A Bigger Market for Solar than Electricity for the Grid:
Hydrogen Transportation Fuel via Underground Pipelines,
with Annual-scale Firming Storage
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A Bigger Renewable Energy Market than the Electricity Grid:
Hydrogen Fuel for Transportation and CHP
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Transform World’s
Largest Industry

~ 85 % fossil = =
~ 100% renewables,
CO2-emissions-free

* Quickly
* Prudently
* Profitably
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Transform World’s
Largest Industry

Run the World
on Renewables --

Including some nuclear ?



Comparing the world's energy resources*

Annual Income

Where should we
invest for the
long-haul??

Capital

-

Natural Gas

: Petroleum
% f
World energy use
Uranium
COAL

"early potential is shown for the renewable energies. Total resenes are shown forthe fossil and huclear “use-them lose-theny
resources. Word enerqy use is anhual



Must be far more
Ambitious:

Renewables industry

Hydrogen industry

Beyond electricity systems
Transportation + CHP fuels

Run the World on Renewables

~ 100 % CO2-emissions-free energy



California, Year 2050, both:
« Electricity RPS
« “801in 50 " Transport fuel

« 210 GW wind = 35 times Year 2015 installed
wind - electricity capacity in CA

PLUS

« 230 GW solar = 19 times Year 2015 installed
solar - electricity capacity in CA

Total = 438 GW nameplate
- wind + solar + other
« CO2-emissions-free energy



Year 2050 Electricity + Hydrogen
Transportation Fuel, California will need :

Reference: Year 2015
Total installed nameplate wind generation in California {CA)
Total installed nameplate solar generation in California (CA)

ELECTRICITY: CA "Power Mix"
2014: Total electricity consumed
2050: Total electricity demand "Power Mix" is 130 % of 2014

ELECTRICITY in Year 2050: CA renewables
Equivalent nameplate wind generation capacity @ 40 % CF
Equivalent nameplate solar generation capacity @ 35 % CF

TRANSPORTATION Hydrogen Fuel in Year 2050: CA renewables
Equivalent nameplate wind generation capacity @ 40 % CF
Equivalent nameplate solar generation capacity @ 35 % CF

TOTAL CA RENEWABLE ELECTRICITY + TRANSPORT ENERGY in Year 2050
Equivalent nameplate wind + solar + other @ CF (varies)




Hydrogen Transportation Fuel Demand
California, year 2050
Million metric tons per year:

Light Duty Vehicles (LDV) 3.6
Trucking 1.6
Bus 1.4
Aviation and Other 0.8
Total 7.4
Source:

Interpret and extrapolate from several papers by
ITS-STEPS, UC Davis
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local star
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Electricity

PEM Electrolyzer
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h B | = CHP: Combined
I - . He_at and Power

Renewables to Electrochemical ener-ggﬂ/': H2, NH3



Grid delivery: Complex & Costly Infrastructure







Battery Utility Power

Photovoltaic Charge
Module Controller

Electrolyzer >
Gaseous Hydrogen
Transmission Pipeline:
Photovoltaic T > Underground
Module > 100 bar

Water



The New Benchmark in Electrolysis

- BTN,

.. 1MW PEM Stack

Electrical Power Input 1.5 MW (overdrive)
Hydrogen Output 285 Nm3/h

Max. Operating Pressure 40 bar (g)
Certifications PED (97/23/EC)




System Configuration

Step-up transformer
Photovoltaic cell module Power conditioner

Power company grid

Switchgear :

Step-up transformer

Power company grid

Photovoltaic cell module Power conditioner

Switchgear



System Configuration

-

Photovoltaic cell module PO E:? _
H:
Electrolyzer
Gaseous Hydrogen
f O, Transmission Pipeline:
| y > Underground
2
Electrolyzer > 100 bar
A
Photovoltaic cell module Po ?i'
| "
Electrolyzer
T 0,
[ H,
Electrolyzer

W:Iar
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o= pipeline to

transmission pipeline

M = o R

Dedicated to Hydrogen fuel production
No connection to electricity grid




Sonnedix 15.5 MW Salinas, Puerto Rico

40,000 MWh /year @ 30 % CF
= 50 kWh / kg Hydrogen fuel
& 815,000 kg / yr Hydrogen fuel
$73M/yr@ $9.00/kg
$3.3M/yr@ $4.00/Kk
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CSP Thermal Energy Storage: molten salt ~ 6 hours



Solar Field @

o ?
: T ggggrheater Steam Turbine
Hot Salt Tank
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Components of a trough-type CSP plant with TES

CSP Thermal Energy Storage: molten salt ~ 6 hours




DESERTEC: PV + CSP via Hydrogen and Ammonia Pipelines

gzg Concentrated solar power

The solar technology invoived is known as
concentrated solar power (CSP) which uses
mirrors to.concentrate the Sun's rays on a fluld

® @ container. The super-heated liquid then drives
N \ turbines to generate electricity

High voitage direct current (HVDC)
transmission lines to camy electricity long

Northern distances without large losses
Atlantic
Ocean
@



Multi-kW PV —to — Hydrogen ?

