sulfate 

deprived  (B-4) 

Algal Sulfate 
Permease (B-3) 

Cyanobacterium 
O2-tolerant 

Hydrogenase (B-2) 

Algal O2-tolerant 
Hydrogenase (B-1) 

Phase 1: Growth 
Phase 2: H2 Production 

Duration: Phase 2 = Phase 1 

Single Reactor Bed 

Phase 1: Initial Growth 
Phase 2: Reduced Growth & H2 Production 

Duration: Phase 2 >> Phase 1 

Chemostat II Reactor Bed 

Phase 1: Growth Phase 2: H2 
Production 

Continuous 
Chemostat Reactor Bed 

Phase 1: Growth Phase 2: H2 
Production 

Batch 

Dual Reactor Bed 

• 5 Organisms 
• 4 Reactor Concepts 



Organism Characterization/Assumptions: 1 TPD Module 

7 

 

 

* level based on 100% utilization of PAR photons for  growth and H2 production and with no light saturation limit  

* * 

STH Energy Effic. 
Upper Bound 
Near Term 
 

A “Key Attributes” 
table (frequently 
updated) was vital 
to understanding 
and achieving 
consistency 
between pathways. 

Much discussion 
went into how 
forward-looking to 
be in regards to 
operation and 
efficiency. 



Solar Conversion Efficiency 

 Need to specify location (since it affects insolation) 

 Be mindful of daily and seasonal solar fluxuations 
 Affects sizing of equipment 

 

 Be aware of H2 loss mechanisms 
 H2 leaks 

 Solar absorption in transparent films. 
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STH Efficiency = Solar-to-Hydrogen Energy Conversion Efficiency 

 =                (LHV of Net H2 out of System) 
      (total solar energy input into system collector)  

Full spectrum energy 
Full active area, not space 
in-between panels/beds 
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Approach Specific 
Metrics 

• Three Approaches examined 
• Photolytic Bio H2 
• Photosynthetic Bacterial 
• Dark Fermentation and 

Macrobial Electrolysis Cells 
(MECs) 
 

• Tables appear in DOE 2012 
Multiyear Research Development 
& Demonstration Plan (MYRD&D) 
http://www1.eere.energy.gov/hydr
ogenandfuelcells/mypp/pdfs/prod
uction.pdf 
 
 

• Tables have extensive footnotes 



Key Assumptions in Analysis 
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Clearly state performance 
assumptions and level of 
technical aggressiveness. 

 Photosynthesis H2 Production  
 Solar PAR (Photosynthetically Active Radiation) energy is 44% for B1-B4 and 71% for B5 
 Mutant developed with highly truncated chlorophyll antenna for better solar utilization 

 Mutants have been developed with truncated antennas  
 Current development aimed at increasing H2 production 

 Mutant developed without ETR (Electron Transfer Rate) limitation in intense sunlight 
 Current ETR saturation limits STH to ~2% 
 Increasing ETR limit is significant challenge 

 Chemostat II postulated, not yet demonstrated 
 Simultaneous growth and H2 production 
 10% of culture removed each day to maintain constant organism mass  

 Fermentation H2 Production 
 Algae fermentation output based on lab data on sulfur and phosphate-deprived algae 
 Corn Stover fermentation system based on NREL Lignocellulose/Ethanol Report 

 Sacchrification process carried out using bacteria 
 Fermentor Bacteria convert 95% of Cellulose and Hemicellulose to H2 and Acetate over 24 hrs 

 Microbial Electrolysis cell H2  Production 
 Feedstock is liquid organic output of Fermentor or purchased acetate 
 Reactor volumes based on lab-scale tests 
 Cathode and anode areas based on lab-scale tests 
 Conversion efficiency and ion transport losses are comparable to lab tests 



Reactor Bed Design & Plant Layout 
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1 TPD Module 

Inlet & Outlet Ports:

Makeup Water &

Nutrients

Gas Outlet Ports

Raceways

Pond Area

Algal Colony

Driveways

Paddlewheels

TOP VIEW

To Gas

Capture

To Recycle

From Algae

Feed

10 TPD Plant Capacity = 1 TPD Module x 10 

1 TPD Module (at 9.2% STH efficiency) = 20 reactor beds (raceways) over 26 acres 

1 Raceway = 1090 ft x 40 ft x 0.33ft (deep) 

(not to scale) 

(not to scale) 

Commercial algae systems 
used as inspiration. But with 
modifications for H2 capture. 

