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Kivalina, Alaska
Inupiat people
Arctic
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Angoon, Alaska
Tlingit people
Southeast



aatnre-capii s ~ Bethel, Alaska
Southwest



Mendenhall Glacier, Juneau, AK
June ‘71



Mendenhall Glacier, Juneau, AK
10 October 10



Mendenhall Glacier, Juneau, AK
10 October 10



Comparing the world's energy resources”

Annual Income

WM D

Where should we
invest for the

long-haul?? = :  Capital

Natural Gas

- Fetroleum
F
World energy use
L ranium
@ Richard Perez, etal.
COAL

fraarily potential is showhn for the renswabie enargies. Total resahies are showh for the fosslh and huciagr “Use-tham lose-tharm®
resources. Word engrgy Wae Js anhual



Wind Power Class

Power Class Speed Power Density

0.0-5.6m/s  0-200W/m2
5.6-6.4m/s 200-300W/m2
6.4-7.0m/s 300-400W/m2
7.0-7.5m/s 400-500W/m2
7.5-8.0m/s 500-600W/m2
8.0-8.8Bm/s 500-800W/m2

=8.8m/s >BO0OW/m2

=~ W bR =



OCEAN: wave, tidal

Tidal Electric Generation Potential
MW

13-25 W75-100
W25-50 W100-220
m50-75

Wave Power Potential
KWim
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Akutan Pass

Baby Pass Avatanak Strait

Unagala Pass
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Derhin Strait
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rater Peak

“Enhanced”, “Engineered” CouiiSig . Mt Spurr, Alaska
Hot dry rock: flash |njecte -



Analogy: HDR geothermal borehole (well)
requires only surface casing and full-depth hot
water insulated return line (“ production casing”),
typically to 6,000 m depth.

Compare: Typical oil well completion, with several
casings.

Surface casing

Intermediate casing

Production casing

Perforated interval

6,000 m depth in HDR
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2003 : EPB Dirilling Full Scale in Granite
311 mm =12.25"
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Alaska’s Renewable Energy (RE) Goals

. 150+ community “energy islands”:
- Affordable
— Indigenous; independence
— Survival: outmigration
— All energy, all uses: elec, heat, transport
— Annual-scale, low-cost storage
. “Firm” large RE: Susitna Dam electricity
. Export large RE: “green” ammonia fuel
. Cluster industry: employment
. Prevent:
Rapid climate change: warming
Ocean acidification
Sea level rise
Species extinction

S COR IV RS



Trouble with Renewables

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

— High intensity

— Large geographic extent

Time-varying output:

— “Intermittent”

—“Firming” integration + storage required
“Energy island” communities, Alaska



Trouble with Renewables:
Big Three

1. Transmission and gathering
2. Storage: Annual-scale firming

3. Integration
« EXxtant energy systems
e Electricity grid
« Fuels: CHP, transportation
« Macro: “centralized plants”
 Micro: distributed gen (DG), microgrids



Trouble with Renewables:
Electricity Transmission

Grid nearly full: who pays?

Integration

— Distributed AND centralized: utilities squeezed
— Continental energy system

— Quality

— Time-varying

Costly “firming” storage: CAES, VRB, pump hydro
Low capacity factor (CF) or curtailment

Overhead vulnerable: God or man

Underground: only HVDC, 6x cost

Wide ROW

NIMBY: delay + cost, site + ROW
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Sunlight from |
local star /

"1 3 |

Electricity

PEM Electrolyzer
2H,0 -+ Energy —> 2Hz + 03

Solor Hydrogen System JuniorBasic

Solar Hydrogen Energy System



AEA EETF AASI Project

AEA: Alaska Energy Authority, State of Alaska
EETF. Emerging Energy Technology Fund
AASI:. Alaska Applied Sciences, Inc.
Anhydrous ammonia (NH3) fuel from RE

SSAS: Solid State Ammonia Synthesis

PCC: Proton Conducting Ceramic

AEA grants $750K from EETF to AASI. Aug ‘12
AASI in-kind $250K

Total $1M



AEA EETF AASI Project

Deliver: Containerized, transportable,

SSAS pilot plant “ammonia microgrid” system
Produce NH3 from RE-electricity, water, air
Store NH3 in small tank
Recover via CHP In ICE genset
SCADA data export for public
Demo around Alaska




Electricity Air

Air
Separation
_ Unit (ASU)
wWind
Generators
Liquid Ammonia
N2 i Transmission
Pipeline
: SSAS
Electricity reactor
<
Wind ‘H>0 Liguid Ammonia
Generators Tank Energy Storage

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

Trucks, Trains

Aircraft Fuel

Solid State Ammonia Synthesis (SSAS)




Community grid;
Renewable-source

Electricity

G

Produce NH,

Consume electricity

5

Consume NH,
Produce electricity

240 vac
1-phase —O0—
Line Ot

[/

Air

Air
Flow

Air Separation

Unit (ASU)

—> O, to air or market

] [

N

25 - 50 sensors, transducers

SCADA system

HDD

———>  Network

Power 2 WWmer
electronics Liquid level
| SSAS NH Steel
5 NH, Compressor Storage
reactor /[_Flow/ Tank
voltages
j kW ,_'
ICE Genset Flow

[ [T

SSAS Pilot Plant Demonstration
System for AEA EETF Grant

Rev: 6 Mar 11 W. Leighty
Alaska Applied Sciences, Inc.

