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Hydrogen Transmission Scenario

* Low-pressure electrolyzers
» “Pack” pipeline: ~ 120 GWh
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Norsk Hydro electrolyzer, KOH type
560 kW input, 130 Nm3 / hour at 450 psi (30 bar)




Hydrogen Transmission Scenario
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Hyd rog'en Energy S'torage
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150 bar = 2,250 psi
2,500 Mt net = 92,500 MWh

$15M avg cap cost / cavern
$160 / MWh = $0.16 / kWh
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200 caverns per square mile

Each cavern is 200 ft diam, with minimum 200 ft web separation.
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Discharge Time

Minutes

Seconds

High Energy

Super Capacitors

Power Quality & UPS

| Other Adv. Batteries

Flow Batteries

VRB

MONTHS:
RN GH2, NH3

Energy Management
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Power
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100 kW

1MW 10 MW 100 MW

Power
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Output Energy Density
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Hydrogen “sector” of a benign, sustainable, equitable, global energy economy
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Opportunity: Extraordinary, not promising

ARPA-E "GRIDS" FOA

e ———

« ARPA-E: "'PPM S TgPRRE

y * ENERGY

Grid-Scale Rampable Intermittent
Dispatchable Storage

Funding Opportunity Announcement



Opportunity: Extraordinary, not promising

“GRIDS” FOA

« 23 Apr: “... not encouraged to submit...”
 “Full App” due 24 May 10

 Funding announced ??

* Goal: $100 / kWh capital cost

 H2 cavern storage: $0.20 / kWh



Opportunity: Extraordinary, not promising

GRIDS

* ... widespread deployment of ...
grid-scale energy storage

... develop revolutionary new storage systems
... Which are modular ... widely implemented at
any location across the power grid

... focusing on technology prototyping and proof-
of-concept R&D efforts



Opportunity: Extraordinary, not promising

AAS|I Concept Paper, 1 Apr 10

— Renewable resources

— Transmission pipeline

— Destination end-users for GH2 fuel
— Cavern GH2 storage, if available

» Bid: credible RFP or RFQ release
* Responses: cost, feasibility, further work
« R&D&Demonstration: polymer-metal line pipe

* Alaska Applied Sciences, Inc. (AASI)



Opportunity: Extraordinary, not promising
AASI| Concept Paper
Budget:

$200 K Polymer —metal line pipe

$480 K ARPA-E cash
$120 K Applicants in-kind



Opportunity:

Extraordinary; not promising

« 24 May deadline; foot in door
» Join AASI as co-applicant

e If ARPA-E declines:

o Collaborative founded

o Proceed ? Resources ?



1. Adequate Renewables

 Affordable, benign
* Diverse, synergistic
* Richest are “stranded”

— Far from markets
— No transmission
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Comparing the world's energy resources”

Where should we
invest for the
long-haul??

.

World energy use

Matural Gas

S

Petroleurm

LI raniurm

feearly potential s shown for the renewabie chergles, Total resehies are shown forthe foss i and nuciear “Lae-therm lose-thenr”

resources, Word engrgy Lae [ annual




Figure 3 Hydrogen Potential from 3olar and Wind Resources
Total kg of Hydrogen per County

Nermalized by County Area 7

- Total solar: ~3 x 10014 kg / yr
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The Great Plains Wind Resource




Exporting From 12 Windiest Great Plains States

Number of GH2 pipelines or HVDC electric lines necessary to export total wind resource

Wind energy source: PNL-7789, 1991

* at 500 miles average length

wWind
Gen 6 GW $ Billion| 3 GW | $ Billion
MW 36” GH2 Tot_al export Tot_al
AEP, e export Capital H_VDC Capital
State TWh | (409 cF) | pipelines | Cost > lines Cost *
North Dakota 1,210 345,320 50 50 100 60
Texas 1,190 339,612 48 48 100 60
Kansas 1,070 305,365 43 43 100 60
South Dakota 1,030 293,950 41 41 100 60
Montana 1,020 291,096 41 41 90 54
Nebraska 868 247,717 35 35 80 48
Wyoming 147 213,185 30 30 70 42
Oklahoma 725 206,906 29 29 60 36
Minnesota 657 187,500 26 26 60 36
lowa 551 157,249 22 22 50 30
Colorado 481 137,272 19 19 40 24
New Mexico 435 124,144 17 17 40 24
TOTALS 9,984 2,849,316 401 $ 401 890 $ 534




Compressorless 20", 36" GH2 Pipeline Capacity
1,500 psi IN / 500 psi OUT

Capacity, GW

200 300 500 1,000
Pipeline Length, Miles

E 20" diameter E 36" diameter




Capital Cost per GW-mile

Electricity : Capacity
KV~ MW

« SEIA: 765 5,000
345 1,000

« AEP-AWEA 765 5,000
consensus ?

