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> from wind & solar power
i to replace fossil fuels

Alr
 Wind & Solar become Fuel
« Raw materials: Air & Water

Electr|C|ty  Emissions: Nitrogen & Water
jL * Pollution: None
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Wind & solar power plants - variable output

Power output, MW

SW Minneosta Wind Power Plant, 103.5 MW

100 |
80 | ~ * 0~ 100% Iin a few hours
60  Throttling wastes energy

»  Fast-ramp NH, plant best
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Wind & solar power plants - variable output

SW Minneosta Wind Power Plant, 103.5 MW

Power output, MW
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e 0—-100% in a few hours

 Throttling wastes energy
 Fast-ramp NH, plant best
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Wind & solar power plants - variable output

SW Minneosta Wind Power Plant, 103.5 MW

100 | | \100% — 0
12 h

80 | *  0—-100% in a few hours
 Throttling wastes energy
 Fast-ramp NH, plant best
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Wind & solar power plants - variable output

Power output, MW

100 ¢

80 |

60

40 |

20 |

SW Minneosta Wind Power Plant, 103.5 MW

90% — 50%.
1.5h

e 0-100% In a few hours

 Throttling wastes energy
« Fast-ramp NH, plant best
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Existing NH, technology won’t work well

» Uses fossil fuel for feedstock & fuel
« Emits CO,

e Cannot ramp quickly to follow wind & solar
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Existing NH, technology won’t work well

» Uses fossil fuel for feedstock & fuel
« Emits CO,

e Cannot ramp quickly to follow wind & solar
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Existing NH, technology won’t work well

» Uses fossil fuel for feedstock & fuel
« Emits CO,

e Cannot ramp quickly to follow wind & solar
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Equilibrium pNH;, atm

10

NH, liquefaction constrains operation
NA4H, (@) N\

Condenser
>
N,+H,+NH, [ (C0o0l)

(9as) i' NH, (L)

« NH, condenses from

NH; equilibrium partial pressures

100

10

|

0.1 L :
vapor to liquid just like
0.01 - water does
0.001
0.0001 '
200 300 400 500 600 700 6
Reactor temperature, °C _.@:\ —
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Equilibrium pNH;, atm

11

NH, liquefaction constrains operation
NAH, (@) N\

Condenser
»
N,+H,+NH, [ (C0o0l)
(gas) yNH; ()

« NH, condenses from

NH; equilibrium partial pressures

100

10 +

1_,

01}
| vapor to liquid just like
0.01 | ‘ ‘ | - water does
0.001 | 1+ Need 21 atm pNH, for
" (0)
0.0001 condensation at 50 °C

200 300 400 500 600 700
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Equilibrium pNH;, atm

12

NH, liquefaction constrains operation
NAH, (@) N\

Condenser
»
N,+H,+NH, [ (C0o0l)
(gas) yNH; ()

« NH, condenses from
vapor to liquid just like
water does

« Need 21 atm pNH, for
condensation at 50 °C

NH; equilibrium partial pressures

200 300 400 500 600 700

Reactor temperature, °C ~
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Existing NH, technology won’

» Uses fossil fuel for feedstock &
« Emits CO,

« Cannot ramp quickly to follow wi

:\

Hydrocarbon

rocabon— 15 6
Hydrocarbon >az
13 “7\"Starfire Energy

/



Existing NH, technology won’

» Uses fossil fuel for feedstock &
« Emits CO,

« Cannot ramp quickly to follow
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Hydrocarbon
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Rapid Ramp NH, solves the problems
e N, from air (airis 79% N.,)
« H, from water (water is H,O)

e Fast ramping reactor follows wind & solar variation
 No fossil fuels, no CO,

Patents Pending
Fast catalyst

Ongen
_ »ﬁ_ ’-\ No liquefaction
B i I
omen o
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Rapid Ramp NH, solves the problems
e N, from air (airis 79% N.,)
« H, from water (water is H,O)

e Fast ramping reactor follows wind & solar variation
 No fossil fuels, no CO,

“Green’ —
Haber-Bosch |

Patents Pending
Fast catalyst
No liquefaction

“’(c%’
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Rapid Ramp NH, solves the problems
e N, from air (airis 79% N.,)
« H, from water (water is H,O)

e Fast ramping reactor follows wind & solar variation
- No fossil fuels, no CO, Rapid Ramp NH,

o0
-
o e —

o v

S
'ﬁ?g\‘\StarﬁreEnergy

Patents Pending
Fast catalyst
No liquefaction




Fast NH, catalyst

Mass flow, sLm

W
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Starfire Energy 10 atm rate estimate