PROJECT: Complete RE — NH3; SSAS Storage System
> NH3 synthesis from RE electricity, water, air (N2)

> Liquid NHs tank storage
> Regeneration + grid feedback
> SCADA instrumentation - UAF - ACEP
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Opportunity: Alaska Microgrid
Applications

1. Village energy “independence”

a. Diverse renewable sources
b. Low-costtank storage
CHP, transportation fuels
Firming storage: annual scale




Land + sea fuel

« USCG, Navy ships

e Land vehicles: road, ralil

* Recip engines modify: multifuel, Sturman
i . : :

n o e
.......
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Anhydrous Ammonia NH;

N Nitrogen

H Hydrogen

Molecular weight =~ 17

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



kWh per Gallon (LHV)

Volumetric Energy Density of Fuels
(Fuels in their Liquid State)

B Hydrogen Energy B Carbon Energy
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Sheet1

		Fuel		Formula		H2 LHV		C LHV		Total LHV		% H2 Energy		H2 LHV		C LHV		H2 LHV		C LHV		Total LHV		H2 LHV		C LHV		Total LHV		MW		H Weight		% H		BP		Density

						MJ/kg		MJ/kg		MJ/kg				MJ/liter		MJ/liter		kWh/kg		kWh/kg		kWh/kg		kWh/gallon		kWh/gallon		kWh/gallon								C

		Hydrogen		H2		120		0		120		100		9				33.3		0.0		33.3		9.5		0.0		9.5		2		2		100		-253

		Methane		CH3OH		30		20		50		60		13		8		8.3		5.6		13.9		13.7		8.4		22.1		16		4		25		-162

		Ethane		C2H6		24		24		48		50		12		12		6.7		6.7		13.3		12.6		12.6		25.2		30		6		20		-89

		Propane		C3H8		22		25		47		47		11		12		6.1		6.9		13.1		11.6		12.6		24.2		44		8		18.1818181818		-42

		Ammonia		NH3		17		0		17		100		12				4.7		0.0		4.7		12.6		0.0		12.6		17		3		17.6470588235		-33

		Butane		C4H10		21		25		46		46		12		15		5.8		6.9		12.8		12.6		15.8		28.4		58		10		17.2413793103		-1

		Pentane		C5H12		20		26		46		43		13		16		5.6		7.2		12.8		13.7		16.8		30.5		72		12		16.6666666667		36

		Hexane		C6H14		20		25		45		44		13		17		5.6		6.9		12.5		13.7		17.9		31.5		86		14		16.2790697674		69

		Heptane		C7H16		19		26		45		42		13		18		5.3		7.2		12.5		13.7		18.9		32.6		100		16		16		98

		Gasoline (Octane)		C8H18		19		25		44		43		13		18		5.3		6.9		12.2		13.7		18.9		32.6		114		18		15.7894736842		126

		Diesel (Cetane)		C16H34		18		26		44		41		14		20		5.0		7.2		12.2		14.7		21.0		35.7		226		34		15.0442477876		287

		Ethanol		C2H50H		16		11		27		59		12		9		4.4		3.1		7.5		12.6		9.5		22.1		46		6		13.0434782609		78

		Methanol		CH3OH		15		5		20		75		12		4		4.2		1.4		5.6		12.6		4.2		16.8		32		4		12.5		65

		Water		H20																										18		2		11.1111111111		0

		Diesel (Cetane)				14.7		21.0

		Gasoline (Octane)				13.7		18.9

		Heptane				13.7		18.9

		Hexane				13.7		17.9

		Pentane				13.7		16.8

		Butane				12.6		15.8

		Ethane				12.6		12.6

		Propane				11.6		12.6

		Methane				13.7		8.4

		Ethanol				12.6		9.5

		Methanol				12.6		4.2

		Ammonia				12.6		0.0

		Hydrogen				9.5		0.0

		Ammonia				100

		Hydrogen				100

		Methanol				75

		Methane				60

		Ethanol				59.2592592593

		Ethane				50

		Propane				46.8085106383

		Butane				45.652173913

		Hexane				44.4444444444

		Pentane				43.4782608696

		Gasoline (Octane)				43.1818181818

		Heptane				42.2222222222

		Diesel (Cetane)				40.9090909091

		Hydrogen				100

		Methane				25

		Ethane				20

		Propane				18.1818181818

		Ammonia				17.6470588235

		Butane				17.2413793103

		Pentane				16.6666666667

		Hexane				16.2790697674

		Heptane				16

		Gasoline (Octane)				15.7894736842

		Diesel (Cetane)				15.0442477876

		Ethanol				13.0434782609

		Methanol				12.5

		Water				11.1111111111

						H kWh/kg		C kWh/kg		Tot kWh/kg

		Hydrogen				33.3333333333		0		33.3333333333

		Methane				8.3333333333		5.5555555556		13.8888888889

		Ethane				6.6666666667		6.6666666667		13.3333333333

		Propane				6.1111111111		6.9444444444		13.0555555556

		Butane				5.8333333333		6.9444444444		12.7777777778

		Pentane				5.5555555556		7.2222222222		12.7777777778

		Hexane				5.5555555556		6.9444444444		12.5

		Heptane				5.2777777778		7.2222222222		12.5

		Gasoline (Octane)				5.2777777778		6.9444444444		12.2222222222

		Diesel (Cetane)				5		7.2222222222		12.2222222222

		Ethanol				4.4444444444		3.0555555556		7.5

		Methanol				4.1666666667		1.3888888889		5.5555555556

		Ammonia				4.7222222222		0		4.7222222222

		Water
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Why Ammonia ?
Fertilizer and Fuel

