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MUST Run the World on Renewables — plus Nuclear ?

Comparing the world's energy resources*

Where should we
invest for the
long-haul??

«

World energy use

Annual

Capital

Petroleum

Uranium




Beyond “Smart Grid”

— Transmission, gathering, distribution
— Storage

* Next big thing; panacea

* Enable run the world on renewables ?

* Must think:

— Beyond electricity

— Complete energy systems

Sunlight from la |
local star ,‘/ ;
=y
‘e

Electricity

Electricity
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Hydrogen and Ammonia
Systems and Fuels

* Underground pipelines
» Low-cost storage: <$ 1.00/kWh capital
— Firm; dispatchable supply
— Pipelines
— GH2 in salt caverns
—NH3 in tanks

Hydrogen and Ammonia
Systems and Fuels

» Transportation
— Ralil
— Truck
— Personal

e Emissions: H,0O, N,




Storage System
Ratings

Gaseous Hydrogen (GH2)

Anhydrous Ammonia (NH3)
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Figure 3 Hydrogen Potential from 3olar and Wind Resources
Tatal kg of Hydrogen per County
Meormalized by County Area

Total solar: ~3 x 10"14 kg / yr
Total wind: ~3 x 10011 kg / yr
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_ 1,000 miles Hydrogen Gas
Wind 1

ACgrid

Generators | | Pipeline 36" diameter, 1,500 - 500 psi

 Pipeline Storage = 120 GWh

Generators
ICE,CT,FC

Wholesale

Endusers
Retail

EIECtrolyZers fufmmm — 4 %

Wind
Generators

Cars, Buses,
Trucks,Trains

Geologic
Storage ?

Liquefy

Aircraft Fuel

Domal
Salt
Storage
Caverns



- 86 0 m3 physical

150 bar = 2,250 psi

e 2,500 Mt net = 92,500 MWh
. $15M avg cap cost / cavern
||+ $160 / MWh = $0.16 / kWh

e Cavern top ~ 700m below ground
I : :

Domal
Salt
Storage
Caverns

Texas

“Clemens
Terminal”
Conoco
Phillips
20 years

Praxair
‘07

Electricity Air

Air
Separation
Wind Unit (ASU) = 1 Ac grid
Generators i Wholesale
: Liquid Ammonia |(éeEm3:r$’to|§:
: N2 : Transmission b
Pipeline — End users
1 Retail
SSAS
Electricity reactor [
= | | Cars, Buses,
Trucks, Trains
Wind H,0 Liquid Ammonia
Generators Tank Energy Storage
Aircraft Fuel

Solid State Ammonia Synthesis (SSAS)




Wind —to — Ammonia Potential, NW lowa

“Atmospheric”
Liquid
Ammonia
Storage Tank
(corn belt)

30,000 Tons

190 GWh
$ 15M turnkey
$ 80/ MWh
$0.08 / kWh

-33C
'09 ARPA-E “GRIDS” Goal: $100/kWh 1 Atm




Exhaust

Insulation

_ Liquid Anhydrous
Ammonia (NH3)
-33 C, 1 atmosphere

Compressor

Engine

“ 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
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World saturation wind potential and its
implications for a sustainable future relying on
wind, water, and sunlight producing electricity

and electrolytic hydrogen

Mark Z. Jacobson

Atmosphere/Energy Program

Dept. of Civil & Environmental Engineering
Stanford University

Cristina Archer (coauthor)

WREC World Renewable Energy Forum
Denver, Colorado, May 14, 2012
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Why Study Saturation Wind Power
Potential?

A recent study concluded, using a one-line equation, that the
world wind potential over land accounting for energy
extractionis 1 TW

Another concluded that extractable jet stream power is 7.5 TW
This study uses a physical model to examine the maximum power
potential and how power output changes with different

installed wind power densities.

It then addresses whether the world can supply its power from
wind.

End Use Power Demand For All
Purposes

World u.S.