Hydrogen pipeline:
36”, 100 bar, 500 mi, no compress

(100 bar = 1,500 psi)

M / MW-mile
1.3
2.6

3.2
2.5

0.3



2. When we realize these as
emergencies:

We must quickly invest In:
* Energy conservation, efficiency
 GW-scale new energy supplies:
= CO,— emissions - free
= |ndigenous
= Both distributed, centralized



3: Shortest path to benign,
secure, abundant energy

— But stranded (no transmission)
« (Gaseous hydrogen (GH2) pipelines
— Conversion, gathering
— Transmission
— Storage: tanks, salt caverns
— Distribution

« Geologic storage “firms”

 Pilot plants needed:

— Every major new industrial process
— IRHTDF



3: Shortest path to benign,
secure, abundant energy

— Transmission
— Storage: tanks
— Distribution
— Carbon steel: no HE
* Pilot plants needed:
—'08 Farm Bill Sec 9003:
“‘Renewable Fertilizer Research”



4. Hydrogen’s principal value

NOT fuel cell cars

» Geologic storage
» “Renewables — Nuclear Synergy ...”, C. Forsberg

Benign, if from renewables
Global opportunity

Hydrogen “sector”, not “economy”. Systems
— Transportation fuel: ground, air
— DG electricity, CHP, retail value



5. Pilot plants needed

* Diverse, large-scale, stranded
 Renewables-source systems
 IRHTDF

 Papers: Japan, Canada, IPHE
¢ Systems
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Global
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Trouble with Renewables

Diffuse, dispersed: gathering cost
Richest are remote: “stranded”

— High intensity

— Large geographic extent
Time-varying output:

—“Intermittent”

—“Firming” Iintegration + storage required
Distributed AND centralized
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Wind seasonality, Great Plains
Normalized to 1.0

e Winter 1.20
e Spring 1.17
e Summer 0.69

Source: D. Elliott, et al, NREL




Wind Seasonality, Northern Great Plains

Normalized to 1.0 per season

14

1.2

1.0

0.8

0.6

Seasonality Factor

0.4

0.2

0.0

Winter Spring Summer Fall




Wind Seasonality, Northern Great Plains

1,000 MW windplant: AEP = 3,500 GWh / yr

“Firm” goal =875 GWh / season

Storage: 320 GWh per 1,000 MW wind

Source: NREL, D. Elliott
1,200

1,000

tion, Firm Delivery




Total Installed Capital Cost
1,000 mile Pipeline
“Firming” GH2 cavern storage
Windplant size 1,000 MW

[million]

Wind generators $ 1,000
Electrolyzers 500
Pipeline, 20" 1,100
# storage caverns  [4]
Caverns @ $10M ea 40

Cushion gas @ $5M ea 20
TOTAL $ 2,660

Cavern storage: ~ 3 % of total capital cost



320,000 MWh

Annual firming, 1,000 MW wind

« CAES (compressed air energy storage)
— O&M: $46 / MWh typical
— lowa: Power =268 MW
Energy capacity = 5,360 MWh
Capital: 268 MW @$800 / kW $214 M

$325 Million

$160 Billion




Trouble with Renewables -
Electricity Transmission

Grid nearly full

— New wind must pay for transmission
— Costly: AC or DC

Low capacity factor (CF) or curtailment
Costly “firming” storage: CAES, VRB
Overhead vulnerable: God or man
Underground: Only HVDC

FERC no interstate jurisdiction

Wide ROW

NIMBY: site, ROW delay + cost







Trouble with GW - scale Wind

“Cherry-picked” windplants:
— Best wind sites

— Low-cost transmission access

Depend on PTC: $0.02 / kW
No storage: smoothing or fir

1

ming

Grid integration: instability, cost
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CA: 20% of “cars”
hydrogen fueled by 2030

« 12,000 miles /year = 150 kg H2 / year

« 1,800 M kg H2 / year = 1.65 M tons H2 fuel / year
@ 50 kWh / kg electrolysis at windplant gate:

— 82,500 GWh / year
— @ 40% CF = 23,000 MW nameplate wind

— Requires 3 GH2 pipelines, 36”, 500 miles long

— PLUS @ 4 caverns / GW = 92 storage caverns,
to firm the supply at annual scale



Sandy Thomas ’'08-09

Greenhouse Gas Pollution (Light duty vehicles only)

