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•  Hydrogen is a Light Molecule Existing as a Gas at Room 
Temp. and Liquid at Cold (-253°C/-423°F) Temps. 

•  It is not “found” but rather “made” from natural gas, 
biogas, water, and other substances containing 
elemental hydrogen 

•  Small and light molecule is highly bouyant (1/15th the 
density of air), easily “fugitive” and odorless/colorless  

•  Ignites readily and in wide range of fuel/air mixes but 
also has some off-setting safety advantages 

•  Hydrogen is Widely Used in Global Industry 
•  Approx. 50 million tonnes used globally 

each year and ~11 million tonnes in U.S. 
•  Major uses include petroleum refining, 

fertilizer manuf., food hydrogenation, 
methanol prod., and metallurgy 4 



Source: U.S. DOE, 2010 draft 
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Source: U.S. DOE, 2010 draft 
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Source: U.S. DOE, 2010 draft 
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Source: U.S. DOE, 2010 draft 
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•  Hydrogen Applications Are Spreading 
•  Stationary power using fuel cells or gen-sets 
•  Transportation applications: heavy duty, light-duty, 

materials handling 
•  Backup power e.g, for telecommunications 
•  Educational teaching tools 

•  Key Remaining Issues 
•  Proving desired levels of stack and system durability for 

hydrogen fuel cells and electrolyzers  (40,000+ hours 
stationary, 4,000 hours transportation) 

•  Cost reduction in hydrogen and other fuel cell and 
electrolyzer systems (goal: $1000/kW stationary and 
$30-40/kW transportation) 

•  Hydrogen storage – no ideal solution yet 
•  Assuring hydrogen purity from esp. biogas and natural 

gas sources for “pure H2” apps. 9 



•  Major Means of Industrial Hydrogen Production 

•  Steam methane reforming: CH4+H2O->CO+3H2(then 
WGS adds H2O to the “syngas” to yield 4 H2 plus CO2) 

•  Partial oxidation of hydrocarbons: 2CH4+O2->2CO+4H2 

•  Syngas from coal: C+H2O->CO+H2 

•  Electrolysis: electricity plus water using “electrolyzer” 
devices  

•  Low temperature 
•  High temperature 

 

•  “By-product”: catalytic reforming at refineries, other 
off-gas recovery, and chlor-alkali process 
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•  Advanced Production Methods 
•  Thermo-chemical 

•  Over 200 cycles have been investigated to split water 
(though most have been found to be not viable) 

•  Conversion of biomass 

•  Photolytic and fermentative micro-organism systems 

•  Photo-electrochemical – direct water splitting using 
semiconductor materials and sunlight 

•  Many nuclear cycle-related pathways 
•  High temperature thermo-chemical 
•  High temperature electrolysis 
•  Other nuclear process-interface pathways 

•  Myriad other experimental methods using                
nano- and other finely structured materials 11 



!
Source: EIA, 2008 
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!
Source: NREL, 2006 
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Source: NREL, 2006 14 
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Source: EIA, 2008 
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Source: EIA, 2008 
!
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Source: Air Products and Chemicals, Inc. 
!
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Source: U.S. DOE, 2010 (draft) 
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Source: H2E3 Program 
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Source: U.S. DOE, 2010 (draft) 
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Source: U.S. DOE, 2010 (draft) 
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Source: Norsk Hydro 
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!
Source: EIA, 2008 
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Sources: Annu. Rev. Energy Environ. 1999, 24:227-79 



•  Hydrogen is bulky – stores lots of energy by mass but 
not very much by volume 

•  Optimal hydrogen storage system would have high 
energy density (by wgt. and vol.), low cost, quick 
refueling, and good safety 

•  Major candidates are: 
•  Compressed gas (2,400-10,000 psi) 
•  Cryogenic liquid 
•  Material based solutions such as metal hydrides, 

high surface area adsorbents, and chemical hydrides 

•  No perfect solution yet – trade-offs among systems 
26 
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!
Source: Baldwin, 2009 
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!
Source: Cohen and Snow, 2008 
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Installed in 2004 on windy 
Norwegian island 
 
