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* Approach
— Lower temperature electrolytes and cathodes
— New low temp anodes
— New stack architectures and coatings
— Scale materials and cells as we go
— Design with system in mind
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All-Ceramic Anode
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Ceramic anode material allows for tailoring of electronic

conductivity and other properties (e.g., catalytic activity)

A problem with state-of-art materials (e.g., SNT) is need for

high temperature activation in reducing environment

New Redox Material (orig. developed at Univ. of Md) has

higher conductivity and activation can happen below 650 °C
* Little difference in conductivity when activated at even

lower temperatures
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All-Ceramic Anode
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T

Long-term stability:

81% H,, 16% CH,, and 3% H,0

Degradation rate < 0.3% per 1000h
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Currently scaling up size to 10 cm by 10 cm size
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Anode Infiltration Optimization

* Conventional anode optimization (below)
* Same process will be used on ceramic anode
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W:,yTotal ASR=0.97 Qcm?
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Porous Anode Manufacturing Scale-Up

Porous AFL
- Porous ASL 10x10

e Similar microstructure
as button cells that
achieved this
milestone early in
project

 We will infiltrate same
catalysts as button cell
work and/or ceramic
anode materials

e Current Efforts
* working to scale
the infiltration
process
* 10x10 half cell

15.0kV 11.4mm x2.00k SE 6/20/2016 13:42

15.0kV 11.0mm x2.00k SE 6/20/2016 13:30
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Bilayer Electrolyte
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Bilayer Electrolyte
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Redox multiphysics model
showed that closed & open
pores can reduce OCV due
to ineffective TBP and
decreased conductivity
(leakage current in GDC)



Extreme Load Following

Single Server (On) Power Profile, 50ms Single Server (Off) Power Profile, 50ms

——48VDC
—54VDC

—enine < | Datacenter load profiles have very
’ fast transients (sub-second)

%5 30 35 40 ¢ 200 465 410 415 420 425 430
Time (Second) Time (Second)

Q: Can lower temperature operation enable new load following applications, given reduced TEC mismatch
stresses, or will a datacenter system require a lot of energy storage?
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Extreme Load Following
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Q: Can lower temperature operation enable new load following applications, given reduced TEC mismatch
stresses, or will a datacenter system require a lot of energy storage?
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Extreme Load Following
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Extreme Load Following

Single Server (On) Power Profile, 50ms Single Server (Off) Power Profile, 50ms 0'9 40
500 500 T Y ey s ~ — — r =
——54vDC =08 ' 30 —
400 400 —80VDC £ €
c [ — \ \ . \ o
gauu 30.7 | 20 5
5 S O
& 200 = 0.6 10 5
o o
100 .................. . :awvgg 0.5 0
—i ; - 0 10 20 30 40 50 60
%5 30 i 35 40 ¢ ROEI 405 410 415 420 425 430 . .
Time (Second) Time (Second) Time (s) Single cells and short stacks
(H, and reformate)
0.70 YIM} _ . goolsallsle : =" gg~° :
— .l==' "Sastann .::.‘ . l.:: CP 'I " 1"2" ,'“'-ul I 4'"'"'“"1 e l.-.ln'uul“,'
2 .. - .:l' - ..l. l.. .ll l.. ae a® ... .'i 'l. - - T @ ‘l.
0.65 abigiose 'H | i u,--- 1T HTT HH . L H i, .18 s,
) tge " 8 1L of o} H ML R A5 s 0,0, §ge =zigt0 "Il 88 235380 T
% - " . L] ] ] 18 '. .. T 1 :.' ‘|l oy lii T e @
+ ., 8% .0 o9 | a8 [ ] ae '. = o A8 l. .. ° ol o B Ca= ] .-:-.
e H LT HE s . s FRTPrt+ BEH =l'. vess ¥ '==:===' Rt
Y LY Sgeeg @8 :=.=:- ™ «2 :... '-.Iz:.. [ ] :. :..-
> Bt i -dy RS B | tH T R - S L G
E 055 ® ‘ii..:::..'..l =.-- .-= =-.I:"l : [ ] i .."'::.' '. ‘e a"s a® ..! | AL : .‘ ':;l
gae .:.-. P T | l:.-.II. B e ] .-'.. e b 11 ] i ..'.... ... ) ...'. s -
(@] H ; s ofl = : = - ..= @ .....= '.-:.. - l ssl S.ap fe® ..:. -
0.50 HH 2 . Sljeeee ! M — 1 2 - . .
0 50 100 150 200 250 300 350
40 & =--l--- =
A35 - ..=--...l ....-=.. ....-.-' l - ..-.-II--. - ...-l.' ...-'-'l semesmssme
S LI ¥ i P ¢ - 1) TR, iy 4 T
E 30 = i. ._-I--f: ] l .. [ | [ 3 ‘l.nng !- i- - " =llIl= | ’ =- .‘-.:III.III:l
8 ’. 13 ‘ - = ' ] ' ' | - == .. - '=. . ' - Ll -
25§ .o -8 i S BT - A B & . r"""-"'"l
I PR R T N A N A " B 1, oo
o I-l . - ssssp - l s 8@ - am ' r'.-l .-I'---
= 20 !- "- s’ ] ! "- III... ? .l- -'=‘ - [ ] i b | wel® o = ° '- {- -'
8 " . T‘ [-- ’|. L] I. ey l- !’I ..l--. %.- .'. - .‘:*:- .ll' - . .. ' ; ...
15 1 <8, * e .2 T L T LI TR T . AT T S D :"". o od %3
10 -'. -:1;---::‘.' - .r '--‘:;---.’..! - : ...!:---'“-{-i: -.' _ -...~ '::-0-.------... L] L - .-.-:- .r:-.- -
0 50 100 150 250 300 350
Time (s)
7/19/2016 REDOX POWER SYSTEMS LLC 13



