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Project	
  Status:	
  
Entering	
  Q4	
  out	
  
of	
  10	
  quarters	
  



• Purpose:	
  To	
  further	
  develop	
  high	
  power	
  density,	
  
intermediate	
  temperature	
  SOFC	
  stacks	
  for	
  reliable	
  
distributed	
  generaPon.	
  

• The	
  objecPve	
  of	
  the	
  overall	
  project	
  is	
  to	
  improve	
  
performance/durability	
  of	
  IT-­‐SOFC	
  stacks	
  while	
  reducing	
  
costs	
  through:	
  	
  
– the	
  scale-­‐up	
  of	
  current	
  stack	
  module	
  designs	
  from	
  1	
  kW	
  to	
  5	
  kW	
  	
  
– the	
  determinaPon	
  of	
  cell	
  and	
  stack	
  degradaPon	
  mechanisms	
  
– cell	
  and	
  stack	
  opPmizaPon	
  to	
  improve	
  long-­‐term	
  stability	
  
– a	
  cost	
  analysis	
  to	
  show	
  a	
  20%	
  manufacturing	
  cost	
  reducPon	
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NETL Project Objectives 
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Project Team 

Addi<onal	
  Redox	
  Partners:	
  

Project	
  Partners:	
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Project Approach 

•  General	
  Approach	
  
–  Bilayer	
  electrolyte	
  
–  UPlize	
  previously	
  developed	
  techniques	
  to	
  understand	
  degradaPon	
  under	
  

operaPng	
  condiPons	
  and	
  using	
  accelerated	
  test	
  protocols	
  (developed	
  with	
  
CALCE)	
  

–  Improve	
  structure,	
  manufacturing,	
  and	
  metrology	
  for	
  cells	
  as	
  well	
  as	
  stack	
  
assembly	
  procedures	
  for	
  improved	
  reliability	
  

–  OpPmize	
  stack	
  designs	
  with	
  enhanced	
  mulP-­‐physics	
  model	
  (reduce	
  thermal	
  
gradients	
  and	
  mechanical	
  stresses	
  as	
  stack	
  size	
  increased)	
  

• GDC,	
  leakage	
  current	
  
• Bi2O3,	
  high	
  conducPvity	
  but	
  
unstable	
  in	
  fuel	
  (low	
  PO2)	
  

• Together	
  form	
  a	
  bilayer	
  with	
  a	
  
synergePc	
  performance	
  boost	
  



• Use	
  techniques	
  demonstrated	
  in	
  past	
  SECA	
  projects	
  to	
  study	
  degradaPon	
  mechanisms	
  

EIS	
  for	
  LSCF	
  @	
  750°C	
  EIS	
  for	
  LSCF	
  @	
  450°C	
  
Isotope	
  Exchange	
  for	
  impact	
  of	
  CO2	
  

Improve Stability/Reliability of the Cell 

FIB/SEM	
  +	
  TEM/EDS	
  for	
  LSM/YSZ	
  

-­‐Impact	
  of	
  H2O,	
  CO2,	
  Cr	
  vapor	
  for	
  LSM-­‐ESB	
  cathode 	
   	
  	
  
-­‐EIS	
  and	
  oxygen	
  isotope	
  exchange	
   	
  	
  
-­‐FIB/SEM	
  and	
  TEM/EDS	
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•  Evaluated	
  the	
  impact	
  of	
  humidity	
  on	
  (Er0.2Bi0.8)2O3	
  (ESB)	
  conducPvity	
  	
  
–  ConducPvity	
  measured	
  on	
  ESB	
  pellets	
  with	
  gold	
  contacts	
  
–  Tested	
  primarily	
  at	
  650	
  °C	
  
–  Humidity	
  has	
  no	
  apparent	
  impact	
  on	
  conducPvity	
  up	
  to	
  20%	
  H2O	
  	
  in	
  air	
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Degradation Mechanism Studies 

Dry	
  Air	
   Air	
  +	
  H2O	
  (up	
  to	
  20%)	
  



Water Signal 

D2
18O	
  

D2
16O	
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Isotope Exchange: Impact of Water 

