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Spruce bark beetle kill, Alaska



Shishmaref, Alaska
Winter storms coastal erosion



MUST Run the World on Renewables — plus Nuclear ?

 Climate Change

» Ocean acidification

» Sea level rise

« Demand growth

» Water for energy

* War

 Depletion of Oil and Gas and Coal

* Only Source of Income:

e Sunshine, tides



Comparing the world's energy resources*

Annual Income

WIND

Where should we
invest for the

long-haul?? = o= < Capital

P

Natural Gas

~ Petroleum
World energy use
Uranium
COAL

"early potential Is shown for the renawable energies. Total resenes are showhn for the fossii and nuclear “use-therm, lose-them”
resources. Word energy use Js anhual
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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” integration + storage required
Distributed AND centralized



Trouble with Renewables:
Big Three

1. Gathering and Transmission

2. Storage: Annual-scale firming =
dispatchable

3. Integration
« Extant energy systems
« Electricity grid
 Fuels: CHP, transportation, industry



Beyond “Smart Grid”

 Adds no physical:
— Transmission, gathering, distribution
— Storage
* Run the world on renewables ?
* Must think:
— Beyond electricity
— Complete energy systems
— ALL energy



“Transmission”

* Industrial
« Renewable-source electricity
 Underground pipelines
« Carbon-free fuels: hydrogen, ammonia
* Low-cost storage:
$0.10 -0.20/ kWh capital
RE systems, GW scale



Sunlight from
local star

‘\~

PEM Fuel Cell

\tem: 2010
My + 09 » 290 - Energy

Solar Hydrogen System JuniorBasic

www h-teccom

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

Solar Hydrogen Energy System



Landscape: RE-source.NH3

Alaska demo project: AASI

Complete RE systems:

— @Generation, harvesting

— Gathering + Transmission

—' Annual-scale firming storage

— Integration: distribution + end-use
Artificial Photosynthesis: UK, July ‘14
Ag Ventures, lowa: Wind = NH3 study
Synthesis tech survey

— From H2

— From electricity

ICE gensets conversion to NH3: demand demo
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Renewable- NH3

Source
Electricity Synth

Syngas Generation

Liquid NH,
Tankers

D
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Pipeline, railroad, barge
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Ammonia
Importing Countries

Vehicle fuel CHP distributed
generation fuel

‘ Methanol :
l Hydrogen
J  GTL

Urea

Other
Fertilizers

KBR

ﬁmmy lnd Chemicals



Our NFuel unit: Sustainable
and decentralized production
of Ammonia for usage as a
fuel, fertilizer or de-nox

Proton Ventures BV, Netherlands
WWwWWw.protonventures.com




Air

Community grid; Flow

Renewable-source
Electricity

Air Separation
Unit (ASU)

—> O, to air or market

/ P, T ;
Pouer W Ne wa
electronics w ater

SSAS NH, i

f kvy reactor f Flow/ Compressor
voltages
j kw ,_'

G Produce NH, W

Consume electricity
1-phase —O0—
Line oO—

Consume NH,
Produce electricity

[

Steel
Storage
Tank

ICE Genset Flow
25 - 50 sensors, transducers
ﬂ ————— E SSAS Pilot Plant Demonstration

| /RPM/ / T/ System for AEA EETF Grant
HDD Rev: 6 Mar 11 W. Leighty
SCADA system Alaska Applied Sciences, Inc.
——>  Network PP

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

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




Pilot Plant Budget

EETF via AEA $ 750 K
Technology in-kind




Landscape Survey: RE-source NH3

WindToGreen, LLC- tech survey

“Better catalysts”

New methods, pathways, to NH3 synth

All “Non-Haber” tech is at TRL1-3
Electrolysis + Haber-Bosch (EHB) lowest risk
Long-term, costly effort for RE-NH3

High cost of RE-NH3: competition, C-tax ?