Only liquid fuel embracing:

m Carbon-free: clean burn or conversion; no CO»
= Excellent hydrogen carrier
= Easily “cracked” to H;

= Reasonably high energy density

Energy cycle inherently pollution free
= Potentially all RE-source: elec + water + Nitrogen
= Cost competitive with hydrocarbon fuels ?

m Decades of global use, infrastructure

= Practical to handle, store, and transport: fertilizer
= End-use in ICE, CT, fuel cell
m Safety: self-odorizing; safety regs; hazard; toxic
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Estim  Cost per MW-km

Capacity - GW

Capital Cost per MW-km

367.6470588235

607.1428571429

1488.0952380952
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291.5451895044

41.4841849148
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155.6923076923



NOTES NH3 Pipelines

		NOTES:  Suplement to Research for:										Ammonia: Key to US Energy Independence												9-10 Oct 06, Denver

				Rev:		11-Oct-11				Files:		NH3-Holbrook-7Nov06-Rev16Jun07.xls

												Transmission-Compare-Elec-GH2-NH3.xls

		1		I talked to a Greg Malcom at Air Products the other day.												13 Nov 06 Holbrook										Mt		Metric ton

				I was interested in "pilot scale" ASUs and he gave me:

				1 tpd N2 (membrane, without compressor) $37,000-40,000

				10 tpd (PSA) $225-250K

				90 tpd (their biggest PSA) $650K

				100 tpd (2X50 PSA units) $950K

		2		"Koegeboehn, Gary" <Gary.Koegeboehn@valero.com>

				Piping costs are too high for the 10" pipeline.  I would think it more appropriate to be about $500k/mile at most.  Station costs are about right. 

				Station costs:																				(Referring to what source?)

				Benchmark Valero ammonia pipeline: > 1,000 miles long, 10" diam, 0.25" wall, 1,300 psi, 150 tons per hour

		3		Jim Gosnell, KBR,  713-753-6263

		4		10" NH3 liquid pipeline capacity:  I got the 180 (tph) a couple years ago from Eric Elrod of Koch Industries, who used to operate the Valero line.

				The 150 (tph) was from Valero, and that's what I'd use.  The 180 might be viewed as a max.

				Thus, 150 tph x 8760 hrs / year = 1.3 million tpy (tons / year)												Mmty

				150 tph flow = 300,000 lbs / hr = 52,817 gal / hr

				180 tph flow = 360,000 lbs / hr =

				1 Mt NH3 =				6.4		MWh

				180		tph		1,159.2		MW =		1.1592		GW		So, full output of 1,000 MW nameplate windplant

				150		tph		966.0		MW =		1		GW		So, full output of 1,000 MW nameplate windplant

				150 tph x 24 = 3,600 tpd						Large NH3 conventional NH3 plant full output

				Thus, the two major (only?) NH3 transmission pipelines are transporting ~ 2.5 / 15  = 17% of total USA consumption of 14-15 mty

						However, only 4-5 MMty is NH3; balance of 12-15 MMty is urea, ammonium nitrate (AN), ammonium sulfate, etc.  Explosives manufacture consumption tpy?

		5		The Magellan line is about 1000 miles and is still the 6-10 inch carbon steel type.  don't know size etc. of the 8 terminals.

				Operates at ~800-900 psi and 400-500 barrels per hour (42 gals/barrel, density 0.68 kg/liter).

				I believe it has pumps about every 50 miles.

		6		Valero "customer" system map:  What's "Farmland" icon?  Is that a customer's name?  Total number of storage icons = 89.

				If we assume average size of these is 30,000 tons (would you suggest a better assumption?), total customer storage on Valero system is 2,670,000 tons.

				At 18% H2, that's 480,600 tons H2.  Net storage of the ConocoPhillips "Clemens Terminal" gaseous hydrogen (GH2) = 2,500 tons.

				Thus, total Valero system energy storage is equivalent of ~190 Clemens Terminal caverns.

		7		1 metric ton H2 =						1,000.0		kg H2 =		128.8		GJ (HHV) =				35.8		MWh

				1 metric ton NH3 =						180.0		kg H2 =		23.2		GJ (HHV) =				6.4		MWh

				1 MWh =						155.3		kg NH3

				1 GWh =						155,279.5		kg NH3 =		155.3		Mtons NH3 =				170.8		UStons NH3

		8		C:\Data\Hydrogen-OCT01\06-NH3-Denver-Oct4-5\NH3-Denver-Oct06.xls																See Sep-Oct 06 emails with Holbrook

				NH3-Denver-Oct06-STORAGE.xls																Holbrook: On cell O33, do you really want to divide by the efficiency?