2010 12.5TW 250 TW
2030 with current fuels 169 TW 2.83TW

2030 converting all energy to

wind-water-sun (WWS) and

electricty/H, 11.5TW 1.78 TW
(32% reduction) (37% reduction)

12



Number of Plants or Devices to Power
World

Technology Percent Supply 2030 Number

5-MW wind turbines 3.8 mill. (0.8% in place)
0.75-MW wave devices 720,000

100-MW geothermal plants 5350 (1.7% in place)
1300-MW hydro plants 900 (70% in place)
1-MW tidal turbines 490,000

3-kW Roof PV systems 1.7 billion

300-MW Solar PV plants 40,000

300-MW CSP plants 49,000

World 100-m wind speeds (m/s), no wind turbine momentum extraction
90

Power at all wind speeds worldwide with no power extraction: 1700 TW;
Power over land in high-wind areas outside Antarctica ~ 70-170 TW
= 6-15 times world end-use WWS power demand 2030 of 11.5 TW
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4°x 5° Modeled vs 1.5°x 1.5° QuikSCAT Near-Surface Wind Speeds

_ Model wind speed 15 m AGL (m/s) (glh:6.07; Id:4.55; 0c:6.68)

QuikSCAT 2006 wind speed 10 m AGL (m/s)

Data from NASA, processed by Dan Whitt and Mike Dvorak

Representation of a vertically-resolved wind turbine in model

m/s

Lines are model layers
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Percent Reduction World Wind Speed When World, Land, and Jet Stream
are Saturated With Turbines, for Two Parameterizations

Turbine parameterization Surface roughness parameterization

: 7

Turbine
parameterization
reduces winds at hub
height and accounts , ,
for correct momentum | [ o tandEa i
extraction

~—World (5728 TW

&
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Pressure (hPa)
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Global and Land Saturation Wind Power Potentials

=8=Global SWPP
=8=Land SWPP

==*Global - No extraction

Annual average power generation (TW)
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a) Installed power (TW)

Increasing Output With Diminishing Returns With Increasing Installations




Fixed Wind Power Potential of 4 Million Turbines

-~

6 + 50% of 2030 world power demand (5.75 TW)

Annual average power generation (TW)
-

8 6 4
b Installed power density (W/m?)

Increasing Output With Decreasing Installed Power Density

4 x 5 Degrees 100-m World Saturation Wind Power
Potential and Resulting 100-m Wind Speed

Total at 1.5 degree resolution = 259 TW

gobﬁ 4°%5° world 100 m extracted Wim? (g:224;1:54;c:5.4;0:165 TW) 2 ~ bii) 4°x8° world 100 m AGL wind m/s (g:4.02; 1:3.81; 0:4.11)
] ST Tt ] :
. A

By A U gt
. A
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4 x 5 Degrees 100-m Land Outside Antarctica Saturation Wind
Power Potential and Resulting 100-m Wind Speed

-180 90 0 %0 180 -180 90 0 90 180

Total at 1.5 degree resolution = 74 TW + 6 TW coastal = 80 TW

4x5 Degrees 10-km Jet Streams Saturation Wind Power
Potential and Resulting 10-km Wind Speed

| ] D R
1 e E. I é»ﬂf‘r— E.
et ‘ L B B B ‘ L B | ‘ rrr “ Rl e I I I AR I ‘ [ ‘ [ ‘ [ \‘

-180 90 0 90 180 -180 90 0 90 180

Total at 1.5 degree resolution = 376 TW
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100-m Wind Power
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Summary

As number of wind turbines increase over large
geographic regions, power extraction first increases
linearly then converges to a saturation wind power
potential:

100 m globally ~ 260 TW

100 m over land plus coastal ocean outside Antarctica
~80TW

10 km in jet streams ~ 375 TW

Thus, no fundamental barrier to obtaining half
(5.75 TW) or many times more of world’s all-purpose
2030 power demand from wind

Papers:
www.stanford.edu/group/efmh/jacobson/Articles/I/windf
arms.html
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TRANSPORTATION: BRIDGE MARKET TO THE
ULTIMATE H2/NH3 ENERGY ECONOMY

