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Part 2. Hydrogen and Related Topics

Introduction and hydrogen economy
Production of hydrogen from water
Hydrogen storage

Usage of hydrogen

O &~ W b

Safety aspects

The objective of these lectures Is to provide the required
knowledge of using hydrogen as a medium of energy.

Our focus here is enerqy storage and fuel for transportation in a
distributed enerqgy scenario.
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Renewable Energy Storage

Solar and wind energy sources are

They will become major sources of power if we find

and transport their energy.
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Renewable Energy Storage
and Fuel for Transportation

, the simplest molecule, can be used for storing energy and
make it available where and when it is needed.

When used as a chemical fuel, it does not pollute

Hydrogen is not an energy source , but it is an that
has to be manufactured like electricity.

Hydrogen can be manufactured from many primary sources ( from
clean water and solar energy) - reduces the chances of creating a
cartel.

Hydrogen Cycle: electrolysis — storage ——  power conversion
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Hydrogen Properties

Hydrogen has several important chemical properties that affect its use as a fuel:

* It readily combines with oxygen to form water, which is absolutely necessary for life on this
planet.
* It has a high energy content per weight (nearly 3 times as much as gasoline), but the energy

density per volume is quite low at standard temperature and pressure. Volumetric energy
density can be increased by storing the hydrogen under increased pressure or storing it at
extremely low temperatures as a liquid. Hydrogen can also be adsorbed into metal hydrides.

* Hydrogen is highly flammable; it only takes a small amount of energy to ignite it and make it
burn. It also has a wide flammability range, meaning it can burn when it makes up 4 to 74
percent of the air by volume.

* Hydrogen burns with a pale-blue, almost-invisible flame, making hydrogen fires difficult to see.

* The combustion of hydrogen does not produce carbon dioxide (CO,), particulate, or sulfur
emissions. It can produce nitrous oxide (NO,) emissions under some conditions.

* Hydrogen can be produced from renewable resources, such as by reforming ethanol (this
process emits some carbon dioxide) and by the electrolysis of water (electrolysis is very
expensive now).

Source: www.eere.energy.gov  [ose?
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| Hydrogen Properties

Energy Content for 1 kg (2.2 Ib) of Hydrogen = 424 Standard Cubic Feet
(Reacting with oxygen to form water)

Higher Heating Value Lower Heating Value
134,200 Btu 113,400 Btu
39.3 kWh 33.2 kWh
141,600 kJ 119,600 kJ

33,800 kCal 28,560 kCal
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Fuel Properties

Comparison with other fuels

Fuel Energy Energy
[kJ/gl [kJAl

Cosl | 23 | -
Growncost | 1 | -
Wood | 146 | -
Gasoine | 435 | 0500
Disel | w27 | 20850 |
othanol | 196 | 5630
ydrogen | 1199 | 10

+ High energy content per unit mass
- Low energy content per unit volume

-~
TU Delft
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Renewable Hydrogen Cost

B Electricity

B Electrolysis

I Compression and
storage

H, Cost, $/kg
Ea ol

w

Energy Wind Wind Wind PV Geo Solar
Crops Class 4 Class 5 Class 6 Solar Thermal Thermal

Duane B. Myers et al., 2003, Hydrogen from Renewable sources, Direct Technologies, inc, Arlington, VA 22201
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SESEC Project - $1000/ kW

90% Efficiency
90% Efficiency

Solar-thermal system —I

40% Efficiency
Short-term
Energy Storage

PV Arrav

Heat Recovery
Legend
Local

Electric line
Loads

= H, Piping Balancer

Load
Heat Stream

5 kW Solar-electricity & hydrogen generation System
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, Hydrogen Economy

Production: sustainable energy like wind, solar or biomass would
produce electricity to be used to split water into hydrogen as fuel and
oxygen as a valuable by-product. "

Storage: Hydrogen would be used as an energy-storage medium - as a
gas under pressure, as a cryogenic liquid, in hydrogen absorbing alloys
(hydrides) or in carbon nanostructures.

Distribution: As a gas, hydrogen can transport energy in pipelines over
long distances.

Fuel: As a chemical fuel, hydrogen can be used in a much wider range
of energy applications - internal combustion engines, gas turbines and
fuel cells etc. When used properly produces no nitrogen oxides and no
hydrocarbons.
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Hydrogen Economy

Why did not hydrogen make significant inroads into existing energy
systems years ago?