Low Temp Stack Designs

Stack Channels

* Model Capabilities wn $54%Y  modeling
— Thermochemical and physical “* 4 .‘.t.u Reformate 1K)
properties of materials \ 7

— Captures kinetics of electrochemical and \
heterogeneous reforming reactions within anode \

— Scaled-up from single channel to entire stack
— Added bilayer electrolyte physics to model

* Low Temp Parametric Studies New Gasket Configuration

2.0

1.8

— Flow field optimization

— Stack component geometry i

13

10L - — - - - -
M5.1.2 — Leak Rate < 1% at <500 °C

e Stack Sealing

— Low temperature gasket configurations
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— 75% lower total leak rate
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Low Temperature Stack Coatings & Contacts
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New Electrical Contact Coatings New Stack Coatings

* Developed electrical contact coatings compatible with Bi,O,
electrolyte

 Developed stack coatings compatible with low temp operation

* Performance Summary (Contact + Stack Coating)
— For Bi, 0, based cells: ASR =0.081 Q-cm?
— For alternative configurations: ASR = 0.034 Q-cm?
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Independent Stack Testing

* Independent testing to begin in August/September 2016
with the National Fuel Cell Research Center

* Shipping stacks and ensuring they survive transport

e Aggressive test protocols with datacenter application

load profile focus
Commercial Test Stand at NFCRC

Stack Shipments
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Additional REBELS Related Efforts

* Testing the limits of reformers
— Tube-in-shell and plate reformers

— Best reformer operating 2/
temperatures in light of / "
low-temperature stack N

— Impact of operating temperature
on response time

— Controls implications and capabilities

Manufacturing Cost Analysis of
Stationary Fuel Cell Systems, SA, 2012

uuuuuuuuuuuuu

e Studying the impact of lower operating
temperatures on system design and capability

— Size/cost of balance of plant components
— Tradeoff studies: Efficiency vs Transients vs CAPEX



Redox Scale-Up Efforts

‘Balance Oof

O 010 w,  Flant
SOFC
~100W Stacks
Bilayer
SOFC Cells
<
Raw
Oxide

Powders <_‘

Specialized manufacturing,
custom components

,

Common high volume appliance
and electronics manufacturing,
COTs components

¢ Pl
\ PO
"

N

25 kW, Cube System

Materials within REBELS program have been successfully scaled to several kg, meeting or

beating powder specs and cost objectives
7/19/2016 REDOX POWER SYSTEMS LLC
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Proof of Concept R2R

ASL Tape #1 Stripped Mylar AFL Tape Stripped Mylar GDC Tape

Mylar

GDC

Mylar
GDC

AFL

Idle Roller

ASL

ASL

Mylar

i

o .

Mylar ASL L

Idle Roller Mylar Calender #2 ASL Calender #3
Calender #1 alenaer Mylar alender

ASL

ASL Tape #2

6.5” wide, 3 Layer Test Laminate 1.6” wide, 3 Layer Fired Test Laminate

* Proof of concept roll-to-roll (R2R) lamination demonstrated using commercial
equipment

e Option to dramatically reduce costs of current cell fabrication process for
lamination and casting steps

* Cost comparison with current process being conducted with Strategic Analysis
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Techno-Economic Analysis Modeling

 Cell model
— 100% updated 25 kWe SOFC System Cost

— Redox Updates $800
to SA model

* Materials &
supplier costs

* Specific
manufacturing
process

e Stack model
— 75% complete
— Redox Updates s00
to SA model 50

° Stamp ed |CS 1,000 sys/yr 10,000 sys/yr 100,000 sys/yr 500,000 sys/yr
* |C coatings Cell update results (2015 version)

* Assembly
 Hotbox insulation

e System model

— will begin once Redox system studies for lower temperature stack
operation are complete

— Estimated completion mid 2017
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Summary of REBELS Efforts

* High performance, low temperature ceramic anode
— Degradation of only ~0.3% per 1000h in reformate (500°C)
— Scale-up to 10cm by 10 cm in progress

* Rapid load following focus with sub-second response
times
— Beginning independent tests in August/September

* Key technical challenges remaining

— Match performance of bilayer button cells at the 10 cm by
10 cm cell size and ultimately stack

* microstructural optimization

— Scale-up size of all-ceramic anode support while meeting
target cell specifications

* reduce camber with modification to shrinkage and firing steps

— Improve catalytic activity of all-ceramic anode
* Optimize catalyst dispersion and look at alternative infiltrants
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