DER: Distributed Energy Resources
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CA “Duck Curve”: solar overgeneration, steep ramp
Sample Net Load — March 31, 2012
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CA Independent System Operator - CAISO



January Week: Electricity
12000
7000 44—
=
=
2000
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-300:0
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I Hydro/Biomass Storage Charging m—Demand
-8000

Figure lll-6: Hourly supply and demand with storage, January 1-7, 2007. Source: IEER.

Hypothetical:

100 % Renewable Electricity System in Minnesota
Avoid curtailment: large storage
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UC Davis — ITS — STEPS Joan Ogden, et al
Institute of Transportation Studies — ITS

Sustainable Transportation Energy Pathways — STEPS

INTEEMATIONMNAL JOUENAL OF RYDEOGEN EMNEEGTY ::H |21 :ﬂ] _':n'l_-,l::—_'ln"!-ll_-,

Available online at www.sciencedirect. com

SciVerse ScienceDirect

HYDROGEN
ENERGY

journal homepage: www.elsevier.com/locate/he

Renewable and low carbon hydrogen for Califomia —
Modeling the long term evolution of fuel infrastructure
using a quasi-spatial TIMES model

Christopher Yang®, Joan M. Ogden

Ir=titute of Transportation Studies, One Shields Avenue, Liversity of Califormia, Daviz, Daviz, CA 95616, LSA




Institute of Transportation Studies (ITS)
Sustainable Transportation Energy Pathways (STEPS)
University of California, Davis (UC Davis)

» Dan Sperling « Mark Delucchi
« Joan Ogden * Yueyue Fan

« Lew Fulton « Susan Handy
 Chris Yang  Sonia Yeh



California, Year 2050, both:
« Electricity RPS
« “801in 50 " Transport fuel

« 210 GW wind = 35 times Year 2015 installed
wind - electricity capacity in CA

PLUS

« 230 GW solar = 19 times Year 2015 installed
solar - electricity capacity in CA

Total = 438 GW nameplate
- wind + solar + other
« CO2-emissions-free energy



California Energy Flow Trends— 1999

Net Primary Resource Consumption ~8375 Trillion Btu (8.375 Quads)
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Hydrogen Transportation Fuel Demand
California, year 2050
Million metric tons per year:

Light Duty Vehicles (LDV) 3.6
Trucking 1.6
Bus 1.4
Aviation and Other 0.8
Total 7.4
Source:

Interpret and extrapolate from several papers by
ITS-STEPS, UC Davis
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California Wind and Solar: 2015 — 2050

Electricity + Transportation

2050 = 20 times 2015. Enough roofs and land in CA ?

2015 CA Installed 2050 CA 2050 CA 2050 CA
Electricity Transport Electricity +
Transport

®Wind Solar mTotal
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New, dedicated, high-purity, underground
hydrogen pipeline network for gathering and
transmission, “"packing” storage, and

OLH2 Truck .. )
distribution

OPipeline
OCoal w CCS
OCoal Gasifier

|+ DBjomass Gasifier

BNG SMR CCS
BNG SMR

BOnsite Electrolysis
BOnsite SMR
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As California goes:

« 2050: RPS + "80 in 50"
« USA ?
« World ?

Far More ambitious:

Renewables industry, OEM'’s
Hydrogen industry, OEM’s

Beyond electricity systems
Transport + CHP fuels

" Run the World on Renewables ™

~ 100 % CO2-emissions-free energy



CA: 80% below 1990 by 2050, CO2 from “cars”

Greenhouse Gas Pollution (Light duty vehicles only)

(Billion/ tonnes CO2-equivalent/year) I"100% Gasollne=
sl ICVs J
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Hydrogen Fuel Cell Bus



Toyota:
Will not make BEV’s: “..1in short

acje vehicles .