Fossil fuels were cheap and hydrogen was several times more
expensive.

Environment degradation was a concern of a tiny minority and
environmental health is not high on the list of priorities.

Inadequate technology for routine production, handling and storage of
hydrogen.

Societal issues such as replacing an entire technologically advanced
energy system of immense infrastructure with something else is huge
undertaking.

Society does not yet place value on sustainability.
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Hydrogen in our Energy Future

Hydrogen and Its Competitors

USA: Prices for Major Fuels and Energy Carriers, 1970-1999

Hydrogen

Retall Electricity
(Industry prices)
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Source: David G. Victor http://cesp.stanford.edu/pesd
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Evolution of Primary Energy Systems

Nuclear

] i ) Program on Energy & Sustainable Development
Source: David G. Victor http://cesp.stanford.edu/pesd
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Infrastructure Evolution
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US Hydrogen Output and Price

IS Hydrogen Production, 1671-1868
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US Oil Output and Price

170 Billion '96USS/year

150 Billion '96USS/year

Million barrels daily

130 Billion '96USS/year
110 Billion '96USS/year

--4 90 Billion "96US3/year

-..] 70 Billion '96USS/year

| 50 Billion '96USS/year

Crude Oil Price (96'US S per per Bamrel)

30 Billion "96USS/year

10 Billion '96USS/year

USA Crude Oil Production (Millions barrels daily)

Program on Energy & Sustainable Development
http://cesp.stanford._edu/pesd

Source: David G. Victor
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US Electricity Output and Cost

L {220 Billion '96USS/year

US Elsctricity Genaration, 1080-2001 .
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Electrification

Electrification of Industrial and
Post-Industrial Societies

.S, Primary Energy

Input to Electricity
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Source. DaVid G ViCtOI’ http://cesp.stanford._edu/pesd
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Crude Oil Prices

art of

US dollars per barrel

World events
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World OlIl Production

World Oil Production: 1965-2001

Former Soviet Union Non-OPEC

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

Program on Energy & Sustainable Development
http://cesp.stanford._edu/pesd

Source: David G. Victor
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Investment Price per kW

$1000/kW in 2005
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Source: Colpier and Cornland. 2002. *The Economics of the Combined Cycle Gas Turbine — An Experience Curve Analysis."
Energy Policy 30: 308-316.
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Hydrogen Implementation in Iceland
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Hydrogen Implementation in Iceland

Hydrogen (000 tonn)

2000 2010 2020
Forecast for the development of the usage ol hydrogen as a fuel in cars

and ships. llechnical developments

4 i + L4 !
considerably influence the grapn.




- [ElStaiRable” nergy cience and Engineering Center
Hydrogen Implementation in Iceland

Fueling Infrastructure
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Hydrogen Implementation in Iceland
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Hydrogen Implementation in Iceland

Residential
utilization by
the use of

PEM fuel

Storage in the
form of hydrides

Hydrogen from L
S And/or high

Electricity from :
Rt PEM electrolysis pressure gas

wind, hydro, geal”
nuclear

Residential fuel depot

For applications in
mobility ete.
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Hydrogen Implementation in Iceland
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" DOE Hydrogen Roadmap

U.S. Energy Dependence is Driven By
Transportation
U.S. Oil Use for Transportation

Domestic
/ Production

Millions of Barrels per Day

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

George Sverdrup
National Renewable Energy
Laboratory -
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DOE Hydrogen Roadmap

President Bush Launches the Hydrogen
Fuel Initiative

"Tonight | am proposing $1.2 billion in research
funding so that America can lead the world in
developing clean, hydrogen-powered automobiles.

"A simple chemical reaction between hydrogen and
oxygen generates energy, which can be used to
power a car producing only water, not exhaust fumes.

"With a new national L{}[‘I‘HTIITI'I‘I{—‘FIT our scientists and
engineers will overcom acles to taking these
cars from laboratory to showroom so that the first car
driven by a child born today could be powered by
hydrogen, and pollution-free.

"Join me in this important innovation to make our air
significantly cleaner, and our country much less
dependent on foreign sources of energy."

