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World Leader in Green Ammonia Research

Green Hydrogen and Ammonia Production and Utilization — First in-the-world pilot plant
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Ammonia: Transformative impact — enables a hydrogen economy
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US DOE ARPA-E REFUEL — Next Generation Ammonia
Production Using Wind and Solar Power — Construction in 2025
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~18x scale-up of existing wind-to-NH, pilot plant
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Hydrogen and Ammonia Renewable Energy Storage Systems
Palys & Daoutidis. (2020). Comput. Chem. Eng., 136, 106875.
Economics of hydrogen and ammonia energy storage
* |slanded renewable energy systems with 1000 kW annual average demand
= Combined optimal sizing and scheduling to minimize LCOE
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Combining ammonia and hydrogen gives lowest cost in all locations
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Hydrogen and Ammonia Renewable Energy Storage Systems
Palys & Daoutidis. (2020). Comput. Chem. Eng., 136, 106875.

Optimal economics: Levelized cost of energy
= Batteries alone are expensive (especially for significant long-term storage)
= Hydrogen provides improvement

= Hydrogen and ammonia is optimal — Hydrogen is better short-term storage but, ammonia is better
long-term storage as it is significantly less costly to store
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Large-scale ammonia storage is already in place:

T e CAPEX 2020 Completed
argo wesss  CAPEX 2020 In progress #
@ Barnesville- 34,434 tons NH3 storage
Glenwood - 60,000 tons NH3 storage
Murdock - 31,790 tons NH3 storage
Rosemount — 68,400 tons NH3 storage
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CF Industries Glenwood Ammonia Terminal

« Capacity of 60,000 tons of NH,4

« Equivalent to an estimated 111,000 MWh of electricity
 Wind and solar PV in close proximity

« Capex 500 KV line in close proximity

[ei7\\J West Central Research & Outreach Center UNIVERSITY OF MINNESOTA
B ‘| eading innovation in agriculture and beyond” : Driven to Discover




Green Ammonia Research: University of Minnesota is a world leader
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Next Generation Ammonia Production from Wind and Solar

System Integrator

Gl psire ERT[

REFUEL+IT )
| 1
> (+ Power @ Xcel Energy” CTG~
nel 4 L (> J— GREAT
Water H — ;m""'wﬁ NOmERTa Klmm
| Electrolysi 2 e
- v Advanced
L e : S ance - . - .
A<l EEa- ] —> NH, —» "\ Fertilizers Nutrien Mom>Goop
l X . Air Production NH; N
1 auri
M_ > Separation )y, ERTIMIT
. Flexible Process Control and
@ﬂn Process Design L p i] Fuel @ —Pecorree
gti. &
Field Site Feedstocks Modular, Flexible NH, Production NH, End-uses and Markets
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utilization technologies accelerate commercialization
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Hydrogen and Ammonia Renewable Energy Storage Systems
Palys & Daoutidis. (2020). Comput. Chem. Eng., 136, 106875.

Optimal Schedules: Minneapolis, MN
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