/

Toyota Miral Fuel Cell car: Hydrogen fuel only



A% s

“ No one will make money on electric
cars in ‘reasonable time’ ”

Dieter Zet. he, Mercedes CEO

Mercedes-Benz B-class Fuel Cell car
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Honda Fuel Cell car
2016 production ?
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Elon Musk, Tesla Co-Founder, CEO, and Product Architect

“Hydrogen is an incredibly dumb ... fuel”
Fuel cell cars “are extremely silly”
“... fuel cell is so bullshit ...”



Year 2050
California both:

RPS: 80% renewable

Transport: “80 in 50"

80% reduction in CO2
emissions from
transport sector

below 1990
by 2050




Transportation
sector

» Light duty vehicles (LDV)
» Goods movement (truck)
* Bus

* Aviation

* Rail

* Marine




Hydrogen Demand (PJ/yr)

600

OH - Rest of State

CA Annual LDV Hydrogen Transportation Fuel, 2050
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2040 2045 2050
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Bil gal diesel equiv

H,

2010 2050 2050
High ZEV Mixed

Diesel fuel Biofuels M Natura Electricity Hydrogen

California trucking: “"Goods movement”
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Figure ES-2. Energy usé‘hffuel type, year and scenario, California and U.S. results

California and USA Trucking -- Year 2050

CA: ~ 1.5 billion kg Hydrogen to replace diesel =~ 1.5 MMt / year
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California Hydrogen Fuel production



Year 2050 Electricity + Hydrogen
Transportation Fuel, California will need :

Reference: Year 2015
Total installed nameplate wind generation in California {CA)
Total installed nameplate solar generation in California (CA)

ELECTRICITY: CA "Power Mix"
2014: Total electricity consumed
2050: Total electricity demand "Power Mix" is 130 % of 2014

ELECTRICITY in Year 2050: CA renewables
Equivalent nameplate wind generation capacity @ 40 % CF
Equivalent nameplate solar generation capacity @ 35 % CF

TRANSPORTATION Hydrogen Fuel in Year 2050: CA renewables
Equivalent nameplate wind generation capacity @ 40 % CF
Equivalent nameplate solar generation capacity @ 35 % CF

TOTAL CA RENEWABLE ELECTRICITY + TRANSPORT ENERGY in Year 2050
Equivalent nameplate wind + solar + other @ CF (varies)




Hydrogen Transportation Fuel Demand
California, year 2050
Million metric tons per year:

Light Duty Vehicles (LDV) 3.6
Trucking 1.6
Bus 1.4
Aviation and Other 0.8
Total 7.4
Source:

Interpret and extrapolate from several papers by
ITS-STEPS, UC Davis
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California Wind and Solar: 2015 — 2050

Electricity + Transportation

2050 = 20 times 2015. Enough roofs and land in CA ?

2015 CA Installed 2050 CA 2050 CA 2050 CA
Electricity Transport Electricity +
Transport

®Wind Solar mTotal
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Northern CA
Hydrogen Stations

@ Open

Emeryville - AC Transit

O In Development

Cupertino

Foster City
Mountain View
*West Sacramento

Campbell
Hayward

Mill Valley
Oakland

Palo Alto
Redwood City
*Rohnert Park
San Jose

San Ramon
Saratoga
South San Francisco
*Truckee
Woodside

*Not shown on map
Califownia
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Southern CA

Hydrogen Stations

@ Open

Burbank

Fountain Valley - OCSD
Irvine - UC Irvine

Los Angeles - Harbor City
Newport Beach

*Thousand Palms - SunLine Transit

Torrance

In Development

Anaheim

Chino (upgrade)

Diamond Bar (upgrade)
Irvine - UC Irvine (upgrade)
Irvine - Walnut Ave.
Lawndale

Los Angeles - Cal State LA
Los Angeles - West LA 2
Los Angeles - Woodland Hills
Los Angeles - Beverly Blvd.
Mission Viejo

Redondo Beach

San Juan Capistrano

Santa Monica

*Coalinga

Costa Mesa

La Canada Flintridge
Laguna Niguel

Lake Forest

Long Beach

Los Angeles - LAX (upgrade)
Los Angeles - Lincoln Blvd.
Los Angeles - Hollywood Blvd.
Ontario

Orange

Pacific Palisades

*Riverside

*San Diego

*Santa Barbara

South Pasadena

*Not shown on map
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Germany Hydrogen Fuel Stations 2023

DAIMLER g e uounosi\ gag @
Partners:
Air Liquide Shell
Daimler Total
Linde oMV
Targets:

e 100 by 2017

e 400 by 2023

e € 350 million invest

e 90 km max spacing on freeways

H, Mability

NOW

e Nationale Organisation Wasserstoff-

H, Mability




Japan: Hydrogen Society has begun!