2003 State of the Union Address
January 28, 2003
George Sverdrup

National Renewable Energy
Laboratory -
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DOE Hydrogen Roadmap

Stationary and Distributed Generation Partnership Timeline

2000

2005

2008

2012

201s

Phase 1
Cost Reduction’
Technolozy Improvement
Small System

Phase 2
Coost Reduction
Technology Improvement/
Limited Commercialization
Small System

Phase 3
Large Scale
Commercialization'
Multiple Applications
Small System

Large System Demonstration
and Commercialization

Fuel Celll Turbine Hybrids
Distributed Greneration

Coal Based Central Generation

Objectives

sDevelop stack desipn
sDevelop manufacturing
methods

sIncorporate lower cost, robust
materials

s0ptinize system, thermal
mtagration

#1lse small system technolozy in
larger hybrid and coal based
SY¥EIEMS

»Hybrid efficiency - 60-T0%
#Coal based efficiency — 60%

RE&D to establish initial
performance and reliabilicy
Limited 3 to 50 KW prototype
[2sis

Fé&D to mmprove cost, duzabilicy
and efficiency
Target 2 to 25 MW sited by
2008

E.&D to improve cost, duzabilisy and

efficiency

Target: 300 MW sited by 2012

Imvestment to establish full
manufactuning capacity and product
wazTanty to successfally compete in the
market

GoNo Go
Decizion Points

Proposed Decizion Critaria:
R&D and limited
demonstrations results in
accaptabls durability, 35-55%
afficiency, and potential 1o
approach S400/kW.
{Projection based om 100,000
units production, exact cost
targsts depend on specific
applications.) Vearifisd by
independsnt audit and tasting

Proposed Decizion Criteria:
Validatad Phasa 2 systams
achieve improvad durability
40-60% efficiency, and
assuranca that S400/k\W can Industry decides on
be achieved [Projection basad
on 100,000 units production,
exact cost targets depend on
spacific applications).

yaar syst

Commarcialization

commarcialization.

weorge Sverdrup
National Renewable Energy
Laboratory -
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2000

DOE Hydrogen Roadmap

2004

Transportation and Infrastructure Partnership Timeline

2009

2015

Phase 1
Technical Feasibility

Phase 2
Controlled Fleet
Test and Evaluation

Phase 3
Commercial Readiness
Demonstrations

Commercialization
Phase

Vehicle Objective

Test fusal cell (FC) vahicle
parformance and feasibility
conditions

Ewaluate use of FC
wehiclas undar real-world

Damonstrate commarcial
viability of FG fleat wahicles

Inweat to astablizh
manufacturing plants
and saleaisarvice

Infrastructure

Demonatrats H, fusling

Gensrate hydrogen from

Provide sufficiant stations

Imweat in subatantial

Decision Points

O

<

GhjEGTWE atation; Analyza fusl opticnz multipls feadztocks for consumar conveniance numbeara of all stations
and Primarily trucked in liguid Renewable & foaail fusls Moat cost efiective sources o be H, capabls
Hydrogen Source oy region

Go/No-Go

S

Proposed Decigion

Criteria — Phaze 1:
Hydrogen wehiclas achiswve
1000 hre durability,
S200/W cos=t (orojection
based on 500,000 unitz
production), RED reaults
projact 2000 hra durability,
£125/&W, 53.00¢'gallen
gaaaline equivalant
{untaxed).

Propossd Decizion
Criteria — Phaszs 2:
Hydrogen wehicles achisve
2000 hre durability.
5125KW coet (projection
basad on 500,000 unitz
production) & hydrogen at
53.00vgallon. RED results
projact S000 hre durability,
S45MW, $1.50-

%2 B0vgallon gascline
squivalent {untaxed), and
1200 g/mi greenhousza
gases..

Proposed G

gazoling equ

The decizion

be madse by i

Dacizion Criteria:

Bazad on capability to achiave
5,000 hra durability, S300kW
fusl call aystem cost (at
500,000 unitz), 51.50 fgallon

120 g/mi greenhouss gases,
and othar markst factora.

commarcialization phazs wil

ommearcialization

ivalant (untaxed),

1o antar a

mdustry.

