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Fuel Cells are Ideal for Distributed Generation:
Clean, Compact Powerful, Efficient, Silent

Domestic DG Market > 200 GW (>$200B USD)
International DG Market > 1 TW

Current DG technologies:
Gas/Micro turbines

Diesel/Internal Combustion Engines
Batteries

Fuel Cells

Bloom Box Fuel Cell “Energy Server”

Backup Battery Pollutlon in the
Daintree Rainforest, Australia
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Tesla
Powerwall:
3.3kW, 7 kWh,
$3000

One 200 kKW
Bloom Box Fuel
Cell Energy
Server



Our Fuel Cell Technology Aims to Address Multiple

Market-Relevant Performance Metrics oS
Colorado Fuel Cell Center

Durability Performance —
40,000 hrs 0.25 W/cm2 Commercialization Target

= High efficiency design point

Low cost design point

» PCFC technology has
60% LHV achieved many of the
commercialization
goals

= Durability and size
goals are ongoing via
development at FCE,
with promising results

Hydrogen
300 $/kW Fuel Natural Gas
Stack Cost Liquid Fuels




Our Fuel Cell: Greater Versatility, Lower Cost

_ Colorado Fuel Cell Center

Cell/Catalyst Costs
Stack/System Costs
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Cost Projections of Our Fuel Cell Technology

Colorado Fuel Cell Center

Estimated Stack Costs (10kW stack, 10,000 units/yr)
(assuming comparable per-cell power densities)
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Manufacturing Cost is a Key Issue with

Conventlonal Solid Oxide Fuel Cells
s CERE

(G) Traditional Approach

Ba(NO;), Y(NO,), | .o Press S
Step 1 Ce(NO;); Yb(NO > e . - Anode
(NOs); (NOs)s High temperature *¥e Pre-sinter EEEE s
IrO(NO,),  NiO calcination 900°C
Organic complexed agents  >4400°C
- Anode powder
High-Price Precursors
Ba(NO,), Y(NO,), . .o Slurry, coating .
Step 2 Ce(NO;), Yb(NO,), ' ' %S : L. _Electrolyle |
High temperature Co-fire B
Organic complexed agents  >40000¢ Electrolyte powder
High-Price Precursors
Slurry, coatin ~ Cathode
Step 3 BA(NO;), Fe(NO,), > ss . ° . FHeclolyle
Co(NO;), ZO(NO;), High temperature  © Sinter ~ Anode
Organic complexed agents ;ulcinuhnn 21100°C Zronis eI
2900°C Cathode powder

High-Price Precursors

Multiple time-consuming and expensive manufacturing steps are
required to produce a cell



Patented Colorado School of Mines Technologies [1,2] &5
Eliminate Fuel-Cell Market Barriers [ Aen
[ m

* CSM'’s single-step reactive sintering [1] overcomes cost obstacles
— Combines steps of materials synthesis and device fabrication
— Greatly reduces manufacturing costs

Complete fuel cell is directly manufactured from
iInexpensive precursors in one or two steps

[1] J. Tong R. O’Hayre, et al., US Patent application 14/621,091, 2015 (fabrication). 8



Patented Colorado School of Mines Technologies [1,2] &
Eliminate Fuel-Cell Market Barriers '

o« T8 Colorado Fuel Cell Center

* CSM’s patented “triple-conducting” electrode [2] boosts performance
— World-record power density (Watts / cm?)
— Reduces materials usage and device cost
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Operation at temperatures 200-300 °C below SOFC
We project <$0.07/kW LCOE for 10 kW PCFC system

[2] J. Tong, R. O’Hayre et al, US Provisional Patent, 62101285. 9



PCFCs demonstrate tremendous fuel flexibility

&4 T 8¢ @ Colorado Fuel Cell Center
0.7

{Hydrogen
0.6 -

: Ammonia
0.5+
) Methanol
0.4+
0.3+

0.2-

Peak power density at 550 °C

0.1+

0.0-
Peak power density of the FlexPCFC at 550 °C on 7 fuels

C. Duan, R. O’Hayre et al., Nature, 557, 217-222 (2018) 10



PCFC Manufacturlng and Scale-up
_

* PCFC cell fabrication process with solid-state sintering demonstrated
via adapting FuelCell Energy’s solid oxide manufacturing process
* Processes are erX|bIe & scalable to high volume and low cost

E
CSA Stack Cells 12 cm OD

Cells have been scaled up to
10cmx10cm and 12 cm
OD stack cells

10(>mx10c:mwi ,,——___."-'-"-—-:
R fuelcellenergy
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Lower temperatures and simpler system requirements 4
make PCFCs ideal for small (<10 kW) DG applications (&

Colorado Fuel Cell Center

'SOFC System

Fuel

Comprassor

. CGR
blower

Al
Boiler also present in any
SOFC for start-up, so no
difference in capital cost.

. CHP

00°C
I:)sys,Net AC = 25 kW mbr
Gas Recycle: Anode (66%) and Cathode (50%)

Counter-flow Fuel Cell Stack Configuration
Cross-flow Heat Exchangers

System Fuel Utilization = 80%
Steam/Carbon = 2.0

CHP heat recovery = 100°C

Combust
| Air Blower , "'_"-] mﬂ? :;rcﬂ

Extra Air required to keep the combustor under 850°C

ADVANTAGE

DISADVANTAGE

Scale is representative of
relative size of components

PCFC balance of system potentially simpler than SOFC
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Value proposition: Versatility, lower cost, lower-temp/
simpler system amenable to smaller-scale applications &&

o« T8 Colorado Fuel Cell Center

* Drivers to system cost savings
— Novel, low-cost manufacturing Datacenter at Microsoft Advanced Energy Lab

— Lower-temperature operation

* Target markets
— End users & early adopters
— Data centers
— Automotive range extender
— Distributed power generation

* Technological extensions
— Energy storage
— Hydrogen production

— Fuels synthesis: NH,, CO,
upgrading, MDA
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500W stack demonstration prototype underway;

provides scale-up pathway to commercial products &
Colorado Fuel Cell Center
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=% fyuelcellenergy
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Run in reverse as an Electrolyzer, PCFCs can produce galx:
pure pressurized dry H,
N R

2.0

Produces dry H2 at
ultra-high efficiency
that can be utilized for
numerous applications
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Roadmap to Commercialization 2SS
[N

First FlexPCFC 3-Cell

Discovery of Triple Commercial product

Conducting Cathode Stack (~1W Power) orototype for DG
for PCFCs applications
Development of First FlexPCEC Pre-commercial ~ (~0.5 kKW-10 kW)
SSRS Process Single Cells “‘quarter-stack”
for PCFCs l prototype (~100W)
l v \ 4
Basic research ARPA-Seedling
investments

State of Colorado
(Al Program)
We are here

Industrial Partner
(VPS/FCE)
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Please contact us for more information!
—

Project Lead: Prof Ryan P. O’Hayre; rohayre”at”mines”dot”edu

Tech-to-Market Lead: Prof Neal P. Sullivan; nsulliva”’at”’mines”dot”’edu

COLORADO CENTER FOR ADVANCED

Colorado Fuel Cell Center

_..--_._--"'-—"'-'——-:
fuelcellenergy \/ o comer
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