World Renewable Energy Forum

MAY 14, 2012

—~——
CLINTON

FOUNDATION CLINTEN CLIMATE INITIATIVE

SUMMARY

e H2 and NH3 may be THE energy carriers of the climate-stable
future, but we need to know how we’re going to get there
from here

* We are working to make transportation the bridge market to
the future state

* Essential preconditions are within reach for NH3 to gain a
foothold and build momentum in transportation applications

— Competitive economics

— Distribution infrastructure

— Vehicles

— Mechanism to distinguish green from brown commodity

£iF ., | CLINTON
10 wxyns™ | CLIMATE
INITIATIVE
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COMPETITIVE ECONOMICS

$4.50
$4.00 -
$3.50 -
$3.00 -

$4.05 $4.00

Retall Price per 9250
Diesel Gallen  $2.00 -
Egulvalent $1.50 -
$1.00 -

S0.50 -

$0.00 -

Diesel Fuel Ammonia

B Commodity M Distribution and Marketing = Taxes

£y CLINTON
=41 =y | CLIMATE
INITIATIVE

DISTRIBUTION INFRASTRUCTURE

Liquid
Ammonia
Pipeline

Valero LP
Operations

£iF ., | CLINTON
42 wpns™ | CLIMATE
INITTATIVE
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DISTRIBUTION INFRASTRUCTURE

£, | CLINTON
43 S | CLYMATE
INITIATIVE

VEHICLES

University of Michigan 2007

Co-fueled with gasoline and NH3
e Idle: gasoline
* Full power: 80% NH3
Successfully driven from Detroit to San Francisco

U
a4 Hayas® | CLIMATE
INITIATIVE
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Y0 T O OO O
US 20110008694A1
a9 United States

a2 Patent Application Publication () Pub. No.: US 2011/0008694 A1
Tange et al. (43) Pub. Date: Jan. 13, 2011

(54) HYDROGEN GENERATOR,
AMMONIA-BURNING INTERNAL o
COMBUSTION ENGINE, AND FUEL CELL >

An ammonia-burning internal
O e T s O combustlon engine [is] also
s A O s

Correspondence Add
OLIFF & BERRIDGE,
P.O. BOX 120350

first ammonia
ial wi lnch

conversion parts. The f
peratures lower than_ihs

< and second ammonia com
burning internal combustion engine and a fuel cell having the
hydrogen generator are also disclosed.

Xpplication Priority Data

Mar. 18,2008 (JP) ...

g, | CLINTON
a e |
“ = RMATIVE

Additional fuels . .
meet the criteria . . .
including ammonia .

may

U.S. Department of Energy - Energy Effi
Alternative Fuels and Advanced Ve

b
i
]

ditonal fuels used in |1m|1:ed quantities may meet the criteria for alternative fuels, including
not ||m|ted to ammonia, dl:thylene gly:nl dlmethlyl ether (dlglyme). and dimethyl ether

a y
vehlcle modafca\:lons, requmed fuelmg m\‘rastru:ture. human health impacts, greenhouse gas
emissions, and tailpipe emissions.

http://www.afdc.energy.gov/afdc/fuels/emerging.html

CLINTON
INITIATIVE
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Guidance on the Petition Process for Evaluation of New
Renewable Fuels and Pathways under 40 CFR 80.1416

Background
For the final Renewable Fuel Standard (RFSZ) z

The final rule includes . . .

greenhouse gas (GHG) emissions for m a process for parties to
lifecycle GHG emissions is necessa d
sufficient GHG reductions i reqUESt that the EPA

conduct new assessments

g assessment in the future, the final rule includes a process in 40
§80 1416 for parties to request that EPA conduct new assessments and make future
riRations. This document provides guidance regarding this

;;_ CLINTON
" et INITIATIVE
Stephen Crolius
scrolius@clintonfoundation.org
+1-401-952-4944
£70 . | CLINTON
" anl INITIATIVE
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Running the W@F/&Mene wables:
A/ternat/ ves to E/ectr/(:rty for