16O2	
  

16O18O	
  
18O2	
  

Oxygen Signal 

•  (Er0.2Bi0.8)2O3 (ESB) powder sample pretreated with 18O 
•  Water and 16O flowed over sample during test 
•  Heavy water (m/z=20) was use to avoid H2O overlap with 18O (m/z=18) 
•  As PO2 increases, water signal peaks shift to lower temperatures 
•  Initial Conclusions: water actively participates in surface reactions on ESB, 

forming different intermediate species on surface, but still unclear whether this 
impacts degradation 

PO2_1	
  =	
  0.25%	
  
PO2_2	
  =	
  2.5%	
   PO2_3	
  =	
  20%	
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Isotope Exchange: Impact of CO2 

CO2	
  only:	
  

CO2	
  &	
  
16O2	
  
together:	
  

Oxygen Signal CO2 Signal 

CO2 Signal 
•  (Er0.2Bi0.8)2O3 (ESB) powder sample pretreated 

with 18O 
•  CO2 or CO2 and 16O flowed over sample during 

test 
•  With addition of 16O, oxygen incorporation from 

CO2 shifts to lower temperatures (additional 
interaction); lattice oxygen participates in CO2 
exchange above 550 °C 

•  Initial Conclusions: CO2 actively participates in 
surface reactions on ESB, but it is unclear whether 
this impacts degradation 



•  Takes	
  into	
  account	
  the	
  unique	
  thermochemical	
  and	
  physical	
  properPes	
  of	
  the	
  Redox	
  materials	
  
• Considers	
  impacts	
  of	
  leakage	
  current	
  (electron	
  current)	
  on	
  the	
  OCV	
  drops	
  from	
  theorePcal	
  Nernst	
  potenPal	
  due	
  to	
  
over-­‐potenPals	
  associated	
  with	
  the	
  electrolyte	
  and	
  electrodes	
  

• Captures	
  the	
  kinePcs	
  of	
  electrochemical	
  and	
  heterogeneous	
  internal	
  reforming	
  reacPons	
  in	
  the	
  anode	
  	
  

!

Detailed	
  Single	
  
Channel	
  Model	
  

 

 

 
 

 
 
Figure 3. a) Plot of V-i curves for 600°C inlet for H2, reformate with no CH4 reformer 
slip and reformate with high CH4 reformer slip. Fuel flow is fixed at 80% fuel utilization 
for 0.7 V for each fuel.  b) Plot of 2-D current distribution for the three anode fuel feeds 
operating at 0.7 V and 600°C and a fuel utilization of 80%. 
 

 
With the modeled Ni surface area in the anode support layer, the modeled rates of 

internal CH4 reforming are adequate to drive CH4 mole fractions to around 20% of their 
inlet value at 600°C and near 10% of their inlet value at 650°C. As shown in Figure 5 for 
the 50% CH4-slip reformate, at 0.7 V CH4 is rapidly consumed in the first 1.0 cm of the 
anode and then slowly decays over the rest of the channel as the reforming reaction is 
slowed in part by transport to the anode support layer. At 650°C inlet, Figure 5b shows 
that reforming occurs rapidly in a narrow region near the channel/support layer interface 
whereas at 600°C, the reaction is more evenly distributed through the depth of the 
support layer. These results suggest the critical need for using such models to design 
intermediate-temperature SOFCs for controlling distribution of internal reforming. 

50% CH4 slip No CH4 slip H2 (b) 

(a) 

 

 

 
Figure 2. Mole fractions of (a) H2 (b) CH4, and (c) CO for 0.7 V at standard fuel 
utilization for no methane slip condition at 600°C inlet. The scales are different for each 
species and based on their relative minima and maxima.  

 

 

 

(a) H2 

(b) CH4 

(C) CO 

(a)	
  Mole	
  fracPon	
  of	
  H2	
  for	
  0.7V	
  at	
  standard	
  fuel	
  uPlizaPon	
  for	
  0%	
  CH4	
  slip	
  at	
  600°C	
  inlet	
  temp.	
  