		9		Ammonia-Oct06-RevNov06.ppt																See Sep-Oct 06 emails with Holbrook								See 16, below

				Assumed:				1,000 mile NH3 pipeline @ 10" @ $800K / mile =										$800		$M, pipeline only; no pumping

								Pumping stations										$6		$M pumping only

								Total pipeline system										$806		$M Total Capital Cost (Include Engr + ROW + Permitting?)

								Pumping energy + misc O&M										$3		$2M pumping + $1M misc

				Assume:		36" case		36" pipeline costs 4x 10" pipeline = $3.2M / mile										$3,200		$M, pipeline only; no pumping

								Pumping stations cost 4X 10" pipeline = $24M										$24		$M pumping only

								Pumping energy + misc O&M costs 4x 10" = $12M

								36" capacity = [36^2 / 10^2] x 1 GW =								12.96		GW ~=		13		GW =		1,950		tph @ 150 tph for 10" line

		10		Not all ammonia is applied as anhydrous (only about 4-5 MMT out of 12-15 MMT total, the rest urea, and ammonium salts) and not all is delivered by pipeline.  Much by train and truck.

		11		NH3 from CH4 energy conversion efficiency:  80-85% (Holbrook, 2 Oct 06 email) But, only for large plants >1,000 tpd																								Includes ASU and H2 compressor

				David Bloomfield, 2 Oct comment:  The efficiency of modern ammonia synthesis plants is probably around 80%  Check with (KBR).   The biggest loss is compression.

				Bechtel power system has a patent application on a 3-5 ton/day ammonia plant.  That won't get 85%, but is sized nicely for a 1 or 2 wind turbine power output

		12		Annual O&M for "atmospheric" NH3 storage tanks: From Holbrook 30 Sep 06:  CF says total annual, including refrigeration energy ~= $30K per 60K ton tank

				What's annual refrigeration MWh?

		13		Compare to total GH2 cavern storage needed to firm entire Great Plains wind output:

				Estimate total extant NH3 storage in USA, compare it to energy storage required to totally firm Great Plains wind to equal  entire USA energy consumption:

				12,000 "Clemens Terminal" caverns @ 2,500 tons GH2 net storage capacity each = 30 million tons GH2.

				How many tons NH3 energy equivalent is that?  How many ft^3 , nm3, gallons, liquid NH3 is that (assumed refrigerated at 1 atm).

		14		Mohitpour pipeline calc?						27 Sep 06 email Holbrook:

				Sounds like he's willing to do a rough design of a 500 mile, 10", 1300 psi inlet, NH3 liquid pipeline, to determine pumping requirements.

				Now can you obtain for me the viscosity and density of Amonia that you want to transport at two different temperatures and pressures pls.

				What would be the delivery pressure at the end of the pipeline. I will assume inlet is 1300 PSI

				Ammonia LIQUID http://www.airgasspecialtyproducts.com/UserFiles/laroche/PDF/fig7.pdf  where it looks like at 70F viscosity is ~0.13 centipoise, about 1/10 of water (is this what Mo used?).																																				4 Oct 06 email

				Here is NH3 viscosity vs. temp:  http://www.airgasspecialtyproducts.com/UserFiles/laroche/PDF/fig7.pdf																				NH3 viscosity (1.013 bar and 0 °C (32 °F)) : 0.000098 Poise

		15		These are costs typical in the US and are at an all time high now since there is more work than contractors.																										Cross-country, easy terrain								$150-$175 per foot.				For 10" X42 carbon steel pipe

				$150 / ft =				$792K / mile						$175 / ft =				$924K / mile												Urban or difficult terrain								$250-$350 per foot.				For 10" X42 carbon steel pipe

		16		Get pump quotations from Sulzer, assuming a diesel internal combustion engine (ICE) prime mover, which should be pretty close to a mature technology ammonia-fueled ICE.

				For 10" NH3 pipeline pumping stations (redundant pump(s) needed														Bob McCain, Sales Manager, Sulzer:  IPC06 Expo, Calgary

				Required pumping estimate: 1,000 mi, 10”, 150 tph														400 hp pump, 250 psi delivery:

				Inlet + 4 midline pump stations						5 pump stations @ $1.5M = $7.5M

				Design: Recip or radial multistage split								3,600 rpm typical

				Estimated $500K / pump package: elec motor drive, skid												Paired in pump stations						Split flow

				Redundant: service one, other assumes full load

				Doubles pump cost:  ~ $1M per station										Total station cost ~ $1.5M

		17





O&M Costs + Losses

		O&M Costs + Losses: Transmission Systems Comparison																Made:		28-Nov-10				Rev:		28-Nov-10