Tran_smlssmn, F/rm/ng Storage, and

SUpp/y Integration of Large-scalé,
Stranded, Renéwab/e Energy

Eddle Sturman
Sturman: Indﬁgtrles

i A S

COMPRESSION IGNITION
OF
100% AMMONIA (NH3) FUEL

Eddie Sturman
STURMAN INDUSTRIES

1% Property of Sturman Industries, Inc, its subsi
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First CAMLESS Truck
climbs Pikes Peak

? G2 Fuel System
Navistar
PRODUCTION

15t Fuel Injector with
Digital Valve control

Pic-N Place F 2002
Valve PRODUCTION

Digital Valve
Invented for the
Apollo Program
by Eddie Sturman

1995

15t Camless

Demon of US2010 Emissions
ith NOX aftertr

SBG Beverage
Carbonation Dispenser
National Beer Retailer

PRODUCTION All Fuel

AdaptivePower

PRODUCTION
Path
Auto Component
Valve program

- e Hydraulic Valve -
1965 L i Actuation System First Camless Car using
\ \| 1089 : Digital Injection & HVA
i st
- Sturman ;mcar:t:sss:;;g; miles PRODUCTION Program D2 Large Bore
= Industries and cvins Po ’ular Science Injector for Marine, Locomotive, and
Founded P Power Generation Engines
Award!
SBG Irrigation & water
Conservation innovations
|l“, Property of Sturman Industries, Inc., its subsidiaries, and/or affiliates. All Rights Reserved.

ADPt " - Features

Digital Hydraulic Free
Piston Engine

* Single Cylinder, 1.5L
* 40 kW per cylinder

* Digital Hydraulic Free
Piston

* Digital Hydraulic Valve
Actuation

» Digital Fuel Injection

Hydraulic or Electric

¢ Demonstrated on Ammonia,
Methane, and Diesel

1% Property of Sturman Industries, Inc, its subsidiaries, and/or affiliates. All Rights Reserved.
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ADPt ™ - Benefits

Flexible Combustion

* Variable Compression Ratio
10:1 to 50:1

* Compression Ignition of
Multiple Fuels

* Advanced Combustion
Strategies

* Optimized Engine - Out
Emissions

*  True Cylinder
Deactivation

* Flexible Packaging
Strategies

* Direct Hydraulic Power

|¢p Property of Sturman Industries, Inc, its subsidiaries, and/or affiliates. All Rights Reserved.

ADPt " - Hardware

Digital Hardware
Approach
* Simple Design
* Scalable Valves

3mm to 30mm
e Efficient

1% Property of Sturman Industries, Inc, its subsidiaries, and/or affiliates. All Rights Reserved.




Sturman ADPt™

NH3 GENERATION / ENERGY STORAGE
FROM WIND OR SOLAR
—— 1|
FUEL | U™ OWGS
AR/ N, TANK
A
SUN LOCAL
RAYS CONSUMER NH,
»|  FUEL
GENERATION
szk Toz
SOLAR
BATTERY
PANELS PACK | ELECTRIC EI.ECTR:OLYSIS |
POWER
WIND y H,0
—> (NON-PURIFIED)
— ELECTRIC
= GENERATOR Water
—_—
September 21, 2010

|¢p Property of Sturman Industries, Inc, its subsidiaries, and/or affiliates. All Rights Reserved.

Conventional
replaced

I

with -
apapes e /T
|Hydraulic Energy
ﬁ,—-uv) o
A | e | e | P

Sturman Adaptive Digital Engine™

1% Property of Sturman Industries, Inc, its subsidiaries, and/or affiliates. All Rights Reserved.




: SUSTAINABLE RENEWABLE ENERGY

ADPt™

Thank You
Eddie Sturman NH3 ‘

esturman@sturmanindustries.com

1S Property of Sturman ies, Inc., its subsidiaries, and/or affiliates. All Rights Reserved.