Consider appropriate module size 
• Past photolytic bio-H2 systems 

examined in 1 tonne H2 per day modules 
• 1 TPD system is still quite large 
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Plant Design 
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Algal O2-tolerant Hydrogenase (B-1) Process Diagram 

Bill of Materials: 1 TPD Module 

42% 

20% 
3% 

13% 

22% 

Capital Expenditures 

Gas Capture 
Subassembly 

Recycle 
Subassembly 

Control System Photobioreactor 
Subassembly  

Algae Feed 
Subassembly  

~$2.2M capital cost for 

1 TPD Module 

Don’t forget the Balance of Plant (BOP) 
• Sensors turned out to be expensive 
• Purification (PSA) significantly affected 

Net H2 production 

Useful metrics:   
• Reactor cost in $/m2 
• BOP cost in $/(kg/day) 



Study Results – Photobio Upper Bound Performance 
B-1 B-2 B-3 B-4 B-5 

Bed Type Chemostat II Chemostat II Single Bed Dual Bed Chemostat II 

Total Bed Area (m2) 809,680 809,680 1,517,540 3,520,700 2,162,280 

Solar to H2 Efficiency (%) 9.2%* 9.2%* 5.2%* 2.25% 3.5% 

Production (kg H2/day) 10,000 10,000 10,000 10,000 10,000 

Capital Cost ($M) 21.64 21.64 35.62 48.44 40.34 

Cost ($/kgH2) (upper bound 

performance) 

2.99 2.99 4.17 6.02 10.36 

Cost ($/kgH2) (near term 

performance) 

8.15 8.15 10.48 8.44 13.95 

Product Mix 2 mol H2 + 1 mol O2  
(Potential Combustion Issues) 

2 mol H2 : 1 mol CO2 
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* level based on 100% utilization of PAR photons for  
growth and H2 production  and with no light 
saturation limit  

Plant Capital Costs minimized by 

accumulating product H2 in pond 

headspace and sizing gas processing 

for 24 hr/day operation. 

( upper bound) 



Study Results – Upper Bound vs. Near Term 
B-1 B-2 B-3 B-4 B-5 

Bed Type Chemostat II Chemostat II Single Bed Dual Bed Chemostat II 

Total Bed Area (m2) 809,680 809,680 1,517,540 3,520,700 2,162,280 

Solar to H2 Efficiency (%) 9.2%* 9.2%* 5.2%* 2.25% 3.5% 

Production (kg H2/day) 10,000 10,000 10,000 10,000 10,000 

Capital Cost ($M) 21.64 21.64 35.62 48.44 40.34 

Cost ($/kgH2) (upper bound 

performance) 

2.99 2.99 4.17 6.02 10.36 

Cost ($/kgH2) (near term 

performance) 

8.15 8.15 10.48 8.44 13.95 

Product Mix 2 mol H2 + 1 mol O2  
(Potential Combustion Issues) 

2 mol H2 : 1 mol CO2 
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* level based on 100% utilization of PAR photons for  
growth and H2 production  and with no light 
saturation limit  

Plant Capital Costs minimized by 

accumulating product H2 in pond 

headspace and sizing gas processing 

for 24 hr/day operation. 

( upper bound) 



Dark Fermentation & MEC Systems 
 Fermentation of Algae or Bacteria 

 Evaluate H2 production capability from photobiological system waste 
 System waste of 1.7 TPD generates 7 kg H2/day  

 Fermentation  of Corn Stover 
 Developed from NREL report on ethanol production from corn stover1  
 Size based on feedstock of 2,000 TPD corn stover generates 37 TPD H2 and   

658 TPD acetate byproduct 
 Use bacteria developed by NREL for H2 production with acetate byproduct   

 Microbial Electrolysis Cell (MEC) 
 Uses byproduct acetate from fermentor,  or purchased acetate 
 Process design based on experimental work done at Penn State2 

 System generates 88 TPD H2 (from 658 TPD Acetate) 

 All Systems 
 Design plant, develop bill of materials, compute capital cost, operating cost, 

feedstock cost 
 Perform levelized hydrogen cost computations 
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1 A. Aden, et al.,  “Lignocellulosic Biomass to Ethanol Process Design and Economics Utilizing Co-Current Dilute Acid Prehydrolysis and Enzymatic 

Hydrolysis for Corn Stover”, NREL/TP-510-32438, June 2002. 
2 D. Call, et al “High Surface Area Stainless Steel Brushes as Cathodes in Microbial  Electrolysis Cells”,  Environ. Sci. Technol, 2009. 