Landscape: RE-source NH3

— Sources: Electricity. or Hydrogen ?
— Markets:
* Transportation Fuel
* Ag Fuel
* N-fertilizer
. Distributed Generation (DG) Fuel
» |ndustrial Fuel + Feedstock
 “Run World on Renewables”



RE Systems:
Carriers and Storage Strategies

— Electricity

— Gaseous Hydrogen (GH?2)

— sLiquid - Hydrogen (LH2)

— Anhydrous Ammonia (NH3)

— Toluene (C7H8) <~
Methylcyclohexane (C7H14)

— Artificial Photosynthesis (AP)



Global Artificial Photosynthesis Project
The Royal Society, Chicheley Hall, UK July 8 -10, 2014
Tom Faunce, Australia National University, Convenor
Leighty for NH3 Fuel Association: “What Shall We Do With The Photohydrogen?”
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RE Ammonia Transmission + Storage Scenario

Electricity
Air

Air
Separation
Plant .
Wind . | AC grid
Generators Generators Wholesale
ICE, CT,
N 2 FC
End users
Haber-Bosch Retail
Electrolyzers Ammonia e
> Synthesis Liquid
Ho2 : Cars, Buses,
Ammonia .
agi Trucks, Trains
Transmission
H20 Liquid Pipeline
) Ammonia Tank
Wind Storage
Generators

Aircraft Fuel




Norsk Hydro

Electrolyzers
2 MW each
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Ammonia from
hydrogen
from zero-cost
off-peak hydro




Inside the Black Box:
HB Plus Electrolysis

3H,0—-3H,+3/20,
3 H,+ N, - 2NH,

I | Electrolyzer

|| ﬁ-—

Energy consumption ~12,000 kWh per ton NH,




RE Ammonia Transmission + Storage Scenario

Electricity
7 171
o Beyond Haber-Bosch “BHB”
| /
Alr 7 4
Separation /
_ Plant '
Wind | /7 | AC grid
/ Wholesale
Generators y: Generators
ICE, CT,
s > FC
5 / J End users
Haber-Bosch Retal
Electrolyzers Ammonia
3 Synthesis Liquid Cars. Buses

Trucks, Trains

H2 Ammonia
Transmission
; Pipeline

H20 Liquid
Ammonia Tank
Storage

Wind
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Aircraft Fuel




Electricity Air

Air
Separation
_ Unit (ASU)
Wind
Generators
Liquid Ammonia
N Transmission
Pipeline
SSAS
Electricity reactor
<
Wind H->0 Liquid Ammonia
Generators Tank Energy Storage

[ AC grid
Wholesale
Generators
ICE, CT, FC
End users
Retail
Cars, Buses,

Trucks, Trains

Aircraft Fuel

Beyond Haber-Bosch "BHB”




Thermal Power Flant

[Abroad] = T . [Sea] + * » [Japan] (Mathane,H, fusl)

Chiveda H, storage & Transporatation
System by Organic Chemical Hydride method

o
o
5§
Gity Gas bland
: - : [HE F'"t] : Electrolysis
— : "' m CO; Sep. r
EOR Reforming | ¥
(HicOD Eggfl Gasification Wind Energy Hyvdraulic Energy
__ Natural Eas ) @ PV Energy Renewable Energy
s
field Caoal

C-emissions-free Hydrogen transport and storage: Chiyoda Chemical, Japan

Toluene (C7H8) €2 Methylcyclohexane (C7H14)




NH3 Synthesis Technologies

—WindToGreen, LLC 2013
Technology Advisory Group

— Landscape assessment

— Literature search

— Followup



NH3 Synthesis Technologies

—  H-B and electrolysis plus'H-B (EHB)
— Polymermembrane:«nano

* Nanoparticle catalyst impregnated polymer membrane
* nanostructure catalyst
* nanostructured polymer membrane

* Other nanoparticles catalysts and nanostructure
catalyst carriers

 Composite electrolytes
—. Polymer membrane “Nafion” not compatible with NH3
— Ammonia-Compatible Polymer (UMN)
— Membrane Electrode Assembly (MEA): PEM fuel cell



NH3 Synthesis Technologies

— ' Proton Conducting Ceramic (PCC) electrolytes:
Examples (BaCeO3, CaZrO3, SrZr0O3, LaGa03)

— Other PCC: MP207 Intermediate-temp PCC + M-N
catalysts (LANL)

— Oxides:

* Complexperovskite-type

* Pyrochlore-type

* Fluorite-type
—+ Oxygen ion conducting ceramic electrolyte
— Plasma

 Non Thermal (NTP)

 Microwave
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NH3 Synthesis Technologies

— ' Molten salt electrolyte

— lonic Liquid electrolyte

— Diamond nanoparticles catalyst, substrate:
U. Wisconsin Madison (R.J. Hamers)

— Solar-assisted two-stage metal nitride redox, low=P NH3
synth, from ETH, Zurich