100 Fueling Stations 2015 watan
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The world looks like wires




Subopti
Opportu




Wires or H2, NH3 pipelines ?
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Far more ambitious:

Hydrogen industry

Renewables industry

Beyond electricity systems
Transportation + CHP fuels

Run the World on Renewables

~ 100 % CO2-emissions-free energy



Billion tons of oil equivalent (toe)
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CA “Duck Curve”: solar overgeneration, steep ramp
Sample Net Load — March 31, 2012
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CA Independent System Operator - CAISO



HYDROG(E)NICS

SHIFT POWER | ENERGIZE YOUR WORLD

California’s surplus renewable generation

:
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DO_ Not Cite Energy+Environmental Economics
For Illustrative Purposes Only

Source: Adapted from + Valuing Storage, Eric Cutter, Energy + Environmental Economics — October 2013
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January Week: Electricity
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=
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-300:0

N Storage Withdrawl Wind Solar

I Hydro/Biomass Storage Charging m—Demand
-8000

Figure lll-6: Hourly supply and demand with storage, January 1-7, 2007. Source: IEER.

Hypothetical:

100 % Renewable Electricity System in Minnesota
Avoid curtailment: large storage
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Transform World’s
Largest Industry

Run the World
on Renewables --

Including some nuclear ?
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Comparing the world's energy resources*

Annual Income

Where should we
invest for the
long-haul??

Capital

-

Natural Gas

: Petroleum
% f
World energy use
Uranium
COAL

"early potential is shown for the renewable energies. Total resenes are shown forthe fossil and huclear “use-them lose-theny
resources. Word enerqy use is anhual



Sunlight from
local star

|

Electricity

PEM Electrolyzer
2H,0 -+ Energy —> 2Hz + 02

‘\‘

PEM Fuel Cell
M4 + 09 » 290 - Energy

\tem: 2010
Solar Hydrogen System JuniorBasic

www.h-teccom

ydrogen Energy System



GW Nameplate
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California Wind and Solar: 2015 — 2050

Electricity + Transportation

2050 = 20 times 2015. Enough roofs and land in CA ?

2015 CA Installed 2050 CA 2050 CA 2050 CA
Electricity Transport Electricity +
Transport

®Wind Solar mTotal
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($ Million/timestep)
o 0
o o
o o
o o

Capital Investment Expenditures
e
o
o
o

2,000

New, dedicated, high-purity, underground
hydrogen pipeline network for gathering and
transmission, “"packing” storage, and

OLH2 Truck .. )
distribution

OPipeline
OCoal w CCS
OCoal Gasifier

|+ DBjomass Gasifier

BNG SMR CCS
BNG SMR

BOnsite Electrolysis
BOnsite SMR

2012 2015 2020 2025 2030 2035 2040 2045 2050




kWh per Gallon (LHV)

Volumetric Energy Density of Fuels
(Fuels in their Liquid State)
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Compressorless system: No geologic storage

Transmission Distribution
AC grid
- . Wholesale
Cit ate
Wind y 9 >:
Generators X Generators
ICE, CT, FC
_ _ d End users
Pipeline Energy ; Retail
Storage i
High-press ? % i
Electrolyzers 1,500 psi 500 psi !
i Cars, Buses,
_ Trucks, Trains
500 miles
Wing Hydr-oge_n Gas
Generators Pipeline
20" diameter : Liquefy Aircraft Fuel
1,500 -- 500 psi




The New Benchmark in Electrolysis

o W

—'_&:
"y B

... MW PEM Stack

Electrical Power Input 1.5 MW (overdrive)
Hydrogen Output 285 Nm3/h

Max. Operating Pressure 40 bar (g)
Certifications PED (97/23/EC)




Electrolyzers:

Siemens

Hydrogenics
ProtonOnsite
ITM Power s |
e]= |

/ \
AN T :

Wind to Hydrogen Power to Gas
“ Energiepark Mainz”
Siemens, Linde, Stadtwerke Mainz, RheinMain University




H2 l To Compressor or

Power —— Electrolyzer |y Hydrogen Pipeline
Electronics l 02

No grid connection

Renewable-source
Electricity
Generation

Electrolyzer

. Ho To Compressors
3¢ * or Pipelines:
e §§ PE Electrolyzer oo  d Hydrogen
§§ [ and Oxygen
—
H20