System Designs 
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Parameters Algal Fermentor Lignocellulosic Fermentor MEC 

Design Basis NREL Research NREL / TP-510-32438 (ethanol) 
NREL H2 Bacteria Research 

Penn State Research, 
NREL Research 

Feedstock Waste Algae/ Bacteria from Photobio Corn Stover Acetic Acid (& Glucose) 

Feedstock Usage (kg/day) 1,751 - 4,677 2,000,000 767,277 

Reactor Parameters 55°C Fermentation 150°C Hydrolysis 
55 oC Saccharification & Fermentation 

30°C 
0.9 Volt Potential 

Electricity Usage (kWh/day) 43-58 152,389 3,288,962 

Residence Time (hours) 72 36 24 

# of primary reaction vessels 4   (2500 – 4500 gallons) 5   (1 million gallons each) 113   (1 million gallons each) 

Net H2 Production Rate (kgH2/day) ~7-18 37,181 88,085 

Mass Conversion rate  
(net kg H2/kg feedstock 

0.4% 1.9% 12% 

Fermentation

Tank
n

n = 1 to 4

Waste Algae from beds,

concentrated by Rotary

Drum Filters

Inlet

Valve

Transfer

Pump

Outlet

Valve

Hydrogen

Fermentation

Tank Agitator

Acetate

Fermentation

Recirculation Pump
n

n = 1 to 5

Acetate Storage

Tank

Fermentation

Cooler
n

n = 1 to 5

Innoculum from

Seed Production

Subassembly

Saccharification

& Fermentation

Tank
n

n = 1 to 5

Acetate Pump

Processed Corn

Stover From

Hydrolysis

Hydrogen

Mass conversion rate used as practical 
evaluation factor for fermentation systems. 

(Past) Fermentation 
systems marked by low 
conversion rates to H2. 



Fermentation Plant Process Diagrams 
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Algal 

Fermentation 

Gas 

Compressor 

Waste Organisms 

(Algae or Bacteria) 
Hydrogen 

and CO 2 

Microbial 

Electrolysis Cell 

(MEC) 

Gas 

Compressor 

Hydrogen 
90% 

Hydrogen 

Waste 

Water 

Purification 

Water 

Algal Fermentation 

MEC System 

Seed 

Production 
Water 

Purification 
Storage 

Hydrolysis 
Corn Stover 

Processing 

Saccharification 

& Fermentation 

Corn Stover 

Feedstock 

Acetate 
Waste 

Water 

Water 

Gas 

Compressor 

Lignocellosic Fermentation 

Acetate 

Acetate 

Hydrogen 

and CO 
2 

PSA 

PSA 

PSA 

Tail Gas 

Tail Gas 

Tail Gas 

Hydrogen 

Hydrogen 

Electricity 

Even crude process diagrams are 
useful in conveying processing steps. 



Algal Fermentation Results 
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System requires algal waste of very large photobiological systems to achieve suitable 

throughput volume,  Also, organism waste transportation will add additional expenses. 

 Feedstock is spent waste from single 10TPD Photobiological System 

 Stand-alone system costs assume no cost algae feedstock 

 Current low conversion rate yields high Capital Cost / per kg H2 

 Systems are too small:  labor  (in fixed O&M) is very high % of cost 

              (with zero labor cost , hydrogen cost would be $4.06-$7.04/kg H2) 

System Criteria C-1/C2 C-5 

Organism Input Basis B-1 or B-2 B-5 

Feedstock  

Algal or 
Cyanobacterium 

O2-tolerant 
Hydrogenase 

PNS 
Bacteria 

Feedstock Usage (kg/day) 1,751 4,677 

Production (kg H2/day) 7 18.7 

Capital Cost ($) $37,142 $76,281 

Cost ($/kg H2) $172.73 $66.17 

Mass Conversion (kg 
H2/kg feedstock) 

0.4% 0.4% 

$0.00

$20.00

$40.00

$60.00

$80.00

$100.00

$120.00

$140.00

$160.00

$180.00

$200.00

C1/C2 C5

Other Variable Costs 
(including utilities)

Fixed O&M

Decommissioning 
Costs

Capital Costs

Scale of 
examined 
system was too 
small. Resulted 
in a very high 
cost. 