(b)	
  2D	
  current	
  distribuPon	
  for	
  3	
  anode	
  fuel	
  feeds	
  operaPng	
  at	
  0.7	
  V	
  and	
  600°C	
  and	
  a	
  Uf	
  of	
  80%	
  	
  

Bilayer	
  physics	
  captured	
   Expandable	
  to	
  enDre	
  stack	
  

Multi-Physics Tool for Stack Scale-up 
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•  Add	
  ability	
  to	
  assess	
  mechanical	
  stress	
  due	
  to	
  
thermal	
  gradients	
  and	
  phenomena	
  such	
  as	
  
creep	
  at	
  elevated	
  temperatures	
  

•  OpPmize	
  stack	
  design	
  through	
  parametric	
  
studies	
  
– modify	
  cell	
  geometry/composiPon	
  and	
  
interconnect	
  flow	
  field	
  geometry)	
  

•  minimize	
  pressure	
  drops	
  
•  improve	
  flow	
  distribuPon	
  
•  minimize	
  thermal	
  gradients	
  

Modeling Effort in NETL Project 
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•  3-­‐cell	
  stack	
  under	
  constant	
  load	
  at	
  room	
  temperature	
  amer	
  assembly	
  
•  Assumes	
  perfectly	
  flat	
  cell	
  
•  For	
  current	
  stack	
  design,	
  stresses	
  (~5	
  MPa)	
  on	
  the	
  cell	
  mainly	
  

concentrate	
  at	
  cell	
  edges	
  and	
  corners	
  

Stack Thermo-Mechanical Model: Initial Results 

Von	
  Mises	
  stress	
  of	
  the	
  stack	
  cell	
  
at	
  room	
  temperature	
   	
  (MPa)	
  

3-­‐cell	
  stack	
  geometry	
  in	
  MulPphysics	
  modeling	
  
for	
  thermo-­‐mechanical	
  study	
  

7/21/2016	
   REDOX	
  POWER	
  SYSTEMS	
  LLC	
   11	
  

3	
  
2	
  1	
  



7/21/2016	
   REDOX	
  POWER	
  SYSTEMS	
  LLC	
   12	
  

Stack Thermo-Mechanical Model: Initial Results 
T	
  (◦C)	
  

Fl
ow

	
  D
ire

c<
on

	
  

Temperature	
  profile	
  of	
  the	
  stack	
  cell	
  
operaPng	
  at	
  1	
  W/cm2	
  	
  

Cell	
  Edge	
  

	
  (MPa)	
  

•  Integrated	
  thermo-­‐mechanical	
  study	
  based	
  on	
  temperature	
  profile	
  of	
  stack	
  is	
  similar	
  to	
  
iteraPve-­‐solved	
  single	
  channel	
  modeling	
  results	
  

•  Stresses	
  increase	
  (up	
  to	
  10	
  MPa)	
  as	
  temperatures	
  rise	
  in	
  the	
  center	
  of	
  the	
  stack	
  and	
  
concentrate	
  mostly	
  in	
  the	
  center	
  and	
  at	
  end	
  edge	
  

•  Next	
  step	
  is	
  to	
  incorporate	
  more	
  realisPc	
  cell	
  geometries	
  into	
  model	
  (e.g.,	
  edge	
  curl)	
  

Stress	
  distribuPon	
  of	
  the	
  stack	
  cell	
  
operaPng	
  at	
  1	
  W/cm2	
  

H2	
  as	
  fuel	
  



Fuel	
  to	
  oxidant	
  measurement	
  

Oxidant	
  to	
  fuel	
  measurement	
  

Stack	
  Assembly	
  Press	
  
InstrumentaPon	
  Upgrade	
  
-­‐increase	
  size	
  &	
  degree	
  of	
  automaPon	
  
-­‐acousPc	
  emissions	
  
-­‐dynamic	
  tracking	
  of	
  applied	
  load	
  &	
  
compression	
  

Stack Assembly Improvements 

Leak	
  Check	
  QC	
  
-­‐improved	
  procedures	
  
-­‐correlaPon	
  to	
  elevated	
  
temperature	
  tesPng	
  &	
  
manufacturing	
  QC	
  informaPon	
  

Redox	
  ProducPon	
  Cells	
  

Stack	
  	
  