PE: Power Electronics

Topology Options: H; and O, Production and

Gathering from Renewable Energy Generation




Wind System Capex + O&M
PV System Capex + O&M

Electricity component savings pay for
Hydrogen and Ammonia systems:

« Conversion
o Transmission
« Storage



Construction Finance

Contingency
Project Management 5%
Development-

Soft
Ce  Turblne
Balance EEY;

of Plant
Assambly and 231

Installation
Roads and Clvil Work

Turbine Transportation
Foundatlons

Installed CAPEX: land-based, utility-scale



Squirrel cage induction motor:
Self-excited Induction Generator (SEIG)

Wild AC = Wild DC - Electrolyzer
| N

Dedicated Hydrogen Production: No Grid Connection




Hundreds of km
underground
high voltage
cable



No Grid connection:
Simple Power Electronics

ABB ACS800 low voltage wind turbine converter
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Exporting From 12 Windiest Great Plains States
Number of GH2 pipelines or HVDC electric lines necessary to export total wind resource
Capacity at 500 miles length

Capacity Factor (CF) = 30%

3 GW
Annual Nameplate | Nameplate 6 GW S Billion | 500 KV S Billion
Energy Installed Installed 36" GH2 Total HVDC Total
Production | Capacity Capacity | Hydrogen | Capital Electric Capital

State (TWh) (MW) (GW) Pipelines Cost Lines Cost
Texas 6,528 1,901,530 1,902 317 634
Kansas 3,647 952,371 952 159 317
Nebraska 3,540 917,999 918 153 306
South Dakota 3,412 882,412 882 147 294
Montana 3,229 944,004 944 157 315
North Dakota 2,984 770,196 770 128 257
lowa 2,026 570,714 571 95 190
Wyoming 1,944 552,073 552 92 184
Oklahoma 1,789 516,822 517 86 172
Minnesota 1,679 489,271 489 82 163
New Mexico 1,645 492,083 492 82 164
Colorado 1,288 387,220 387 65 129
TOTALS 33,711 9,376,694 9,377 1,563 $1,500 3,126 $2,000

Wind energy source: Archer, Jacobson 2003




Wind Seasonality, Northern Great Plains

Normalized to 1.0 per season
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Wind Seasonality, Northern Great Plains
1,000 MW windplant: AEP = 3,500 GWh / yr

“Firm” ges 875 GWh / season
Storage: @ per 1,000 MW wind
Source: NREL, D. Elliott

1,200

1,000

uction, Firm Delivery




320 GWh

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
Storage @ $40 / kWh =
$ 325 Million

$ 160 Billion
$ 96 Billion




Hydrogen Energy Storage

Wind
Generators

Electrolyzers

Wind
Generators

1,000 miles Hydrogen Gas ‘ |

Pipeline 36" diameter, 1,500 - 500 psi

Pipeline Storage = 120 GWh

/]

Geologic
Storage ?

Trucks,Trains

ACgrid
Wholesale
Generators
ICE,CT, FC
Endusers
Retail
Cars, Buses,

Liquefy

Aircraft Fuel
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ln e 150 bar = 2,250 psi
= o 2,500 Mt net = 92,500 MWh

e $15M avg cap cost / cavern
| e $160 / MWh = $0.16 / kWh

|

i | « Cavern top ~ 700m below grou
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Figure 3 Hydrogen Potential from Solar and Wind Resources
Total kg of Hydrogen per County
Normalized by County Area

Total solar: ~3 x 1014 kg / yr
Total wind: ~ 3 x 10011 kg / yr

Hydrogen

(Thousand
- » e kg/sq. km year)
. B\ T B 1200-1450
Synergy: e R I 11001 200
e s = eve . B 1000-1100
» Diirnal + Seasoﬁ%%r R Ex-
Q , LG S
o M- “f' . t
AV "'(llim’ze 1leng !S ,O’u'age, potential from combined
)" ; renewable rescurces - wind and solar, Select environmental
e ab and land use excusions were applied. See additional --_:}-w, :

documentation for mare indormation.