Lignocelloulose Fermentor and MEC Results 
Lignocellulosic Fermentor MEC 

Feedstock 
Corn Stover 

($30/ton dry) 
Acetate + Electricity 
(at $0.60/kg acetate) 

Area (acres) 
11 (+ 500 acres for long 

term corn stover storage) 
10 

Net H2 Production  
(Tonnes H2/day) 

37.2 88.1 

Mass Conversion  
(net kg H2/kg feedstock) 

1.9% 12.1% 

Capital Cost ($M) $44.9M $558.7M 

H2 Cost ($/kg H2)  
      - No acetate sale 
      - $0.20/kg acetate sales 

 
$4.33/kg H2 

$0.60/kg H2 

 
$12.43/kg H2 

NA 
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Lignocellulose fermentor offers pathway to <$1/kg H2 due to byproduct acetate sales 

 MEC sized for potential integration with fermentor as acetate byproduct processor 

 High Fermentor/MEC integration potential:  raw fermentor byproduct readily used as MEC feedstock 

 Sale of fermentor byproduct acetate drives down fermentor H2 cost:  acetate purification cost needs to be 
quantified 

 Fermentor design based on production design for ethanol plant 

 MEC H2 cost is dominated by high cathode cost and very low concentration of acetate resulting in high 
system volume.  Further developments to reduce these could greatly  improve system cost effectiveness.  

$0.00

$2.00

$4.00

$6.00

$8.00

$10.00

$12.00

$14.00

Fermentor-Only                   
(37 TPD Production)

MEC Alone (88 TPD)
(at 0.9V/cell)

Additional Consumables

Other Variable Costs 
(including utilities)

Feedstock Costs

Fixed O&M

Decommissioning Costs

Capital Costs

Waste byproducts may be 
valuable sources of revenue. 



Integrated Systems 
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B-3 Algal Sulfate 
Permease Mutant 
[top Reactor Bed]  

B-5 PNS Bacteria 
[lower reactor bed  

Lignocellulosic 
Fermentation 

MEC 

B-3 Algal Sulfate 
Permease 

Reactor Bed  

Algal 
Fermentation  

(C-3) 

B-5 PNS 
Reactor Bed  

Algal 
Fermentation  

(C-5) 

Raw  
acetate 

byproduct 

Acetate 
(~5% of  
req’mt) 

Waste 
organism 

Waste 
organism 

These combinations were selected from several possible combinations and others can be 

explored based on the synergies of their flowstreams.  

• Lower bed organism captures 
photons outside of photosynthesis 
band of top bed organism 

• Ligno byproduct stream = MEC 
feedstock 

• C-3 and C-5 are sized to accept B-3 and B-5 waste 
respectively. 

• Shared excavation and labor costs • Shared water purification system • Integration reduces labor and gas processing costs 
associated with Algal Fermentation 

• Resized BOP subassemblies • Separate gas processing systems • B-5/C-5 Integration slightly reduces acetate costs 
for PNS  

Acetate 

There are many complex combinations 
of subsystems.  Consider the simplest 
configurations first. 



Integrated Systems Results 
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Integrated systems make best use of land and waste products. 

 Further developments can yield more cost effective systems. 

Photobiological Stacked Beds 

System $/kg H2 

Stand alone B-3 (10 TPD) $4.17 

Stand alone B-5 (10 TPD) $10.36 

Integrated (10.6 TPD) $5.25 

Lignocellulose Fermentor & MEC 

System $/kg H2 

Fermentor alone (37 TPD) $4.33 
(~$0.60 with acetate sale) 

MEC alone (88 TPD) $12.43 

Integrated (125 TPD) $6.61 

Photobio & Organism Fermentor 

System $/kg H2  $/kg H2  

Stand alone Photobio (10 
TPD) 

$2.99  
(B-1/B-2) 

$10.36  
(B-5) 

Stand alone Algae 
Fermentation (7-13kg/day) 

$172.73 
(C-1/C-2) 

$66.17 
(C-5) 

Integrated (~10.0 TPD) $3.21 $11.04 

 MEC based on PSU research process , 
not yet optimized for lowest capital cost  

 Integration of more than 2 systems 
possible, but can be logistically difficult 

Sensitivity analysis (Tornado 
Charts) is a convenience and 
useful tool to determine 
most sensitive parameters. 



