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Disclaimer and Government License

This work has been authored by Midwest Research Institute (MRI) under Contract No. DE-AC36-99G010337 with the U.S.
Department of Energy (the “DOE”). The United States Government (the “Government”) retains and the publisher, by accepting
the work for publication, acknowledges that the Government retains a non-exclusive, paid-up, irrevocable, worldwide license to
publish or reproduce the published form of this work, or allow others to do so, for Government purposes.

Neither MRI, the DOE, the Government, nor any other agency thereof, nor any of their employees, makes any warranty, express
or implied, or assumes any liability or responsibility for the accuracy, completeness, or usefulness of anlz information, apparatus,
product, or process disclosed, or represents that its use would not infringe any privately owned rights. Reference herein to any

specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does not constitute or
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Gasoline vs. Hydrogen

Gasoline

» 108,000 — 123,500 BTU/gal
Hydrogen

» 116,000 BTU/kg

1 kilogram of hydrogen ~ 1 gallon of gasoline

However, if fuel cells are twice as efficient as
gasoline engines, then twice the mileage with
hydrogen
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http://www.nrel.gov/data/pix/Jpegs_Copyrighted/00558.jpg

Hydrogen

 Hydrogen is an energy carrier, much
Ike electricity.

* Hydrogen must be produced or
extracted from hydrogen rich materials
just as electricity must be produced.

* Hydrogen-based energy systems will be
as safe or safer than today’'s gasoline.
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How to produce hydrogen RE?

Electrolysis.
s!> from renewable )
g\@ sources GD@

Focus of this research is on renewable H,
production because it is the only way
(today) to produce the gas without
emissions.

DC electricity
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Technology Characteristics

« Alkaline
— Cheaper catalyst (Ni v. Pt)

— Low current density ( T efficiency)
— Largest system < 103 $ kW-?

* Proton Exchange Membrane (PEM)
— Pure water input requires H,0 vapor removal
— Higher differential output pressure
— Solid (not corrosive) electrolyte
— 103 -10% $ kW1

« Solid Oxide
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Wind Energy Overview

« Fastest Growing Renewable
Energy Source

« 2.500 MW installed in 2005 in US

» Cost Effective Renewable Energy
Source ($O 03- $O O6/kWh)

Cost figures include the current wind production tax credit.

Cost of Energy -- Large
Windfarm v. Small
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Electricity Costs are Key

Hydrogen costs via electrolysis with electricity costs only

I Commercial System Efficiencies (54-67 kWh/kg)

$6.00 ——Ideal System (HHV of Hydrogen 39 kWh/kg)

H2 cost $/kg

$2.00 77 /

$1.00 -+

$0-00 - I : I : I : I : I : I : I : l : I : I : I : I : I : I : I : I : I : I : I : 1
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Electricity costs $/kWh

DOE: $2.00 - 3.00 kg -! delivered, untaxed, 2005$ by 2015
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Hydrogen Potential From Solar and Wind Resources

Total kg of Hydrogen per County
Normalized by County Area

Hydrogen
{Thousand kg/sg.km
year)
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k3
This analysiz showe the hydrogen potential from combined renevable rezources - wind and =olar. G -l
Seled emvironmental and land use exclusions were applyed. See additional documentation for 41 1 rla:_
more information. $,',‘Q’

June 2005
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NREL’s Hydrogen Test Facility

Two 6 kW power
supphes

J| Current
o trip
. (155A)
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Characterization Testing and Protocol
Development

« Characterization of 6 kW
PEM electrolyzer to enable
power electronics design

» Simulated PV and wind
using power supplies

 Tested with 5 kKW PV array

» Designed and tested power
electronics from 10 kW wind
turbine to stack
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Variable Input Power
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Monitor Performance

» Stack and system energy

* Hydrogen pressure, flow and quality

(psig)

Pressure

170

165

160

155

150

145

Hydrogen phase separator
water purge cycle

[
Desiccant drying
tube cross-over
42 122 202 282 362 442 522 602 682 761

Time (second)

* Water temperature,
flow and quality
* Impacts on grid

| (pf, THD)
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Stack Performance

IV data and
electrochemistry
to extract stack

characteristics

Anode Exchange Current Density
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System Performance
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Xcel Energy/NREL Wind2H2E Project

Northern Power
Systems 100kW

Wind Turbine
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Bergey 10kW
Wind Turbine
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Project Goal - Integration

 Multiple electrolyzers
of both PEM and

alkaline technologies.

W
It

- Ability to accommodate
the varying energy input
from wind turbines
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Project Goal — Direct Coupling

» Variable speed wind turbines
‘directly-coupled’ to the hydrogen-
producing stacks of commercially
available electrolyzers.

Variable
Magnitude &
Frequency AC &N o




Project Goal - Demonstration

» (Gain operational
experience of a
hydrogen production
facility. _.

» Compression of product |
gas and theuseofa ‘B
hydrogen internal
combustion engine.

* Develop standard test
protocol.




Current Day Electrolyzer
Companies

HYDRO N
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http://www.hydrogenics.com/default.asp
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Where is NREL Electrolysis Info?

http://www.nrel.gov/publications/
> Search for “electrolysis” or “wind and hydrogen”

« 2006 - Electrolysis: Information and Opportunities for
Electric Power Utilities

« 2006 - Wind Energy and Production of Hydrogen and
Electricity -- Opportunities for Renewable Hydrogen

« 2005 - Renewable Electrolysis Integrated System
Development and Testing

« 2005 - Analysis of Hydrogen Production from Renewable
Electricity Sources

« 2004 - Summary of Electrolytic Hydrogen Production:
Milestone Completion Report (currently being updated.
Available early 2007)

« 2004 - Hydrogen Storage in Wind Turbine Tgwe_rs
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