		Electricity

		NAME		LOCATION

		Tallgrass Transmission		North TX to South KS

		Sunrise Powerlink		Imperial Valley to San Diego

		Rock Island Clean Line		IA-SD-NE to Chicago

		Grain Belt Express		SW KS to IL, OH, IN, KY

		Plains & Eastern		NW OK, SW KS, TX panhandle to mid South and SE

		Atlantic Wind Connection; Trans-Elect		Offshore USA East Coast Submarine Cable

		SC: AMSC 5GW

		Natural Gas

		Oil

		GH2		Smart Pipe: FRP + foil

		NH3		Carbon Steel - low alloy





Storage

		Annual Firming Storage Required by Great Plains Wind Seasonality																						File:		NH3-Denver-Oct06-STORAGE.xls

		Assume:		Large-scale liquid NH3 storage capital cost								450		$ / ton		Stokes						$18M for 40K tons storage ( Keith Stokes, ?) = $450 / ton NH3 =

												415		$ / ton		CF Industries						CF Industries said $25M for their 60KTon storage = $416 / ton

				All NH3 storage at source windplants, to maximize CF of NH3 pipelines

				All NH3 storage tanks are:						60,000		net US tons @				$25		million each

				Large-scale liquid NH3 storage annual refrig cost $30K / 60K ton =														$0.5		$ / ton / year

				GH2 cavern storage =						2,500		net US tons per cavern @ 1,500+ psi

				GH2 caverns capital cost = $10M excavation + $5M cushion gas =														$15.0		million total

				2,000 MW (nameplate) windplant @ 40% CF (capacity factor)

				Total potential average Great Plains windpower AEP (annual energy production) =~																				10,000		TWh		(PNL-7789, 1991)

				Total MW nameplate installed wind generation required to harvest all potential Great Plains wind =~																				2,800,000		MW @ 40% CF =				2,800		GW @ 40% CF

				Electrolyzer efficiency =						80		per cent

				1 metric ton H2 =						35.8		MWh

				NH3 synthesis plant efficiency =						80		per cent

				NH3 wt % H =				18		per cent

				US tons per metric ton =						1.1

		Elliott, et al seasonality factors:								"Seasonal Variability of Wind Electric Potential in the United States", Table 3, for "North Central", normalized, yields these "seasonality factors":

				Winter		1.2		Spring		1.17		Summer		0.69		Autumn		0.93

		For 2,000 MW nameplate windplant @ 40% CF:   AEP is												2000		24		365		0.4		=		7,008,000		MWh =		7.0		TWh

				We find that expected average seasonal energy production would be 1.75 TWh x seasonality factor, above:																												Each season average =						1.752		Twh

						Winter =				1.752		x		1.2		=		2.10		TWh

						Spring =				1.752		x		1.17		=		2.05		TWh

						Summer =				1.752		x		0.69		=		1.21		TWh

						Autumn =				1.752		x		0.93		=		1.63		TWh

						Total												6.99		TWh

		Biggest difference between seasons is Winter - Summer =												2.10		-		1.21		=		0.89		TWh =		893.52		GWh								Round to:		900		GWh

		However, biggest difference between adjacent, sequential seasons is Spring - Summer =																		2.05		-		1.21		=		0.84		TWh =		840.96		GWh		Round to:		900		GWh

				Therefore, ANNUAL-SCALE FIRMING storage required for 2,000 MW nameplate windplant:																		900		GWh

				Thus, ANNUAL-SCALE FIRMING OF all windplant energy, converted to GH2 for export, at assumed electrolyzer efficiency, requires storage of:																										1,125		GWh =		31,425		metric tons H2 =				218,226		US tons NH3

				Thus, ANNUAL-SCALE FIRMING of all Great Plains wind energy requires storage of:																										1,575,000		GWh =		43,994,413		metric tons H2 =				305,516,760		US tons NH3

				GH2 cavern storage @ 2,500 tons H2 net per cavern requires:														12.6		caverns per 2,000 MW nameplate wind generation @										$15.0		million per cavern =				$189		million

				GH2 cavern storage @ 2,500 tons H2 net per cavern requires:														6.3		caverns per 1,000 MW nameplate wind generation @										$15.0		million per cavern =				$94		million

				NH3 refrig liquid tank storage @ 60K tons NH3 net per tank requires:														3.6		tanks per 2,000 MW nameplate wind generation @										$25.0		million per tank =				$90.9		million

				NH3 refrig liquid tank storage @ 60K tons NH3 net per tank requires:														1.8		tanks per 1,000 MW nameplate wind generation @										$25.0		million per tank =				$45.5		million

		Complete ANNUAL-SCALE FIRMING of Great Plains wind requires:

				GH2 cavern storage @ 2,500 tons H2 net per cavern requires:														17,598		caverns @				$15.0		million each =				$264.0		billion

				NH3 refrig liquid tank storage @ 60K tons NH3 net per tank requires:														5,092		tanks @				$25.0		million each =				$127.3		billion





Conversion Units

		CONVERSIONS:  Power, Energy										File:  H2-ConversionsUnits.xls

		MMscf:		million standard cubic feet

		H2																								NH3

		Power

		1 kW =		10.5		scf per hr																				Mass content as H =						0.18

		1 MW =		10,500		scf per hr =		297.5		Nm3 per hr =		3.6		GJ per hr=		1341		hp								1 metric ton H2 =						1000		kg H2 =		128.8		GJ (HHV) =				35.78		MWh