(Billion/ tonnes CO2-equivalent/year) I100% Gasoline
- ICVs
2.5 "///‘ ——————— !
-
- - Base Case:
- = Gasoline Hybrid
2.0 - - Scenario
"
_ — -
" -
- — Gasoline Plug-In
T Hybrid Scenario
1990 LDVGHG Ethanol Plug-In
1o Hybrid Scenario
Irrrpr ——— -
[T
GHG Goal: 60% below j\ ~ LTI J BEV' :
1990 Pollution ~ =7 Scenario;
057 — _—m— =TT T
~ _ {H2 ICE HEV |
GHG Goal: 80% below 1990 | —_——— - — " . WISISITII  Scenario |

Pollution

| Fuel Cell
0 - -
2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 210 Vehicle Scenario




“ Americans can be
counted on to
always do the right
thing —

but only after they
have tried

everything else”

Winston Churchill

The dog caught the car.

Dan Reicher




Compressoriess system: No geologic storage

Transmission - Distribution
ACgrid
: : Wholesale
City gate
Wind y 9 >:
| Generators _ ey Generators
120 GWh > ICE,CT,FC
Pipeline Energy : Endusers
Storage : Retail
High-press 7 % 3
Electrolyzers 1,500psi 500psi *
_ liardsk Cars, Buses,
e ot Trucks, Trains
1,000 miles :
Solar Hydrogen Gas :
Generators Pipeline '
36" diameter : . .
; : Liquefy Aircraft Fuel
1,500 -- 500 psi :



Composite
Reinforced Line
Pipe (CRLP)

42” diameter
3,400 psi
75" X70 steel
/5" composite

NCF Industries and
TransCanada Pipelines

ASME International Pipeline
Conference and Exposition,
Calgary, AB, Canada, October
02.




CRLP™ js a trademark of
NCF Industries, Inc.

CRLP™ is manufactured
under license from

NCF Industries, Inc. U.S.
and Foreign patents have
been issued and are
pending.




HDI Polymer - Metal Pipe Technology:
Transverse Cross-Section

HDPE

Metal (Cu, Al,
stainless steel, ...)

HDPE

FRP overwrap  (Fiber Reinforced Plastic)

Hydrogen Discoveries, Inc. (HDI) 57



Polymer — Metal Line Pipe

HDPE +
Al foil
H2 barrier

4" |D

- Hydrogen Discoveries,
Inc. (HDI)
« Smart Pipe, Houston




Smart Pipe, Houston

e On-site fab, continuous

* Unlimited length

* FRP (fiber-reinforced plastic)
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Air Products Company

REFINERY ACTIVITY
LOS ANGELES BASIN, CALIFORNIA
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“We know how to pipeline hydrogen” Air Products
~ 10,000 miles of GH2 pipeline, worldwide

Alir Products H,/ CO Pipeline - Texas Gulf Coast

HYDROGEN

PR cO —>/ /<— npprox. 60 Miles W=
SYNGAS CHARLES

Air Products Facilities tBEAUMONT

¥
CITY OF MONT BELVIEU ORANGE

HOUSTON @ 9

PORT
ARTHUR

BATTLEGROU YTOW
BAYTOWN

\

PASADENA
] LAPORTE 1
BAYPORT Approx. 60 Miles
CLEARLAKE
GULF OF MEXICO

hyco99ppt 2



abc

Rotterdam Pipeline System

i

Europoort .9‘\\ ROZENBURG
\\\\\ AP Botlek

°
N\
7 (A

Industrial Gas
Pipeline

F:OTTE RDAM

AP Pernis

ZWIINDR EC.HT

} To Moerdijk

vco99npt 4



Industrial Gas H2 Pipelines:
avold HE, HCC

Low-alloy steel
Constant pressure

Low-pressure:
—30% SMYS (Spec Min Yield Strength)
— Natural gas: 80% SMYS

Short distance
Industrial corridors




AWEA 20% Wind by 2030
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Wind Potential ~= 3,000 GW



Saskatchewan

CANADIAN{LNDBERSH ,
PO/ COMPASS (UNITY) . Mew
SINE CONFASS (ESTERHATY) i
NS MMERALS (dANSCE R o T Erunswick
CANADIAN (EELLE PLAINE)

Alberta

Manitoba

Morth Dakota

L aa {compass OGDM)

CARGH |_.. -

Kansas
3 INDEPEDEN KANCROL)
LYONS Y0NS R NASC ¢ COMPASS (LYONS]
IKIRICH (HITCHNSEH)
ARGILL (HUTEHINSON] - 28 HUTCHINSON HITEHINSON)

