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High octane (ON= 100)
clean burning fuel,
15.8 MJ/liter. 
M-85 Fuel

CH3OCH3, high cetane
clean burning diesel fuel, LNG 
and LPG substitute.

Methanol, fuel and feed-stock: The Methanol Economy



Direct oxidation methanol fuel cell (DMFC) USC, JPL - Caltech
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US Patent, 5,599,638, February 4, 1997; Eur. Patent 0755 576 B1, March 5, 2008.
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!Methanol, 5 kWh/Liter – Theoretical (2 X Hydrogen)

!Absence of Pollutants
H2O and CO2 are the only byproducts

!Direct reaction of methanol eliminates reforming
Reduces stack and system complexity 
Silent, no moving parts

!Capable of start-up and operation at 20 °C and below
Thermally silent, good for military applications 

!Liquid feed of reactants
Effective heat removal and thermal management 
Liquid flow avoids polymer dry-out
Convenient fuel storage and logistic fuel

Direct Methanol Fuel Cell Advantages
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“George Olah CO2 to Renewable Methanol Plant” Groundbreaking 
HS Orka Svartsengi Geothermal Power Plant, Iceland, October 17th 2009

Production capacity: 10 t/day, planned expansion to 100 t/day
geothermal CO2 + 3H2 CH3OH + H2O

electrolysis using 
geothermal electricity

H2O

CRI Carbon Recycling International 

US Patents 7,605,293 and 7,608,743
Int. Pat. Appl., WO2010011504 A2 January 28, 2010



George Olah Renewable Methanol Plant
Carbon Recycling International, Iceland



The Methanol Economy  

Anthropogenic Carbon Cycle 
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Three Focus Areas in 
Electrochemical Energy Conversion and 

Storage 

1. Storing large quantities of electrical energy

2. Conversion of organic fuels to electrical energy

3. Fuel and chemical production using electricity
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Today’s Wind and Solar Capacity
:    45 GW of wind generation; 12 GW of solar PV
:    Some states want to reach  33% by 2020   



Requirements  for Large Scale Energy Storage System 

>80%  round trip efficiency  ( charge+ discharge)

5000 cycles   ( Low maintenance)  10‐15 years

1‐ to 8‐hour charge/discharge rate  

Capital Cost per kWh < $100 /kWh   ($ 200 Billion )

Energy Cost :   Primary cost of energy/ (round trip 
efficiency * cycle life)  for a 2.5 cents /kWh of premium

Abundant raw  materials; no geo‐political constraints
Easily recyclable/ environmentally friendly   4



Cost and Durability are Challenges for Battery Technologies 

Battery System Features/Advantages Major Disadvantages

Zinc‐Bromine Flow 
Battery

Moderate energy density (65 Wh/kg), 
1250 cycles, Moderate efficiency (70%), 
fairly mature technology with large units 
demonstrated. 

Moderate to high cost ( > $150‐
$200 /kWh), Cycle life and 
efficiency needs to be improved.

Vanadium Flow 
Battery

3000 cycles, Moderate‐to‐high round‐
trip efficiency( 85%) fairly mature 
technology that has been scaled up to 1
MWh

High cost(>$500/kWh), toxic 
materials, relatively rare materials 
are used   

Lithium‐Ion 
Rechargeable

High energy density and high power 
density (100‐200 Wh/kg), 1000 cycles, 
High round‐trip efficiency (90%). 

Very high cost 
(>$1000/kWh),safety and abuse 
tolerance is low, cycle life needs to 
be improved.

Sodium‐Sulfur

High Energy density (100‐150Wh/kg), 
1500‐3000 cycles, Moderate to high 
round‐trip efficiency (80%).

Moderate‐High Cost ($200‐
300/kWh), High Temperature 
operation (300o‐350oC), requires 
thermal management systems.

Regenerative Fuel 
Cells

High Energy Density ( 400‐600 Wh/kg), 
High Power Density, 2000 cycles

High cost (>$1000/kWh), Efficiency 
is low (50%), and cycle life needs to 
be increased. 
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Material Cost,  
$/kg

Reserves, Million 
metric tons [1]

Toxicity

Zinc 2.2 150 Moderate to 
high

Lead 2.2 95 High
Vanadium 27 38 High
Chromium 10 1.8 High
Bromine 0.60 15,000 as NaBr High
Iron 0.20 100,000 of iron 

ore
None

Oxygen  “Almost 
Free”

Unlimited None

.       

Cost, Sustainability and Toxicity 
of Battery Materials 

6[1] USGS Minerals Data





Challenges and Technical Approach

Challenge 

Suppressing hydrogen evolution 
during charge and stand  
‐ Efficiency improvement 

Utilizing any residual evolved 
hydrogen for energy generation
‐ Efficiency improvement 

Identifying active bi‐functional 
catalysts for air electrode  
‐ Efficiency improvement 

Developing robust bi‐functional air 
electrode
‐cycle life improvement 

Preventing carbonation of the 
electrolyte 
cycle life improvement 
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Pressed Plate Iron Electrodes 

Examples of Iron Electrodes 



Test Cell Assembly
Hg/HgO Reference 
Electrode

Iron Electrode

Nickel Electrode

Electrolyte: 30% 
KOH
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Reference 
Electrode 

Nickel  
Electrodes 

Iron
Electrode 

Top View of Cell 



16‐channel
Battery Cycling EquipmentCells under test

Battery Testing 
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With Additive

High Charge Efficiency of Iron Electrode with Additives
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Discharge Rate of Iron Electrode is improved by the Additives 

With sulfide additive

No additives



Challenges and Technical Approach

Challenge

Changes in Electrode Morphology
-Reduces utilization and limits 
operating life

Suppress hydrogen evolution
-Reduces efficiency

Low ionic conductivity of 
membrane
‐Reduces efficiency

Durability of anion exchange 
membrane
-Limits life time
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Iron‐Chloride Redox Flow Battery

Cell

Ferric 
Chloride/
Ferrous 
chloride

Ferrous 
chloride



Three Focus Areas in 
Electrochemical Energy Conversion and 

Storage 

1. Storing large quantities of electrical energy

2. Conversion of organic fuels to electrical energy

3. Fuel and chemical production using electricity
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Direct Oxidation of Small Organic Molecules in Fuel Cells

Motivation : 
•Enable the widespread commercialization of 
direct methanol fuel cells
•Inexpensive catalysts for electro‐oxidation of 
organic molecules to carbon dioxide‐ fuel 
cells, energy harvesting from waste‐water, 
utilization of biomass waste streams.
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How can we can bottle the energy of the sun as a liquid  fuel ?
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Water
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sunlight

sunlight

• Any source of electricity is useful

• Can be tailored to produce a single product

• Relatively easy to scale up  

– Increase the electric current to increase 
rate;

– Add more modules or cells to scale up. 

• Occurs at ambient temperatures and 
pressures

Artificial Photosynthesis ‐ Electrochemical Reduction of Carbon Dioxide to fuels



Durable and Inexpensive Oxygen Electrode 
Catalysts for Electrolysis and Fuel Cells 

Motivation and Broader Impact
Durable and Inexpensive Oxygen Electrodes are 
required for: 

•Metal‐ Air Rechargeable Batteries‐ Li, Zn, Fe 
•Replacing precious metals in Electrolysis of water / 
Fuel Cells
•Energy efficient chlorine production
•Durable electrodes for electro‐synthesis  by 
oxidation and reduction of organics