		1 GW =		10.5		Mscf per hr =		252		Mscf per day=		297500		Nm3 per hr =		3600		GJ per hr								1 metric ton NH3 =						180		kg H2 =		23.184		GJ (HHV) =				6.44		MWh

		1 GW =

		1 GW =		3,430		MMBTU per hr																				1 MWh =						155.3		kg NH3

		1 TW =		10.5		Bscf per hr =		297.5		MNm3 per hr =		3.6		MGJ per hr												1 GWh =						155,279.5		kg NH3 =		155.3		Mtons NH3 =				170.8		UStons NH3

		1 Nm3 =		12.8		MJ (HHV) =		35.3		scf =		0.09		kg H2

		1 Mscf /hr=		327		MMBTU per hr

		Energy

		1 GJ =		277.8		kWh =		2,915		scf

		1 GJ =		2,915		scf =		75.36		Nm3 =		10^9 J =		0.95		MMBTU

		1 kWh =		10.5		scf=		0.298		Nm3

		1 MWh =		10,500		scf =		297.5		Nm3 =		3.6		GJ

		1 GWh =		10.5		Mscf =		297500		Nm3 =		3600		GJ		3,430		MMBTU

		1 GWh =

		1 TWh =		10.5		Bscf =		297.5		MNm3				3.6		MGJ=		3.6		PJ

		1 kg H2 =		11.08		Nm3 =		128.8		MJ (HHV) =		135.1		kBTU =		375.6		scf =		0.0372		MWh

		10^6 scf =		343		GJ (HHV) =		26850		Nm3

		1 lb H2 =		5.04		Nm3 =		0.0585454545		GJ (HHV) =		16.2639272727		kWh =		187.8		scf =

		1 Nm3 H2 =		0.09		kg =		3.361		kWh

		1 scf H2 =		343		kJ =		325		BTU (HHV)

		1 kWh =		3410		BTU

		1 scf NG =		1010		BTU

		1 Ton H2 =		375,600		scf =		0.376		MMscf		35.8		MWh		(metric ton)

		1 kg =		0.0372		MWh =		.134 GJ

		1 kg =		0.127		MMbtu		= (0.134 GJ / kg) x (0.95 MMbtu / GJ)

		From R. Merer:				39.4 kWh / kg		HHV

						33.3 kWh / kg		LHV

						142000 GJ / kg		HHV

						120000 GJ / kg		LHV

						423.2 scf / kg		(70 F, 1 atm)





Transmission Compare

		Capital Cost: Transmission Systems Comparison																Made:		28-Nov-10						Rev:		28-Nov-10

		Try to normalize to 1,600 km transmission distance

								#####  Pipelines  #####																						Estim		Estim		Project		Estim		Estim

		Electricity										Bpd																		Cost		Cost		Estim		Cost per		Cost per				Estim

								Inch		Press		Bcfd		Voltage		Voltage		###  DISTANCE  ###				Capacity				Capacity		Capacity		per Mile		per km		Cost		MW-mile		MW-km				Complete

		NAME				LOCATION		Diam		PSI		Ton/hr		KV-DC		KV-AC		MILES		kM		GW		CHART		GW-mile		GW-km		$Million		$Million		$Million		$		$		CHART		Date		Owner(s)				Study

		Sunrise Powerlink				Imperial Valley to San Diego												117		187.2		1				117		187						1,900		16,239		10,150						SDG&E				-2

		Tallgrass Transmission				North TX to South KS										765		170		272		5		5		850		1,360						500		588		368		368		2012		AEP, MidAmerican				(1)

		Rock Island Clean Line				IA-SD-NE to Chicago								500				500		800		3.5		3.5		1,750		2,800						1,700		971		607		607				Clean Line Energy Partners						http://www.rockislandcleanline.com/project.html

		Grain Belt Express				SW KS to IL, OH, IN, KY								500				500		800		3.5				1,750		2,800						1,700		971		607						Clean Line Energy Partners

		Plains & Eastern				NW OK, SW KS, TX panhandle to mid South and SE								500				800		1280		7				5,600		8,960						3,500		625		391						Clean Line Energy Partners

		Atlantic Wind Connection; Trans-Elect				Offshore USA East Coast Submarine Cable								??				350				6		6		2,100		3,360						5,000		2,381		1,488		1,488

		SC: AMSC 5GW												100								5		5						8						1,600		1,000		1,000

		Natural Gas

		ANS Gasline		Bcfd		Alaska North Slope-Caroline AB		48-52				4						1,750		2800		49		49		85,750		137,200		23				40,000		466		292		292

		Oil

		Keystone XL		Alberta - GOM coast		Oil:  900,000 bpd		36				900,000						1,713		2740		62		62		105,462		168,739		114				7,000		66		41		41

		GH2				NOTE:  15 Apr 11 Steve Catha email: Smart Pipe estimated "all-in" capital cost for 36" diam, 1,500 psi pipeline = $ / inch / km =																										125,000

						Smart Pipe: FRP + foil		36		1500								1000		1600		6		6		6,000		9,600		7.2		4.5		7,200		1,200		750		750