Running the W@KIB‘-
A/ternat/ ves to E/ectrﬁ:rty for

Tran__smlssmn., F/rm/ng Storage, and

Supply Integration of Large-scalg,
Stranded, Renewable Energy

Robm Mclntosh
Smart Plpe Com@jy,
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RT 5,
"gh g,

"Energy Transmission
Pipelines"

Robin MclIntosh
Smart Pipe Company, Inc.
Houston, Texas

14th May 2012

SRRT P Today’s Agenda

= Overview of America’s Pipeline System
= Construction of Pipelines

» Renewable Energy Pipelines

» Composite Pipelines

30



SRRL P America’s Energy Pipelines

» 2.4 million Miles of Pipeline
» Vast Majority Steel
» 50% Exceeded Original Lifespan

» 70,000 miles in High Consequence Areas
(HCAS)

» INGAA — 30,000 to 60,000 miles required by 2030

SRRT B America’s Energy Pipelines

= Interstate Pipelines

— = Intrastate Pipelines

Source: Energy Information Administration, Office of Oil & Gas, Natural Gas Division, Gas Transportation Information System
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SR P San Bruno, CA
(September 2010)

Serious Incidents

SRRT P America’s Energy Pipelines

» 2002 Pipeline Safety Act

National, All Pipeline Systems, Serious Incidents: Count 1992-2011

QIIIIIIIIIIIIII III I
Qo I I

o

S

&
00

/7 6‘0

o

o
&
S

Source: PHMSA Significant Incidents Files March 30, 2012

32



SR P Pipeline Construction Variables

» Permitting

» Right of Way (ROW)
» Capital Cost

» Maintenance

SR P Steel Costs

Steel prices break through the $1,000 barrier

1050 -
—US domestic
950 i
Chinese
850 domestic
—World export
rice
TE0 P
E —EUTOpE
g ss50
=
ar
ar
S 550
(=1
&=
450
350
250
150

2000 20041 2002 2003 2004 2005 2008 2007 2008

Source: Steel Benchmarker, Macguarie Research, April 2008
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SR Renewable Energy Pipeline Options

» New Pipelines
» Natural Gas Pipeline Conversion/Blending
» Additional Compression

SRRT P Capital Cost/Mile of Pipeline

Diameter Steel Pipeline  H2 Pipeline

6" $500,000 $900,000
10" $800,000 $1,440,000
12" $1,000,000 $1,800,000
14" $1,200,000 $2,160,000
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pRT Ay,
o “e.

Pipeline Capacity
1500 psi in, 500 psi out, 100 miles Long

= Natural Gas Hydrogen Equivalent

8000
6000
- B
=~ - I B
'
0 b 30 i6

16

Pipeline Diameter in Inches

RN Relative Maintenance Costs

Natural Gas
Issue Pipeline H2 Pipeline NH3 Pipeline
Corrosion High Higher Highest
Cleaning Low Low Low
Monitoring High Higher Highest
Overall Score High Higher Highest




SR P Composite Pipelines

A\

Minimizes Corrosion

Eliminates Hydrogen Embrittlement
Problem for Hydrogen

Less Maintenance Issues and Costs
Public Safety
Alternatives (Monitoring, Environment)

A\

YV YV V

SR P Composite Pipelines

HDPE

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

HDPE

FRP overwrap
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nRT 5,
N

Example of Composite Pipe

Smart Pipe®

nRT 5,
N

Smart Pipe Company, Inc.
1426 Vander Wilt Lane,
Katy, TX 77449

Robin Mcintosh
Telephone: (1) 713 858-4923
Email: robin.mcintosh@smart-pipe.com

Website: www.smart-pipe.com
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Running the World on Renewables: Alternatives to Electricity

For Transmission, Firming Storage, and Supply Integration
for Large-scale, Stranded, Renewable Energy
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Running the Wﬁ[@ﬁgﬁ@égewables:
Alternatives to Electricity for
Transmission; Firming Storage, and
Supply Integration of Large-scale,
Stranded, Regewable Energy