feedback	
  for	
  producDon	
  opDmizaDon	
  

*	
  

*Ref.	
  US	
  Fuel	
  Cell	
  Council,	
  Document	
  No.	
  04-­‐070	
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•  To	
  improve	
  reliability	
  and	
  stack	
  to	
  stack	
  repeatability,	
  
we	
  upgraded	
  our	
  stack	
  assembly	
  equipment	
  

•  PneumaPc-­‐hydraulic	
  setup	
  for	
  ramp	
  rate	
  and	
  setpoint	
  
control	
  

•  Metrology	
  improvements	
  
–  Displacement,	
  load	
  distribuPon,	
  and	
  acousPc	
  emisssions	
  

•  In-­‐situ	
  pressure	
  decay	
  measurements	
  

Stack Assembly Automation for Improved Reliability 
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•  ProducPon	
  cell	
  
•  650	
  °C	
  (exhaust	
  temp)	
  in	
  H2	
  
•  Stack	
  assembled	
  with	
  new	
  setup	
  is	
  currently	
  being	
  tested	
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Initial Results Using Upgraded Assembly Setup 



•  AE	
  uPlizes	
  microphones	
  placed	
  around	
  stack	
  during	
  assembly	
  
–  Listen	
  for	
  “events”	
  (e.g.,	
  slipping	
  or	
  cracking)	
  
–  Analyze	
  raw	
  data	
  and	
  idenPfy	
  fingerprints	
  for	
  different	
  events	
  
–  Helps	
  improve	
  quality	
  control	
  and	
  development	
  efforts	
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Stack Assembly Metrology: Acoustic Emissions 

Low Freq. Events 
(Large cracks) High Freq. Events 

(Small cracks) 

Low Energy 
Acoustic Events 

(cell intact) 

High Energy 
Acoustic Events 
(cell breaking) 

frequency	
  (a.u.)	
  

frequency	
  (a.u.)	
  

IniDal	
  Pass	
  Analysis	
  

Further	
  Analysis	
  



•  Manufacturing	
  process	
  improvements	
  à	
  flaser	
  cells	
  
–  edge	
  curl	
  and	
  camber	
  can	
  create	
  stress	
  concentrators	
  
–  cell	
  cracks	
  during	
  assembly	
  and/or	
  stack	
  operaPon	
  (degradaPon	
  /	
  failure)	
  
–  3X	
  reducPon	
  in	
  average	
  flatness	
  (i.e.,	
  cell	
  is	
  flaser)	
  
–  >1.5X	
  reducPon	
  in	
  std	
  deviaPon	
  (i.e.,	
  more	
  cells	
  in	
  batch	
  are	
  “flat”)	
  

•  Experiment	
  to	
  compare	
  strength	
  during	
  assembly	
  and	
  amer	
  reducPon	
  
–  Compress	
  single	
  cell	
  with	
  gasket,	
  metal	
  plates,	
  current	
  collectors	
  
–  Control	
  and	
  monitor	
  load	
  with	
  automated	
  setup	
  	
  
–  Detect	
  cracking	
  event	
  with	
  AE	
  technique	
  (determine	
  at	
  what	
  load	
  event	
  occurs)	
  
–  Use	
  as-­‐produced	
  cells	
  (NiO	
  cermet)	
  and	
  reduced	
  cells	
  (Ni-­‐cermet)	
  

•  Old	
  (un-­‐opPmized)	
  Cells	
  
–  Reduced	
  cell:	
  cracked	
  along	
  edges	
  at	
  about	
  1.5	
  Pmes	
  the	
  standard	
  assembly	
  load	
  
–  As-­‐processed	
  cell	
  (QC	
  reject	
  due	
  to	
  high	
  edge	
  curl):	
  cracked	
  below	
  assembly	
  load	
  

•  New	
  Flaser	
  Cells	
  
–  Reduced	
  cell:	
  did	
  not	
  crack	
  even	
  up	
  to	
  ~4	
  Pmes	
  the	
  assembly	
  load	
  