		NH3				Carbon Steel - low alloy - pipeline only - 150 Mt / hr		10		300		150		tph				1000		1600		1				1,000		1,600		0.5				500		500

						Carbon Steel - low alloy - pipeline plus pumping stations		10		300		150		tph				1000		1600		1				1,000		1,600		0.5				506		506		316

		NH3				Carbon Steel - low alloy - pipeline only - 150 Mt / hr		36		300		150		tph				1000		1600		13				13,000		20,800		2				2,000		154

						Carbon Steel - low alloy - pipeline plus pumping stations		36		300		150		tph				1000		1600		13		13		13,000		20,800		2				2,024		2,024		156		156

		Notes:		NH3 pipeline:

				Ammonia-Oct06-RevNov06.ppt

				NH3-Holbrook-7Nov06-Rev16Jun07.xls

				Ammonia-Oct06-RevNov06.ppt

				NH3-Denver-Oct06.xls

		STUDIES, NOTES, RESOURCES

		1		Southwest Power Pool EHV Overlay Study

		2		http://www.nytimes.com/2010/11/28/science/earth/28transmission.html?_r=6&partner=rss&emc=rss&mkt_tok=3RkMMJWWfF9wsRonu63BZKXonjHpfsX%252B7uwqX7Hr08Yy0EZ



http://www.rockislandcleanline.com/project.html
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Estim  Cost per MW-km

Capacity - GW

Capital Cost per MW-km

367.6470588235

607.1428571429

1488.0952380952

1000

291.5451895044

41.4841849148

750

155.6923076923




Energy Storage System Characteristics
Hydrogen and Ammonia off the charts ?

Storage capacity (Mwh, scf, nM3, Mt, gallons ....)
Power (MW, scfm ....) In/Out rate
Costs

— Capital

— O&M

Efficiency

Response time

Durability (cycling capacity)
Reliability
Autonomy
Self-discharge

Depth of discharge
Adaptation to the generating source
Mass and volume densities of energy
Monitoring and control equipment
Operational constraints

Feasibility

Environmental
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Anhydrous Ammonia (NH3)
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Compressed air
Dbl-laver capacitors
Flywheels
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Capital Cost per Unit Energy - %/ kWh-output

(Cost f capacity / efficiency)
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Flow Batteries
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Ammonia fueled — Norway




Ammonia Fueled Bus: Thousands of Problem-free Miles
1943



University of Michigan

Ammonia + Gasoline Powered

e Idle: gasoline

e Full power: 80% ammonia
Summer '07 Detroit = San Francisco

2007



X-15rocket plane: NH3 + LOX fuel
Mach 6.7 on 3 Oct 67

1959 - 68

199 missions



1,000 hours, ICE, 6 cyl, 100 hp
75% ammonla 25% propane
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Liguid Ammonia Tank Storage

Cost per Gallon: 250 psi Ammonia Tanks
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Susitna River Flows
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“*Atmospheric”
Liquid
Ammonia
Storage Tank
(corn belt)

30,000 Tons

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

-33C
1 Atm

'09 ARPA-E “Grids” Goal: $100/ kWh



Haber-Bosch Process

1909 — 1913 BASF
* NH3 synthesis
e Coal gasification = H2
* WW | explosives

* 40% humanity: N fertilizer

Haber-Bosch Reactor

1921
Ludwigshafen, Germany




Inside the Black Box:
Steam Reforming + Haber-Bosch (H-B)

3CH,+6H,0+4N,—>3CO,+8NH,

Electricity

Energy consumption ~33 MMBtu (9,500 kWh) per ton NH,
Tons CO; per ton NH3; = 1.8




The Competition

e )

Burrup Peninsula, NW Australia, Natural Gas to Ammonia Plant
760,000 Mt / year

$US 650 million capital cost ‘06



GURUPA

RIODE JANEIRO

Ammonia or LPG Tanker
To 35,000 Mt
Refrigerated

P .




USA NHS3 Infrastructure

m USA imports ~60% of 14 MMt / year
= — 3,000 miles pipelines

m ~ 250 psi liquid

= Smaller diameter than NG or hydrogen

m — 4.5 MMt large “atmospheric” tank
storage
= Mild steel construction

= Low cost
= No corrosion or embrittlement
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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



RE Ammonia Transmission + Storage Scenario

Wind
Generators

Electrolyzers

Wind
Generators

H2

H20

Electricity
Air

Air
Separation
Plant

N2

Haber-Bosch
AmMMmonia e

Synthesis Liquid
Ammonia
Transmission
Liquid Pipeline
Ammonia Tank

Storage

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

Trucks, Trains

Aircraft Fuel




Norsk Hydro

g=8 Electrolyzers
g 2 MW each
- P

o (o il

Ammonia from
hydrogen
from zero-cost
off-peak hydro




Inside the Black Box:
HB Plus Electrolysis

3H,0—-3H,+3/20,
3 H,+ N, - 2 NH,

I [l Electrolyzer

B
L
— N,

Energy consumption ~12,000 kWh per ton NH,
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3 Mt / day Electrolysis + Haber-Bosch (EHB) NH3 plant by Proton Ventures
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Village-scale
3 Mt / day Mini-NH3 Plant
RE Electricity Haber-Bosch