— N2 Cleavage and Hydrogenation by a Trinuclear Titanium
Polyhydride Complex

—. Cyclic Pressurization (ICE)
— Lithium (proprietary)



H2 generation to feed H-B

— Artificial Photosynthesis (AP)

— Catalyst pseudo-random search: JCAP

— Biology: algae, other

— Gasification

— Nanoptek: light or electricity input = H2
— Other



System Test, Launch
& Operations

System/Subsystem
D evelopment

Technology
D emons trati on

Technology
Development

Research to Prove
Feasibility

Basic Technology
Research




System Test, Launch

& Operations TRL S

Systom/Subsystom TRLS

Development —_
TRL7

Technology
Demonstration

Technology
Dovelopment

Research to Prove
Feasibility

Basic Technology
Rosearch

Actual Technology qualified through successful
mission operations

Actual Technology completed and qualified through
test and demonstration

Technology prototype demonstration in a simulated
operational enviranr_g_e_nt

Prototype demonstration in a relevant environm ent

Technology basic validation in a relevant environme

Technology basic validation in a Iaboratory
environment

Analytical and experimental critical function and/or
characteristic proof of concept

Technology concept and/or application formulated

Basic principles observed and reported




Oxygen Sales

Compressor

Gaseous H; Storage

kW,
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NH3 Sales

Electrolysis + Haber-Bosch (EHB) system
For RE-source Electricity, Water, and Air inputs



Review of electrochemical
ammonia production
technologies and materials

S. Giddey, S.P.S. Badwal, A. Kulkarni

CSIRO Energy Technology
Victoria, Australia



Electrolytic

Ammonia Synthesis

Liquid Composite Solid State
[ Electrolyte J [Molten Salts} { Membrane] [ Electrolyte }

e Organic solvents - ) (Li, !(, C§) CI. Proton Conducting
tetrahydrofuran (300-500°C) (RT - 80°C)
. (Room Temperature) )
lonic Liquids - | - (Na, K, Li) carbonate ) [Oxygen ion conducting
LiClO4 in IL ceramic membranes -
4 and LiAIO,
_ (Room Temperature) ) (400-450°C) 8 mol% Y,0, -Zr0,
) 2 -YDC-Ca,(PO,),-K,PO, (650°C)
Aqueous solutions (650°C) J z
(e )
- LiCIO,4 in 0.03M H,S0O, 'Yb,0, doped SrCeO,

\_ (Room Temperature) /

- Sm,0; doped BaCeO;,
-Gd,0; doped CeO,
\_  (600-750°C)  /

Fig. 2 — Various electrolytic options under consideration for ammonia synthesis.
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NH3 Synthesis by
Proton Conducting Solid Electrolyte




LiCI-KCI-CsCl + Li;N | N*
Anode

NH3 Synthesis by
Molten Salt Electrolyte




Power supply

e e-
C0L0; \

cathode
O
/ ="
Glassy C or H,O
boryon Molten salt e 113
doped
diamond

NH3 Synthesis via Molten Salt Electrolyte
With Water as Hydrogen Source



Pyrochlores

Fluorites

Perovskites



6H* + N, + 6e" = 2NH,

6H* + N, + 6e” = 2NH,
3H, + N, = 2NH,

Proton Conducting Ceramic Electrolyte Cell
TOP: Double-chamber BOTTOM: Single-chamber




5nm

Cluster Model of “NAFION” Membrane
~ 10 -® mol per cm? per second



What is NTP?

» NTP species include: energetic electrons,
photons, atoms, and molecules, highly
reactive radicals, ozone, etc. Ozone is the
most widely used NTP species.

+ NTP-is generated though electrical
discharge in gas (in atmosphere or liquid).

Highest single-pass

conversion = 13% |
HV Power Plasma

Electrode
]

|
Electrode

Source: Roger Ruan, University of Minnesota



Solar Thermochemical Ammonia

P. Pfromm, R. Michalsky*, Kansas State University

@On towWer:
fixed bed reactor,

Solar tower with heliostats

*now ETH, Zurich

Manganese
nitride

Concentrated
solar radiation

Ammonia

1

Reaction
chamber

700°C

1000-1250°C

Reaction
chamber

N, O,

4 Steam

Manganese
oxide

N2
from membrane
air separation unit



Visible light

Plasmon-Induced Ammonia Synthesis through

Nitrogen Photofixation with Visible Light Irradiation




Extinction
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‘400 500 600 700
Wavelength (nm)

d) Anodic chamber Cathodic chamber

Xe Lamp Water saturated
hyv/(4=550-800 hm) Hage= ey
0.1 mol dm-2 KOH (aq)