World-Renewable Energy. Forum
Forum 0885, Session 20659
Enetgy Generation, Distribufiong&: Transportation
14.May-12,' Denvers
Chair:. Bill Leighty, Director
The Leighty Foundation, Juneau, Alaska

wleighty @earthlink.net
90/7-586-1426 206-719-5554 cell

End of panel presentations

The following slides are
supplemental to Bill Leighty
Intro presentation.
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1,600

1,400 +

1,200

1,000

800

600

Capital Cost per MW-km

400

200

. =Atlantic Wind Connection
sOffshore Submarine Cable

+— @ ~Superconducting——————

| @ -Clean Line: Rock island,_Grai

@ -GH2 Pipeline: 36” Composite

Belt

@ Cilean Line: Tallgrass, Plains &
Eastern @ -Alaska Gasline

O =NH3 Pipeline: 36" Steel

=Keystone XL )

Oit

0 10 20 30 40 50 60 70

Capacity - GW

Capital Cost per GW-mile

Electricity : Capacity
KV MW $M / GW-mile
» SEIA: 765 5,000 1.3
345 1,000 2.6
 AEP-AWEA 765 5,000 3.2
Consensus ? 2.5

Hydrogen pipeline:
36", 100 bar, 500 miles, no compress 0.3
Ammonia pipeline:
10” , liquid, 500 miles, with pumping 0.2
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Wind Seasonality, Northern Great Plains

Normalized to 1.0 per season

1.4

Seasonality Factor
o o o = =
IS o ® 1) N

o
N

o
o

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
800
600
400

200

GWh Production, Firm Delivery
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320 GWh

Annual firming for 1,000 MW wind

$13 Billion

* VRB flow battery
— O&M: 80% efficiency round-trip
— Capital: $500 / kWh =

320,000 MWh storage
Annual firming of 1,000 MW wind

— Capital: 268 MW @ $ 1,450/ kW =$ 390 M
@$ 40 / kWh = $ 13 Billion

@ $1/kWh = $ 325 Million

* GH2 (3 hydrogen caverns) Capital $ 70 Million
* NH3 (2 ammonia tanks) Capital $ 30 Million
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Capital Cost per UnitEnergy - $kWh-output

(Cost / capacity / efficiency)

=
g |High Power
¢ |[E.C. Capacitors
— High Power
Fly Wheels
o Long Duration
Li-ion
Fly Wheels
=
2
= m
i 5“ @ B::es

25 Lead-Acid Y

u: E.ﬁ Batteries Rechargeable

£ §= |Long Duration Flow Batteries
= & § £ |[E.C.Capacitors
- g= Pumped

@

CAES Hyilro
Metal-Air

Retter for 1IPS & Pnwer Batteries

Quality Applications
= L] :

100 300 1,000 3,000 10,000

Capital Cost per Unit Power - $/kW

GH2 and NH3

Discharge Time

Hours

Flow Batteries

VRB

High Energy
Super Capacitors

MONTHS:
[ErerEt el GH2, NH3

Energy Management
. Bridging
5 Power
=

Seconds

=552 Power Quality & UPS

ELECTRICITY STORAGE ASSOCUTION

[ Fign Poversupercaps [N  scs |

1kwW 10 kW 100 kW 1MW 10 MW 100 MW 1GW

Power
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Compressorless 207, 36" GH2 Pipeline Capacity
1,500 psi IN / 500 psi OUT

14
12
= 10
O
= 8
S
s 6
©
O 4
2
0
200 300 500 1,000
Pipeline Length, Miles
@ 20" diameter @ 36" diameter
600 ft ROW |
e 7 e
- r - i;

25 ft Pipeline ROW:
36" Gaseous Hydrogen
24" Liquid Ammonia
36" Superconductor (SC)

Out of Sight, Out of Harm’s Way

5,000 MW alternatives: HVAC vs HVDC superconductor
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The NATURALHY approach: EC, R+D

NG

NATURALHY:
* Breaks “chicken-egg” dilemma

« Bridge to sustainable future .S
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