1
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RE Ammonia Transmission + Storage Scenario

Air

Electricity

~ Solid State Ammonia Synthesis

Air
Separation
. Plant
Wind
Generators
7/
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7
Haber-Bosch
| Electrolyzers Ammonia
- - Synthesis
N H2
) HIZO Liquid
) Ammonia Tank
Wind Storage
Generators

/

? Liquid

Ammonia
Transmission
Pipeline

Trucks, Trains

(SSAS)
I AC grid
Wholesale
Generators
ICE, CT,
FC
End users
Retall
Cars, Buses,

Aircraft Fuel




Electricity Air

Air
Separation
_ Unit (ASU)
wWind
Generators
Liquid Ammonia
N2 i Transmission
Pipeline
: SSAS
Electricity reactor
<
Wind ‘H>0 Liguid Ammonia
Generators Tank Energy Storage

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

Trucks, Trains

Aircraft Fuel

Solid State Ammonia Synthesis (SSAS)




Inside the Black Box:
Solid State Ammonia Synthesis

6 H,O0+ 2N, — 30, +4NH,

Benchtop

Proof-of-concept

Energy consumption 7,000 — 8,000 kWh per ton NH,




NHThree LLC patent
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Tube assembly installed in test fixture.

Nickel oxide cathode coating (tube interior) reduced by hydrogen to
metallic nickel, ready for subsequent tests.



& N v - e : d

Center: PCC tube 33 cm”2 active area.
Current collectors installed.
Sealed to alumina support tubes. Setup is leak-free.



ETD|[14.2 mm|10:18:25 AM|20.0 kV| 4.0 | 50x CFCC

50x PCC tube cross-section, anode layer (exterior)



12312012 | RV | Spot IVIa '
102358Arvl2008x
2,000x cathode (interior)




Community grid;
Renewable-source

Electricity

G

Produce NH,

Consume electricity

5

Consume NH,
Produce electricity

240 vac
1-phase —O0—
Line Ot

[/

Air

Air
Flow

Air Separation

Unit (ASU)

—> O, to air or market

] [

N

25 - 50 sensors, transducers

SCADA system

HDD

———>  Network

Power 2 WWmer
electronics Liquid level
| SSAS NH Steel
5 NH, Compressor Storage
reactor /[_Flow/ Tank
voltages
j kW ,_'
ICE Genset Flow

[ [T

SSAS Pilot Plant Demonstration
System for AEA EETF Grant

Rev: 6 Mar 11 W. Leighty
Alaska Applied Sciences, Inc.

PROJECT: Complete RE — NH3; SSAS Storage System
> NH3 synthesis from RE electricity, water, air (N2)

> Liquid NHs tank storage
> Regeneration + grid feedback
> SCADA instrumentation - UAF - ACEP




Beyond Alaska Microgrids

e Success: global application
« “Electrofuels” microgrids




320,000 MWh storage
Annual firming 1,000 MW Great Plains wind

* Electricity

— VRB (Vanadium Redox Battery)
« O&M: 80% efficiency round-trip
» Capital: $500 / kWh =

— CAES (Compressed Air Energy Storage)
e O&M: $46 / MWh typical
* lowa Stored Energy Park:

— Power = 268 MW

$ 13 Billion
$ 325M

$70 Million
$30 Million




“*Atmospheric”
Liquid
Ammonia
Storage Tank
(corn belt)

30,000 Tons

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

-33C
1 Atm

'09 ARPA-E “Grids” Goal: $100/ kWh



NH3: “The other hydrbqen”

Hydrogen Hub N

10 Megawatt Capacity Site RSl Preston Michie, Jack Robertson: 2009
Site Area: 4.57 acres )

Former BPA; Northwest Hydrogen Alliance



Water

Air

ﬁ
Off-Peak

Power

Hydrogen Hub Concept

Control Electronics
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NH3 i NH3
I Ammonia I
Storage
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Sales
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Electric
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Production Power
for Local
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“ 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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Renewable-
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' ‘ Hydrogen
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Merging microgrids



Exhaust

Insulation

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

Compressor

Engine



Alaska Energy Authority
Emerging Energy Technology Fund

Project Fundamentals

1. Does SSAS system “work” ?



Alaska Energy Authority
Emerging Energy Technology Fund
$750K grant to

Alaska Applied Sciences, Inc.

« SSAS Proof-of-concept pilot plant



Project Fundamentals

1. Anhydrous ammonia (NH3) is a:
a. Fuel: ICE, CT, fuel cell
b. Transmission medium
c. Low-cost energy storage medium: liquid, 15 bar
NH3 made from RE electricity, water, and air

a oden. I\ A




Project Fundamentals

4. SSAS unproven: needs proof-of-concept,
kW-scale pilot plant

Design and build pilot plant:




PNNL, Richland, WA 25 Feb 13
L to R: John Holbrook, NHThree Bill Leighty, AASI Greg Coffey, PNNL

Test reactor is above Bill's left shoulder



Project Status

PCC tube section in test at PNNL, Richland, WA
AEA 1 Dec deadline: “use or lose” $750K grant
Alternative technology proposed

N | I
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