GH2 Transmission Pipeline

GH2 Transmission Pipeline R
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Compressorless 207, 36” GH2 Pipeline Capacity
100 bar = 1,500 psi IN / 30 bar =500 psi OUT

14

12

Capacity, GW
&~ o ® o

N

o

200 300 500 1,000
Pipeline Length, Miles

d 20" diameter @ 36" diameter




Capital Cost per MW-km

1,600

. Atlantic Wind Connection
1.400 Offshore Submarine Cable

Hydrogen
Ammonia

1,200

1,000 A . /
800

@ GH2 Pipeline: 36” Compgsite

600 _._C

lean Line: Rock Isl , Grain Belt

400 @ Clean Line;-Tallgrass, Plains & Eastern @ Alaska Gasline
200
U H H . bR
NH3 Pipeline: 36” Steel Keystone XL Oil ®
0 1 1 1 1 1 1
0 10 20 30 40 50 60

Capacity - GW

Transmission capital costs per MW-km compared
Pipelines have large capacity and provide large storage

70




36” = 8 GW gaseous Hydrogen @ 100 bar

Convert Palm Springs to Long Beach Natural Gas Pipeline ?

Smart Pipe Technologies, Houston
Polymer-metal linepipe avoids hydrogen embrittlement



A New Life for Aging Pipelines
PATENT PENDING




/l/ Pilot plant: generation, conversion,
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Renewables, Electrochemical energy



Airbus Industrie concept:




Anhydrous Ammonia NH;

N Nitrogen

H Hydrogen

Molecular weight = ~ 17

18% H by weight: “other hydrogen”
NH; + O, = N> + H>0



Ammonia Fueled Bus: Thousands of Problem-free Miles
1943



0

X-15 rocket plane: NH3 + LOX fuel

Mach 6.7 on 3 Oct 67

199 missions

1959 - 68
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RE Ammonia Transmission + Storage Scenario

Electricity
A Solid State Ammonia Synthesis
/ (SSAS)
Air p 7
Separation 7
Wind | Plant / | AC grid
Generators i / Generators Wholesale
ICE, CT,
| N2 FC
,/ End users
Haber-Bosch Retail
Electrolyzers Ammonia
= Symhess =i Cars, Buses

Trucks, Trains

H2 Ammonia
Transmission
H-0 Liquid Pipeline

Ammonia Tank
Storage

Wind
Generators

Aircraft Fuel
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Capital Cost per GW-mile

Electricity :
KV
« SEIA: 765
345

 AEP-AWEA 765
consensus ?

Hydrogen pipeline:

Capacity
MW

5,000
1,000

5,000

$M / GW - mile
1.3
2.6

3.2
2.5

36", 100 bar, 500 miles, no compress 0.3

Ammonia pipeline:

10” , liquid, 500 miles, with pumping 0.2



Capital Cost per MW-km

1,600

. Atlantic Wind Connection
1.400 Offshore Submarine Cable

Hydrogen
Ammonia

1,200

1,000 A . /
800

@ GH2 Pipeline: 36” Compgsite

600 _._C

lean Line: Rock Isl , Grain Belt

400 @ Clean Line;-Tallgrass, Plains & Eastern @ Alaska Gasline
200
U H H . bR
NH3 Pipeline: 36” Steel Keystone XL Oil ®
0 1 1 1 1 1 1
0 10 20 30 40 50 60

Capacity - GW

Transmission capital costs per MW-km compared
Pipelines have large capacity and provide large storage

70




320 GWh
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
Storage @ $40 / kWh =
Storage @ $1 / kWh =
 Battery

$ 160 Billion
$ 96 Billion

$70 Million
$30 Million




Discharge Time (hr)

System

:Qatl N gS Gaseous Hydrogen (GH2)
Anhydrous Ammonia (NH3)
m a
10
]
0.1
Compressed air
Dbl-laver capacitors
Flywheels
0.01 Lead-acid
Lithiumeion
sodium-sulfur
Mickel-cadmium
0.001 Nickel-metal hydride
= P Pampadti
— VR Vanadium redox
DElscTricily Siorage Assocalion Zn-Br  Zinc-bromine
0.0001 -
0.001 0.01 0.1 1 10 100 1000

Rated Power (MW)

10,000




Capital Cost per Unit Energy - %/ kWh-output

(Cost f capacity / efficiency)

10,000

1,000

100

10

High Power
E.C. Capacitors

High Power
Fly Wheels

Li-ion

Long Duration
Fly Wheels

||

B = Zinc-Air
= Bat.
oW Lead-Acid

T : Rech bl

e Batteries e
2 §'= |Long Duration Flow Batteries
o 5 2 |E.C. Capacitors
= Pumped
=] Hydro