+10 vol% EtOH

Au-NPs Nb-SITiO; Ru 0.01mol dm3HCl(aq



Oxygen Sales

Compressor

Gaseous H; Storage

kW,
kWh

Haber - Bosch
Reactor System
Efficiency =

KW, kKWWh: Heat, BOS

Self-generate: F‘D:er Electronics {PE) Electrolyzer St,_aclr. 0
Wind Turbine ectlf!e_r, Z-match T, o_u?put P= Gas Cleanup
Rotating Machine Efficiency = Efficiency =
(generator) Ha
MW nameplate
kW, H20
KWh > Electrolyzer BOS
RE-source
electricity:
Purchased kWh for KW
conversion to NHy kWI; Controls
Oxygen Sales
Air Separation Unit (ASU) Nitrogen, N Compressor Gaseous Nitrogen Storage
L] 2
kW, Liguid N; Storage kW,
KWh kWh

f )

[kw. KWh |—>’ Cooling Ou

tput Stream I— |

NH3 Liguid Storage

NH3 Sales

Ag Ventures Alliance, Mason City, lowa
Electrolysis + Haber-Bosch (EHB) system
For RE-source Electricity, Water, and Air inputs



Source: Proton Onsite






Figure Il Ammonia Prices

(Average, New Orleans)
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Figure 11 Ammonia Prices
(Average, New Orleans)
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Ammonia Prices
(Average, New Orleans)

Dollars per Short Ton

0 Source: Green Markets
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Regional Nitrogen Price Premium
Over U.S. Gulf (NOLA) Price

($U.S./metric tonne)

,,,,,,,,,,,

Vo Te0 et A Nitrogen production facility
X ) " A Nitrogen upgrading facility

NOLA
New Orleans

NOTE: Delivered prices adjusted by -$5/t for urea and -$9/t for ammonia to estimate FOB prices.
Based on a 10-year average from 2003-2012.

SOURCE: GreenMarkets: Spread equals average regional reference price minus NOLA reference price.

Source: FINDS, Keith Stokes



Total Annual Cost of NH3
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NH3 cost per Mt at plant gate

$1,600.00

$1,400.00

$1,200.00

$1,000.00

$800.00

$600.00

$400.00

$200.00

$0.00

Case A-1: Self-generate Wind

10 12 14

Capital Recovery Factor (CRF) per cent

B Cost of NH3 per Mt (Metric ton) at plant gate

16

18



Total Annual Cost of NH3
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NH3 cost per Mt at plant gate

Case A-2: Self-generate Wind; no Grid Connect
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Total Annual Cost of NH3
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NH3 cost per Mt at plant gate
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Total Annual Cost of NH3
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NH3 cost per Mt at plant gate
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Total Annual Cost of NH3

Case B-3: Buy Wind @ $ 0.05 / kWh; High Capital Cost EHB
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NH3 cost per Mt at plant gate

Case B-3: Buy Wind @ $0.05 / kWh; High Capital Cost EHB
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Landscape: RE-source NH3

Alaska demo project: -AASI
Artificial Photosynthesis: UK, July ‘14
Ag Ventures, lowa: Wind = NH3 study

Synthesis tech survey
— From H2
— From electricity

ICE.gensets conversion: demand demo
Complete RE-source energy systems



Landscape: RE-source NH3
Synthesis

1. H-Breactor only good candidate
— RE-H2 + N2
—  RE electricity = electrolyzer > H2 + 02
— . Complex system: Alaska deploy ?
—+ MWe input’scale costs, efficiency unknown

2. Beyond Haber-Bosch “BHB” Electrolytic
— . Diverse technologies
—+~ "TRL 1-3
—  Less complex system ?
—  MWe.input scale costs, efficiency unknown



Landscape: RE-source NH3
Synthesis

» .. Electricity source RE:
H-B reactor only good candidate
Electrolysis plus Haber-Bosch (EHB)
» . Hydrogen source RE:
H-B reactor.only good candidate
Beyond Haber-Bosch “BHB"” Electrolytic
e . Many technology options:
All TRL1-3
Years and S for R&D, Demo, Commercialize
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