•  Work	
  is	
  on-­‐going,	
  but	
  promising	
  for	
  higher	
  yield	
  of	
  stackable	
  cells	
  and	
  
increased	
  mechanical	
  reliability	
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Cell Metrology and Process Improvements 



•  Explored	
  the	
  use	
  of	
  	
  AE	
  data	
  for	
  localizaPon	
  of	
  
certain	
  “events”	
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Acoustic Emissions: Event Localization 

Excite	
  steel	
  plate	
  
(hit	
  with	
  wrench)	
  

Red	
  dots	
  are	
  what	
  is	
  important	
  
(ignore	
  green	
  dots)	
  
-­‐red	
  dots	
  represent	
  algorithm	
  
predicPon	
  of	
  source	
  of	
  sound	
  
-­‐accuracy	
  of	
  ~±10	
  mm	
  
-­‐method	
  works	
  with	
  metal,	
  but	
  will	
  it	
  
work	
  with	
  ceramic	
  &	
  metal?	
  



•  IniPal	
  results	
  for	
  localizaPon	
  on	
  SOFC	
  during	
  assembly	
  is	
  encouraging	
  
•  AddiPonal	
  opPmizaPon	
  possible	
  with	
  algorithm	
  improvements	
  and	
  addiPonal	
  

microphones	
  
•  Technique	
  will	
  be	
  used	
  to	
  pinpoint	
  source	
  of	
  mechanical	
  failure	
  to	
  help	
  us	
  in	
  design	
  and	
  

assembly	
  opPmizaPon	
  
•  We	
  are	
  also	
  uPlizing	
  AE	
  during	
  high	
  temperature	
  tesPng	
  for	
  general	
  “event”	
  detecPon	
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Acoustic Emissions: Event Localization 

Redox	
  Algorithm	
  Indicated	
  
LocaPons	
  of	
  Sound	
  Source	
  

QC	
  Reject	
  Cell	
  



Extensively	
  instrumented	
  to	
  capture	
  dynamic	
  behavior	
  

H2#

≥20#ccm#to#
overcome#GC#
pump#draw#

CH4#

CO2#

CO#

H2O,#
3880%#

H2O,#
3%#

SOFC#
Stack#

Gas#Phase#Analysis#

Flow#rate#
measurement#

Vaporizer#
Coil#

Condensate#trap#

TC##
(K#type)#

#

Current8Voltage#
&#Frequency#Response#
Analysis#

MFC#

MFC#

MFC#

MFC#

Syringe#Pump#

;;#

Air#Inlet# Air#Exhaust#

Fuel#Inlet# Fuel#Exhaust#

Cathode#Contact#

Anode#Contact#

SOFC#Stack#

Pressure#
Transducer#
(Absolute)#

Pressure#
Transducer#
(Absolute)#

Press.#Trans.#
(RelaWve)#

Press.#Trans.#
(RelaWve)#

Furnace#
Enclosure#

Furnace#Temp#
#(Embedded#TC)#

Furnace#Air#Temp#
(Hanging#TC)#

Fuel#Inlet#Temp#
(TC#in#gas#stream)#

Fuel#Outlet#Temp#
(TC#in#gas#stream)#Anode#Temp#

(MulWple#TCs#in#
Interconnect)#

Stack	
  Lifecycle	
  Analysis	
  Modeled	
  and	
  Evaluated	
  Using:	
  
• Strength,	
  creep,	
  and	
  acousPc	
  emission	
  spectroscopy	
  data	
  of	
  stack	
  materials	
  &	
  components	
  
• MulPphysics	
  modeling	
  of	
  components	
  
• Long-­‐term	
  measurements	
  under	
  normal	
  operaPonal	
  condiPons	
  

• Power	
  output,	
  voltage	
  changes,	
  component	
  conducPvity	
  
• Accelerated	
  stack	
  tesPng	
  under	
  extreme	
  temperature	
  and	
  load	
  
• Modeling	
  of	
  material	
  and	
  operaPonal	
  costs	
  over	
  lifePme	
  of	
  stack	
  