Supplies 10 households with 
constant power 
 
Both hydrogen fuel cells and 
gen-sets have been used 
 
Demonstrates use of 
renewable hydrogen for 
“power autonomy” on 
islands 
 
Platts Award for Renewable 
Project of the Year (2004)  
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!
Source: Honda (in U.S. DOE, 2010 - draft) 

Located in 
Torrance, CA 
 
Household scale 
 
6 kW of solar PV 
 
0.5 kg of H2 per 8 
hour period 
daylight 
 
New type of 
electrolyzer 
eliminates need 
for H2 compressor, 
raising efficiency 
by ~25%! 
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Sources: Orange County Register, 2010 
   and Air Products and Chemicals, Inc. 

Energy source is 
biogas from WWT 
 
250 kW of fuel 
cell power 
 
Enough H2 to fill 
40 cars per day 
 
Project cost of 
$8-9 million 
 
Scalable to 2 MW 
and 400 car fills 
per day! 
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Source: Patel et al., 2010 
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Source: Patel et al., 2010 
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Sources: Penn State Univ. and 
www.winebusiness.com  

!

Bacteria turns unused 
sugar and vinegar from 
winemaking process into 
electricity 
 
Then the electricity 
supplemented by grid 
power is used to split 
water in “microbial 
electrolysis” 
 
Estimated 10x more 
energy available than 
needed to process it 
 
Produces methane as 
well as hydrogen 

!
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•  Hydrogen Market is Well Developed in Industry but Not 
Yet at Commercial and Consumer Levels 

•  H2 and FCs Offer Potential for Deep Cuts in Carbon and 
Very Low Air Pollutant Emissions 

•  Commercial Applications Proliferating 
•  Electricity production with fuel cells 
•  Backup/premium power 
•  Transportation 

•  Remaining Challenges 
•  High costs of stationary systems 
•  Challenges with economically dispensing high-purity H2 
•  Codes and standards gaps and issues 
•  Safety for various applications still being proven but 

general good record so far 

•  Markets are Expanding and New Developments are Rapid! 
38 



•  Tim Lipman, PhD   telipman@berkeley.edu 
 

•  Clean Energy States Alliance: 
www.cleanenergystates.org 

•  TSRC: tsrc.berkeley.edu 

•  Pacific RAC: www.pacificcleanenergy.org 

•  H2E3: hydrogencurriculum.org 

•  U.S. DOE Hydrogen Program: 
www.hydrogen.energy.gov 
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•  Stationary Power 
•  Fuel cells (predominant) and gen-sets (possible) 
•  Combined heat and power market is developing well 

•  Transportation Applications 
•  Heavy duty (buses, delivery vehicles) 
•  Light-duty (all major OEMs) 
•  Forklifts (now commercial) 

•  Backup Power 
•  Telecommunications 
•  Redundancy for premium power markets 
•  In conjunction with stationary fuel cell CHP 

 

•  Educational Teaching Tools 
•  Electrolyzer/fuel cell kits 
•  FC test stations for advanced classes 
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Recent Commercial Status  (Source: U.S. DOE, 2010) 
 

•  More than 50 types and sizes of commercial fuel 
cells are currently being sold 

•  Value of shipments reached $498 million in 2009 
(globally) 

•  40% growth from 2008 

•  Approximately 15,000 commercial units were 
shipped in 2009 including 9,000 stationary units 

•  Additional approximate 9,000 small units sold for 
educational purposes 

41 



Source: UTC Fuel Cells 
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Demonstrated: 
 
Overall efficiency of 
~90% (claimed) 
 
Very low emissions 
 
90,000+ hours of 
operation (likely with 
stack replacements) 
 
99% Availability 
 



Source: U.S. DOE, 2010 (draft) 

$7000/kW 

$2000/kW 

$1000/kW 
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Source: Altergy Systems 
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Source: U.S. DOE, 2010 (draft) 
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Source: Altergy Systems 
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