Collaborations 
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Collaborator Organization Role/Expertise 

Bio-Hydrogen Working 
Group 

DOE System and Organism 
Guidance 

     - Tasio Melis UC - Berkeley Photobiological systems 

     - Maria Ghirardi NREL Photobio organisms & 
Fermentation processes 

     - PinChing Maness NREL PNS organisms & 
Fermentation processes 

     - Mike Seibert NREL Immobilized Algal systems, 
Sulfur deprived (B-4) 

Gerald C. Dismukes Princeton Univ. Consultant, Photobio 

Bruce Logan Penn State Univ. MEC system data 



Summary  

 Technoeconomic Boundary Analysis Conducted 

 Defined and evaluated 4 different H2 production approaches 
 Photosynthesis with algae and bacteria, waste algae fermentation, lignocellulose 

fermentation, and microbial electrolysis   

 Approaches included multiple system embodiments and system integrations 

 Estimated concepts’ feasibility, performance, and cost and resultant $/kg H2  

 Provided systems contexts and issues to researchers 

 Plant performance  based on component performance projections 

 Photosynthesis systems 
 Postulated advanced truncated antenna mutants without light saturation limit yield 5-

9% STH efficiency (best case result) 

 Such mutants are in development, however, current STH efficiency is much lower <1% 

 Large shallow reactor beds with thin film cover are most economic approach 

 Results point to future H2 costs with mutants ~$2.99 - $4.17/kg H2  

 Algal Fermentation 
 Based on experimental results, utilizes waste organisms from photobio systems which 

have low glucose content 

 Resulting high cost  due to effects of labor cost and low H2 production >$100/kg H2 
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Summary  (continued) 

 Lignocellulose Fermentation 
 Complicated process, but well defined from ethanol production systems configuration 

 Assumed Hydrolysis process and fermentation bacteria are key technical advances 

 Predicted H2 price of $4.33/kg could be lowered to ~$0.60/kg with acetate byproduct sales 

 Microbial Electrolysis Cell 
 Promising experimental results used as basis for analysis 

 Significant scale-up issues for production not yet resolved 

 Current immature production concept suggests price of $12.43/kg H2 using purchased 
acetate 

 Extensive cost reduction potential from system component development 

 Integrated systems  
 Four integrated systems examined 

 Significant symbiotic effect with Fermentor/MEC combination but not with others 

 Examination of additional concepts may lead to additional improvement 

 Extensive collaboration/coordination with DOE Bio-Hydrogen Working Group 
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2009 Proposed Future Work 
 Integrated Systems 

 Validate costs and scaling benefits and alternative pathways 

 Photobiological Systems 
 Sensitivity analysis including effects of algae photon utilization rate saturation 
 (e.g., electron transport rate saturation of truncated antenna mutants)  
 Alternative reactor bed concepts  
 More mature design study addressing mixing and pH control, thermal control, CO2 

absorption 

 Algae Fermentation Systems 
 Pre-treatment of algae (e.g., hydrolysis) to increase conversion rate 
 Large-scale production using high glucose content algae grown specifically for 

fermentation 

 Lignocellulose Fermentation System 
 More detailed analysis/verification of subsystems 
 Analysis of byproduct utilization and consequent large reduction in effective $/kg H2. 

 MEC System 
 Optimized  production process and components for low capital cost system 

 Increased acetate solution density,  Increased pressure operation 
 Low cost cathodes and anodes 
 Determination of increased ion transport loss in large reactors 

 Determination of ion transport loss increases in large scale reactors 
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DOE MYRDD Plan Technical Target Tables:  Photolytic Bio H2 
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https://www1.eere.energy.gov/hydrogenandfuelcells/mypp/index.html 



Footnotes for Bio Tables 
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Table 3.1.10 



Footnotes for Bio Tables 
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Table 3.1.10 (continued) 
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DOE MYRDD Plan Technical Target Tables:  Photosynthetic Bacterial Bio H2 

https://www1.eere.energy.gov/hydrogenandfuelcells/mypp/index.html 
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Footnotes for Bio Tables Table 3.1.11 
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DOE MYRDD Plan Technical Target Tables:  Dark Fermentation & MECs 

https://www1.eere.energy.gov/hydrogenandfuelcells/mypp/index.html 
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Footnotes for Bio Tables Table 3.1.12 
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