	
  
	
  

Reduce Stack Degradation 
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Developing Accelerated Test Protocols 

Failure	
  Mode,	
  Mechanism	
  and	
  Analysis	
  (FMMEA)	
  Methodology	
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Developing Accelerated Test Protocols 

Seal	


material	



•  IdenPfied	
  possible	
  failure	
  mechanisms,	
  potenPal	
  causes,	
  and	
  likelihood	
  of	
  occurrence	
  
•  Accelerated	
  tests	
  can	
  be	
  performed	
  at	
  elevated	
  temperature,	
  humidity,	
  voltage,	
  

pressure,	
  vibraPon,	
  etc.,	
  or	
  in	
  a	
  combined	
  manner	
  
•  The	
  test	
  stresses	
  should	
  be	
  chosen	
  so	
  that	
  they	
  accelerate	
  only	
  the	
  failure	
  mechanisms	
  

under	
  consideraPon	
  
•  For	
  failure	
  mechanisms	
  and	
  stresses	
  there	
  are	
  commonly	
  accepted	
  acceleraPon	
  

transforms	
  that	
  one	
  can	
  start	
  from	
  as	
  the	
  first	
  approximaPon	
  	
  



•  Next	
  steps	
  
–  Focus	
  on	
  the	
  cathode	
  iniPally	
  
–  Apply	
  degradaPon	
  models	
  
–  Determine	
  range	
  of	
  parameter	
  

values	
  for	
  each	
  test	
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Developing Accelerated Test Protocols 

•  JEDEC	
  Microelectronic	
  Standards	
  
Considered	
  for	
  Matching	
  with	
  Failure	
  
Mechanisms	
  	
  

•  Also	
  considered	
  standard	
  tests	
  from	
  the	
  
IEC	
  62282-­‐2	
  Fuel	
  Cell	
  Modules	
  2012	
  



•  IniPal	
  invesPgaPons	
  into	
  degradaPon	
  mechanisms	
  
–  Bi2O3	
  based	
  electrolyte	
  (ESB)	
  and	
  cathodes	
  (LSM-­‐ESB)	
  
–  No	
  apparent	
  impact	
  of	
  humidity	
  
–  But	
  there	
  is	
  some	
  interacPon	
  of	
  H2O	
  and	
  CO2	
  with	
  oxygen	
  exchange	
  

•  Stack	
  assembly	
  equipment	
  upgrades	
  &	
  Stack	
  Design	
  
–  AutomaPon	
  of	
  load	
  applicaPon	
  rate	
  and	
  setpoint	
  
–  Load	
  distribuPon	
  measured	
  
–  AcousPc	
  emissions	
  for	
  event	
  detecPon	
  and	
  localizaPon	
  
–  MulPphysics	
  model	
  with	
  new	
  mechanical	
  capabiliPes	
  will	
  be	
  used	
  to	
  design	
  

more	
  robust	
  stack	
  
•  Cell	
  process	
  improvements	
  

–  Flaser	
  cells	
  result	
  in	
  more	
  robust	
  cell	
  
•  Accelerated	
  test	
  protocols	
  

–  Use	
  of	
  FMMEA	
  methodology	
  
–  IdenPfied	
  exisPng	
  protocols	
  and	
  applied	
  to	
  possible	
  failure	
  mechanisms	
  for	
  

cathode,	
  electrolyte,	
  and	
  anode	
  
–  Next	
  steps	
  involve	
  using	
  degradaPon	
  mechanisms	
  idenPfied	
  by	
  UMERC	
  to	
  

finalize	
  parameter	
  value	
  ranges	
  for	
  accelerated	
  tesPng	
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Summary of NETL Efforts 



• NETL	
  Project	
  Manager	
  
– Seth	
  Lawson	
  

• University	
  of	
  Maryland	
  
– Energy	
  Research	
  Center	
  (fundamental	
  R&D)	
  –	
  Prof.	
  Wachsman	
  
– CALCE	
  (accelerated	
  /	
  lifecycle	
  test	
  plans)	
  –	
  Prof.	
  Pecht/Diganta	
  Das	
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