CAES

Metal-Air
Better for UPS & Power Batteries
Quality Applications

100 300 1,000 3,000

Capital Cost per Unit Power - $/kW

10,000

@2 and N@




Discharge Time

Minutes

Hours

Seconds

Flow Batteries

VRB

High Energy

Super Capacitors MONTHS:

e GHZ2, NH3

Other Adyv. Batteries

Bridging
Power

Power Quality & UPS

Energy Management

ELECTRIITY STORAGE ASSOCITION
1kW 10 kW 100 kW 1MW 10 MW 100 MW 1GW

Power
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2006: The NATURALHY approach: EC, R+D

“Power —to—Gas ”

dit @
1T

NATURALHY:

» Breaks “chicken-egg” dilemma

* Bridge to sustainable future

Prepared by
O. Florisson
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HYDROGE)NICS

SHIFT POWER | ENERGIZE YOUR WORLD

Free Storage + Free Transmission in E.on
Natural Gas Pipeline System

Falkenhagen Region in Northern Germany

* Increasing excess
power
| * Huge peak power
60 | » Steep power
| gradients

+— 4 1 |

;IILI'
Ll

’N

2009

m i

- 2010

Lt ...

Local
consumption

} Solution: Storage of excess wind power instead of curtailment.

Source: Presentation by Dr. Alexander Vogel, Head of Alternative Energy Systems, E.ON Ruhrgas at Gas to Power Conference, 123

Cologne, Germany — November 2012



HYDROGE)NICS

SHIFT POWER | ENERGIZE YOUR WORLD

E.ON first Power-to-Gas plant
Injecting hydrogen into natural gas grid

2MW Power-to-Gas Demonstration Plant in Falkenhagen, Germany
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Alternatives to -Electricity:
Japan to:import Hydrogen-rich liquid fuels

1. Liquid Hydrogen (LH2)
2+ Liquid anhydrous ammonia (NH3)

3. Cycle: Toluene (C/H8) &« -
Methylcyclohexane (C7H14) (MCH)
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Aleutians wind to Japan via liquid fuel(s) tankers




Turbine Lighting

Turbine Nacelle

Turbine Blades

Floating Offshore
Deep water, multi - MW



Go!
Hydrogen ¥
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— Hydrogen Road& >
‘ FLLEINEENET,
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| FZIcHydrogen RoadEV oL L st shes,

Japan: Import Carbon-emissions-free liquid Hydrogen fuel




Kawasakl LH2 ocean tanker, truck

World Smart Energy Week
Tokyo, 26 Feb 14



RE Ammonia Transmission + Storage Scenario

Wind
Generators

Electrolyzers

Wind
Generators

—

H2

H20

Air

Electricity

Air
Separation
Plant

N 2

Haber-Bosch
AmMmonia |

Synthesis

Liquid
Ammonia Tank
Storage

SUMITOMO CHEMICAL

Liquid
Ammonia
Transmission
Pipeline

| AC grid
Wholesale
Generators
ICE, CT,
FC
End users
Retall
Cars, Buses,

Trucks, Trains

Aircraft Fuel




Exhaust\~ rank 0
ankKks
. [\ SUMITOMO CHEMICAL
- A Y - ;v(* x
‘Bridge ’ \

O wf? Insulation

| Liquid Anhydrous
¥ Ammonia (NH3)
' -33C, 1 atmosphere

Compressor
Engine
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Renewable-

Source
Electricity

‘ Methanol '

Syngas Generation '
l Hydrogen

GTL

Urea

Other
Fertilizers

| Ammonia

Liquid NH,
Tankers

/ﬁ

\‘

P— 0 ] - . - !1'1""!'!""!"!Tv - —

Pipeline, railroad, barge
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Ammonia Vehicle fuel CHP distributed

generation fuel

KBR

imrgy -nd Chemicals

SUMITOMO CHEMICAL



Japan
Chiyoda Chemical

+ CHIYODA

CORPORATION

Hydrogen
transportation

= N al s
K3 -
- } [ =)

P ool and storage as
e e Methylcyclohexane

become a reality, and Chiyoda Corporation has made it
remarkably easy to use. Our | technol |

hydrogen to be liquefied and consequently transported at M C H ' H
ambient temperature and pressure. We named this liquid 7 14
“SPERA Hydrogen.” Able to survive transportation over long
distances and storage over long periods of time (aimost

unthinkable before), this “hydrogen of hope” is highly safe and
stable. It will overturn the conventional wisdom regarding hydrogen.