R&D Contlnues Concurrently to address key cost and performance barrlers>

L]

George Sverdrup
National Renewable Energy
Laboratory -
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DOE Hydrogen Roadmap
Hydrogen Production

Key RD&D Needs eyl

. . . \ Conversion e A pplications
Low cost distributed production using natural

gas reforming
Prove large scale hydrogen production using

nuclear and thermo-chemical processes

Accelerate direct production using biological,
photolytic, and other techniques

Improved gasification for greater fuel flexibility

High efficiency and low cost electro

Improved separation and purification methods
and materials DOE Contacts:

Peter.Devlin@ee.doe.gov Ph. 202-586-4905
Economie, scalable carbon capture and Lowell.Miller@hq.doe.gov Ph. 301-903-9451

David.Henderson@hg.doe.gov Ph. 301-903-3097

sequestration techniques
| . 1 George Sverdrup

National Renewable Energy
Laboratory -
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DOE Hydrogen Roadmap

Hydrogen Production S g
H H i Conversion —{ Applications

Technical Barriers from N
HFCIT Multi-Year Plan
Low cost distributed production using natural gas reforming

- improved catalysts for reforming and water-gas-shift

- purification
Economic production using nuclear and thermo-chemical processes
Photoelectrcochemical production from water— improved materials
Biological production

- photobiological processes (organic substrate & water substrate)

- dark fermentation
Biomass to hydrogen

- improved gasification for greater fuel flexibility

- improved catalysts for reforming gasification & pyrolysis product streams

- economic generation of valuable co-products

High efficiency and low cost electrolysis

Improved separation and purification methods and materials

Economic, scalable carbon capture and sequestration techniques

George Sverdrup

National Renewable Energy
Laboratory -
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DOE Hydrogen Roadmap
Hydrogen Delivery

Delivery
Key RD&D Needs ~ S

Production )——4 Conversion )— (A pplications

Codes and standards for pipelines
P1E I—» Storage —1
and transport

Prov

deliv

e performance of hydrogen
ery infrastructure

Systems and economic analysis tools
and data to improve evaluation of

alternative delivery technologies

Evalunate efficacy of existing

infra
deliv

structure for use in hydrogen
ery

Testing and validation of existing

and improved delivery systems

DOE Contacts:

Mark.Paster@ee.doe.gov Ph. 202-586-2821
s@hg.doe.gov  Ph. 202-586-1657 George Sverdrup
National Renewable Energy
Laboratory -
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DOE Hydrogen Roadmap
Hydrogen Storage

Key RD&D Needs — @i

Production #——+{ Conversion J——{ Applications

Large scale demonstrations of
hydrogen storage devices
Improved materials for containment

L]
of compressed and liquid hydrogen [T .

Codes and standards development

for hydrogen storage devices —
= = = cliem. storage

Materials performance evaluation Try02as tanks
and ti‘.‘iitillg compressed gas

Manufacturing scale-up processes — oroduct
= gt

Novel materials and advanced

storage techniques for 9% by weight

storage in 2015

DOE Contact:

Millike e.doe. . 202-586-2
JoAnn.Millike e.doe.gov  Ph. 202-586-2430 George Sverdrup

National Renewable Energy
Laboratory -
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DOE Hydrogen Roadmap

Hydrogen Conversion

Debvery
Key RD&D Needs — :
Producnon i Applicanong.
Fundamental research on L, R
electrochemistry, interface, and
advanced materials for fuel cells

Lower cost, more durable, and easier-
to-manufacture fuel cells

Optimized hydrogen combustion in
engines and turbines for stationary and
mobile applications

Demonstrations of fuel cells, engines,
and turbines in mobile and stationary
applications including distributed
power and combined heat & power

Product safety standards for hydrogen
based fuel cells, engines, and turbines

e.doe.gov Ph. 202-586-8061

q.doe.gov Ph. 301-903-2700
RS George Sverdrup
hihdh ? National Renewable Energy
& = Laboratory -
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DOE Hydrogen Roadmap

Hydrogen Applications

Key RD&D Needs

Product safety standards and
environmental regulations for vehicles

Large scale demonstrations of existing
technologies — vehicles and distributed
power

Government as early adopter customer

Infrastructure development

Community-based clustered applications
and installations

Publicize existing and future showcase
demonstrations

I—- Delivery —l

Production il Conversion J— @50 el

1

DOE Contact:
Sigmund.Gronich@ee.doe.gov  Ph. 202-586-1623

George Sverdrup
National Renewable Energy
Laboratory -
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DOE Hydrogen Roadmap

Hydrogen Codes and Standards
Coordinating Committee: \
communication across hydrogen
community and development of
consistent codes and standards

Proposed amendments to
International Code Council model
building codes

International Standards
Organization Technical Committee

197: development of international
standards for hydrogen
technologies

ARZBR
ISO
N

€D

&
CSA AMERICA INC

e ——

i P 0 o ite

George Sverdrup
National Renewable Energy

Laboratory -