R pep——

HNew Mexico

4F an QuEmAns) Oklahoma

UNITED (CARSRACH,
L NEW MEXIC0 SALT & MINERALS EVING)

MORICH (GRAND SALINE) 38

Texas

Renewable-source GH2 geologic storage potential.
Candidate formations for solution-mined, salt caverns



AWEA 20% Wind by 2030
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AWEA 20% Wind by 2030
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AWEA 20% Wind by 2030
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Estimated 2050 energy use
(H, fleet using wind electrolysis)

Projection Year 2050

Estimated Future U.S. Energy Requirements - 143.3 Quads)
From Year 2025
Hydro Efficiency Year 2025 Modified
Energy Distribution Year 2025 Modified

1.21

7.28

Electricity
Generation
60.3

Wind
16.27

Residential
17.22

63.09

Solar
0.01

Rejected Energy

Nuclear
7.84

Industrial

Useful Energy
80.22

Airlines

Oil
42.92




OPTIMISTIC
City-gate GH2 cost @ 15% CRF, 20" pipeline,
from 2,000 MW Great Plains windplant

$3.50
Competitive cost ? /
o $3.00
L
O /
> $o50 - \ g
g /
$2.00
ﬁLg . Y/
S
N 150 - e
‘7
$1.00
200 300 500 1000

Pipeline length, miles

=—g=—PB1: Unsubsidized =l==B2: US fed PTC only =e=B3: PTC + Oxygen sales ==@==B4: PTC + O2 sale + C-credit




IRHTDF

* Pilot plant: Every new industrial process
* |IPHE project ? Global
* Renewables-hydrogen system

= Generation

= Conversion

= Collection

= Transmission

= Storage

= Distribution, end users

= Synergy: O,, seasonal
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ARPA-E Full Application Process
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ARPA-E Full Application Process

Form : ARPA-E
Collaborative Full App
: : Compose Proposals
Concelve Design ) ’
J RFP or RFQ Bids
\ /, //////
\ - o= > Feasibility
/ ;o
\ % Kalys > Cost
‘ L : : > R+D required
> Upstream R+D i_____________j >Permitting
> Consulting studies 1> Fund | |
> Add collaborators _ > Build | |
> Conference papers : > Own, operate k___________l
> Show-stoppers I> Location | Post ARPA-E
> International, global :> Users :
> Further work -]




ChES

IRHTDF, ARPA-E Outcomes

Discover and demonstrate:
a. Tech + Econ feasibility, advantages RE-H2 systems
b. Upstream R+D needed
c. Collaborators, funders, users
Report results to world energy community
a. Technology
b. Costs, benefits, synergies
c. Extrapolate to large-scale
Encourage investment
a. Improve and proliferate renewable energy sources
b. Known cost, benefits
c. Proven market for H2 fuel
d. New NG pipelines as RE-H2-capable
Model for designing larger RE-H2 systems
Accelerate C-free global future



Opportunity:

Extraordinary; not promising

* Foot in door: 24 May deadline
» Join AASI as co-applicant

e If ARPA-E declines:

o Collaborative founded

o Proceed ? Resources ?



Jon Wellinghof

FERC Chairman

About new coal +
nuclear plants:

* We may not
need any, ever”

NY Times, 22 Apr 09




Opportunity: NOW

* Begin pipeline pilot plant process
* Autos Sept 09 memo: Ready in ‘15
* Gulf oil disaster
* Energy — GCC bills in Congress

* Econ recovery



Begin Now: Design and Builld a
Renewables-Source.Hydrogen
Transmission PipelingPilot Plant

Handouts DVEFs

National Hydrogen Association
4 May 10
Long Beach, CA

Bill Leighty, Director
The Leighty Founhdation
Juneau; AK
wleighty @earthlink.net
907-586-1426 206-719-5554 cell




GW-scale Transmission + Storage Options

Electricity: HVAC, HVDC

— CAES compressed air energy storage

— Vanadium Redox battery (VRB Power Systems)
— Sodium-sulfur battery

— PHEV (distributed)

— Geologic: salt caverns (man-made)
« Liquid Hydrogen (LH2)
— Pipeline, truck, rail car, ship
— 1/3 energy to liqguefy Ammonia (NH3) liquid
— Tank, refrigerated, 10K — 60K ton
« Liquid ammonia, NH3: steel tanks
* Liquid synthetic HC's — zero net C
— Pipeline, tank, truck, rail car, ship
— Geologic: salt caverns (man made)
 “Energy Pipeline”, EPRI: LH2 in pipeline, SC LVDC electric
« Chemicals
— Hydrides
— Al - Ga € - Alumina