“Spera”: Latin for “hope”
[ SPERA Hydrogen oot oy |

that hydrogen technology will give around 4 orld the hope they need o build a better future.
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letno hydrogen to toluene, a major component of gasoline, m’é’ 4 55
duces a}lquld called methylcyclohexane (MCH) which Is easy to ‘
‘handle. at ambient temperature and pressure. This is SPERA ™~
~Hydrogepi Our technology facilitates storage of hydrogen in

larg antities and long-distance transportation at a low cost
‘begause it eliminates the need for hydrogen (the lightest gas,

ficult to store or transport under normal conditions) to be
liquefied at cryogenic temperatures or pressurized in cylinders.

wih [ y

O : EH‘ i AH: 7:':5‘kJ""r'Ol
Taluena Mathyicyciohexane d

(MCH)

Hydrogenation

-
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Spera
Hydrogen

Chiyoda
Chemical



“ : Energy-consuming nations
SPERA Hydrogen Supply Chain rurouenetn PRl e o .

Hydrogen Regional city

Storage/reserve tanks

Hydrogen Hydrogen
Energy prodUction . / station
through hydrogen s p

combustion (either _,/
pure hydrogen or in :
combination with
natural gas)

s‘

*  Distributed ,,,
e vl cogeneratlon f"

‘W t3
Ol refinery ;p ‘t: "‘Wﬁ‘ I "4‘

Chemical plant s ’x~ Juﬁ A i Distnbuted
g #’.. cogeneratlon

Gas fields, oil
fields, coal fields

Hydragen
L Toluene iy

-

,q": :
8 -

SPERA

Hydrogen e o B

Hydrogen plant Ny s *2,,*2 3%

: (reforming, gasification, R, " S
mbyproduct hydrogen)

5 Hydrogen production
If (CO2 separation)

\\\ "CHIYODA

CORPORATION

b Coal, oll, natural gas

H rogenatlon .,
plant Hydrogen

Electrolys!s of water

2 - « l ' | Solar power _ -
Fossil-fuel-producing nations ( Wind power {

(coal, oil, natural gas) Large-scale producers
Source: Chiyoda Corporation ; editonial revisions by Nippon.com. of renewable energy

Chiyoda Chemical and Heavy Industry
Organic hydride import cycle:

Toluene (C;Hg) €-> Methylcyclohexane (C7H14)
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Converting a 13 — turbine Stranded
Windplant to Produce Hydrogen Fuel from
100% of Annual Energy Production

Alaska Applied Sciences, Inc. (AASI)

'\
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50 kW SEIG
wind furbine controller

50 kW SEIG
wind turbine controller

13, 50 kW

DC to AC converter

Electrolyzer(s) Compressor Tube Trailer

| .
I ; SCADA system
DC bus and Wind ! Y

Wind Turbine control | ! *

Turbines | i Customers
| ! Offsite data
: collection and
| i control

50 kW SEIG
wind furbine controller 650 kW Autonomous Self-Excited Induction Generator (SEIG)
Wind-to-Hydrogen R&D and Demonstration plant: Ver E

Self-Excited Induction Generator (SEIG)

Reduce Hydrogen cost
ARPA-E, SBV, CRADA apps: NREL, et al, 2015




Palm Springs windplant,
Alaska Applied Sciences, Inc.

R&D & Demo project: 13 turbines, 50 kW
Novel generating system: induction motors
Close-coupled to electrolysis stacks

All harvested energy delivered as H2 fuel

N




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

but only after they
have tried everything
else”

Winston Churchill



1.
2.
3.
4.
.
6.

Conclusions

Far more ambitious: H,, NH;, renewables
Transform world’s largest industry
Complete renewable systems

Beyond electricity

H, fuel bigger market than electricity grid
H, pipeline pilot plant demo: begin now

Profitable: Industry leads, capital flows




GW Nameplate
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California Wind and Solar: 2015 — 2050

Electricity + Transportation

2050 = 20 times 2015. Enough roofs and land in CA ?

2015 CA Installed 2050 CA 2050 CA 2050 CA
Electricity Transport Electricity +
Transport

®Wind Solar mTotal



Far more ambitious:

Renewables industry

Hydrogen industry

Beyond electricity systems
Transportation + CHP fuels

Run the World on Renewables

~ 100 % CO2-emissions-free energy



A Bigger Renewable Energy Market than the Electricity Grid:
Hydrogen Fuel for Transportation and CHP

“SOLAR 20

. =