400 420 440 460 480 500 520

Reactor temperature, °C

185
165
145
125
105

hn D B~ N ©
DN U e

NH; rate, mmol/(g.h)

18

* 1 wt% Ru on proprietary
support

 Max. rate:
220 mmol/(g-h) at 10 atm

e [ndustrial rates:
20 mmol/(g-h) at 100 atm

e 10x Industrial rate at 1/10
Industrial pressure

 Moderate ramp with temp.
e Fast rate ramp with flow

“’(c%’
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NH. removal by adsorption

* Non-dispersive infrared -
NH, detector gives “real +

time” data

« NH, and unused reactants NH,
flared for disposal Removal
Cannister

-

e
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NH. removal by adsorption

* Non-dispersive infrared -
NH, detector gives “real A
vaive

time” data

Flow

« NH; and unused reactants vaive
flared for disposal

« NH, removal cannister

bypassed to measure Valve
reactor output

..:%g.
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NH. removal by adsorption

* Non-dispersive infrared
NH, detector gives “real

time” data Flow | @8
\J
« NH, and unused reactants NH,
flared for disposal Removal
_ Cannister
« NH, removal cannister A
bypassed to measure ™ -_-

reactor output

e Reactor output directed
through removal cannister
to test capability

.;%é.
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NH; concentration, ppm/1000

NH. removal by adsorption

NH3 removal from reactor exhaust

Time, hours

' ‘ Bypassed ' ‘
 Bypassed | /N Adsorb
= Adsorb e I Adsorb o
| ‘ | ‘ | ‘
| Breakthrough
1.5 2 ’2.5 3 3.5 4 4.5 5 5.5 6 | 6.5

« Complete NH, removal at 140 mmol/(g-h) synthesis rate

« O wt% NH, capacity
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Prototype reactor

Flow

Flow

« Reactor makes NH,
« NH, removed by one of adsorption cannisters

 Unused reactants recirculated

« Adsorber regeneration makes liquid NH, __;;\gg__
23 “7\"Starfire Energy



Prototype reactor

Flow

Flow

« Reactor makes NH,
« NH, removed by one of adsorption cannisters

 Unused reactants recirculated

« Adsorber regeneration makes liquid NH, _S%o;_
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Prototype reactor

Flow

« Reactor makes NH,
« NH, removed by one of adsorption cannisters

 Unused reactants recirculated

« Adsorber regeneration makes liquid NH, __;;%g__
25 /}ava\\Starl'ireEne!;gy



Prototype reactor fabrication

T \ L

* Assembly complete in a
few weeks

 Testing will include:

e Synthesis rate
e Rate ramp
« Catalyst stability

s

R : W ‘ -« NH; removal
Adsorption | e N

: CuLECH RSN © Adsorbant stability

Control B> B

Electroni = § :
4 a e i’ ’ i — —
26 7\ Starfire Energy
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Risk reduced by staged development

Fast-ramping Prototype Field Demonstration
Reactor System System . System
| Series B P SeriesC " » Sales!
2017 2018 2019 2020 2021 2022
Project Purpose Finish
Now—,} Fast-ramping reactor Compatible with wind & solar. 2018-Q1
Next = Prototype system Very small scale (0.003 T/day). 2019-Q2

System integration, automation.
Equipment conversion to NH..

Field System Scale up (0.03 — 0.3 T/day). 2020-Q4
Remote automated operation.
More accurate cost model.
Partner engagement.

Demonstration System  Scale up (0.3-3 T/day). 2021-Q4
Tailor to likely first customers.
Increase customer confidence.
Cost model scale dependence. .
97 7N Jtarfire Energy
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_ Next step: system integration

Variable Electricity

« Experience operating N, and H, equipment
e Optimize system control methods %’
x
s+ Begin clean NH, fueled equipment development =\ Starfire Energy



" Next step: system integration

Variable Electricity

Seasonal |
Energy :
Storage

Fertilizer .

« Experience operating N, and H, equipment
e Optimize system control methods %ﬁ’
»  + Begin clean NH, fueled equipment development =\ Starfire Energy



Starfire Energy 10 atm rate ramp estimate t i n 9
50 S N Uuestions:
1 1 ,

25 16 NH; removal from reactor exhaust
145 —_ 4.5 Bypassed
=) YP:
£ : 39 § a Reactor Wagm-up -
7 20 3 = s \
IS i Adsorb
5 105 £ B
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