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Team & Project 

•  Approach	  
–  Lower	  temperature	  electrolytes	  and	  cathodes	  
–  New	  low	  temp	  anodes	  
–  New	  stack	  architectures	  and	  coaKngs	  
–  Scale	  materials	  and	  cells	  as	  we	  go	  
–  Design	  with	  system	  in	  mind	  

Datacenter/UDlity	  
Partners	  

• GDC,	  leakage	  current	  
• Bi2O3,	  high	  conducKvity	  but	  
unstable	  in	  fuel	  (low	  PO2)	  
• Together	  form	  a	  bilayer	  with	  a	  
synergeKc	  performance	  boost	  
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All-Ceramic Anode 
•  Ceramic	  anode	  material	  allows	  for	  tailoring	  of	  electronic	  

conducKvity	  and	  other	  properKes	  (e.g.,	  catalyKc	  acKvity)	  
•  A	  problem	  with	  state-‐of-‐art	  materials	  (e.g.,	  SNT)	  is	  need	  for	  

high	  temperature	  acKvaKon	  in	  reducing	  environment	  
•  New	  Redox	  Material	  (orig.	  developed	  at	  Univ.	  of	  Md)	  has	  

higher	  conducKvity	  and	  acKvaKon	  can	  happen	  below	  650	  °C	  
•  Li\le	  difference	  in	  conducKvity	  when	  acKvated	  at	  even	  

lower	  temperatures	  
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All-Ceramic Anode 
Long-‐term	  stability:	  
	  
	  
81%	  H2,	  16%	  CH4,	  and	  3%	  H2O	  
	  
DegradaKon	  rate	  <	  0.3%	  per	  1000h	  

Currently	  scaling	  up	  size	  to	  10	  cm	  by	  10	  cm	  size	  

BuFon	  cell	  data	  
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Anode Infiltration Optimization 

Nano	  parKcles	  

Total	  ASR=0.97	  Ωcm2	  

•  ConvenKonal	  anode	  opKmizaKon	  (below)	  
•  Same	  process	  will	  be	  used	  on	  ceramic	  anode	  

500	  °C	  
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Porous Anode Manufacturing Scale-Up 

Porous	  ASL	  
10x10	  

Porous	  AFL	  
10x10	  

•  Similar	  microstructure	  
as	  bu\on	  cells	  that	  
achieved	  this	  
milestone	  early	  in	  
project	  

•  We	  will	  infiltrate	  same	  
catalysts	  as	  bu\on	  cell	  
work	  and/or	  ceramic	  
anode	  materials	  

•  Current	  Efforts	  
•  working	  to	  scale	  

the	  infiltraKon	  
process	  

•  10x10	  half	  cell	  
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Bilayer Electrolyte 

Bu\on	  
Bilayer	  Cell	  

>100	  mV	  OCV	  
increase	  
achieved	  
compared	  to	  no	  
bilayer	  
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Bilayer Electrolyte 

Bu\on	  
Bilayer	  Cell	  

10	  cm	  by	  10	  cm	  
Bilayer	  Cell	  

Redox	  mulKphysics	  model	  
showed	  that	  closed	  &	  open	  
pores	  can	  reduce	  OCV	  due	  
to	  ineffecKve	  TBP	  and	  
decreased	  conducKvity	  
(leakage	  current	  in	  GDC)	  

>100	  mV	  OCV	  
increase	  
achieved	  
compared	  to	  no	  
bilayer	  
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Extreme Load Following 
and coolant temperature are presented. Single cell
voltage and the maximum disparity amongst cells
provide important information to the control and
monitoring the system. Operating at high current,
the voltages of some cells may fall and therefore
lower than the average cell voltage because of mem-
brane dehydration or fuel depletion [76]. As shown
in Figure 9, the maximum cell voltage disparity in-
creases with the fuel cell current and becomes rel-
atively stable at 25mV. The air flow rate showed
in Figure 9 indicates that the air flow rate is ad-
justed stoichiometrically with the power so that the
reactant and the product ratio can be fixed. The
coolant temperature remains below 60oC, suggest
that low grade waste heat was rejected from the
PEMFC system.

Figure 9: PEMFC system steady-state prop-
erties.

4.3 System Performance
Single Server Transient Characterization: Fig-
ure 10 shows the power consumption trace of a sin-
gle 750W HP Proliant SE326M1 server with two
quadcore CPUs and 98GB of memory, using vari-
ous DC and AC sources. As shown in Figure 10,
severer dynamics were observed during turning on
for both AC and DC power traces.
Step Load Responses in AC Output Config-
uration: To understand the load following capa-
bilities of the fuel cell and battery hybrid system,
a step load power demand profile as shown in Fig-
ure 11 and Figure 12 (black line) was applied to
the system. The system configuration is shown in
Figure 7(B). The fuel cell power output and the

Figure 10: Single server power-on and
power-o↵ characterization.

DC/DC converter output were measured and are
also shown in Figure 11 and Figure 12. Note that
the system responds immediately to the power in-
crease perturbation. Combined with the batteries
in the UPS, the fuel cell system was able to meet
the step load increases applied. The di↵erences be-
tween the fuel cell output and the DC/DC converter
output is the energy loss in the DC/DC converter.
10.2% of the fuel cell power is consumed in the 48V
to 192V conversion process. The di↵erences be-
tween the DC/DC converter output and the load
is the sum of the energy losses in the UPS system
inverter and the energy used to charge the batteries
in the UPS system.

Figure 11: Fuel cell system responses to AC
step load (0-4.5kW).

Server Load Responses in DC Configuration:
To evaluate the dynamic response performance of
the PEMFC, servers were also connected to the
PEMFC 48VDC bus directly, as illustrated in Fig-
ure 7 (C). In this configuration, servers were only
utilizing the fuel cell direct current (DC) output.
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for both AC and DC power traces.
Step Load Responses in AC Output Config-
uration: To understand the load following capa-
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a step load power demand profile as shown in Fig-
ure 11 and Figure 12 (black line) was applied to
the system. The system configuration is shown in
Figure 7(B). The fuel cell power output and the
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DC/DC converter output were measured and are
also shown in Figure 11 and Figure 12. Note that
the system responds immediately to the power in-
crease perturbation. Combined with the batteries
in the UPS, the fuel cell system was able to meet
the step load increases applied. The di↵erences be-
tween the fuel cell output and the DC/DC converter
output is the energy loss in the DC/DC converter.
10.2% of the fuel cell power is consumed in the 48V
to 192V conversion process. The di↵erences be-
tween the DC/DC converter output and the load
is the sum of the energy losses in the UPS system
inverter and the energy used to charge the batteries
in the UPS system.

Figure 11: Fuel cell system responses to AC
step load (0-4.5kW).

Server Load Responses in DC Configuration:
To evaluate the dynamic response performance of
the PEMFC, servers were also connected to the
PEMFC 48VDC bus directly, as illustrated in Fig-
ure 7 (C). In this configuration, servers were only
utilizing the fuel cell direct current (DC) output.

Q:	  Can	  lower	  temperature	  operaKon	  enable	  new	  load	  following	  applicaKons,	  given	  reduced	  TEC	  mismatch	  
	  	  	  	  	  	  stresses,	  or	  will	  a	  datacenter	  system	  require	  a	  lot	  of	  energy	  storage?	  

Datacenter	  load	  profiles	  have	  very	  
fast	  transients	  (sub-‐second)	  
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Extreme Load Following 
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Server Load Responses in DC Configuration:
To evaluate the dynamic response performance of
the PEMFC, servers were also connected to the
PEMFC 48VDC bus directly, as illustrated in Fig-
ure 7 (C). In this configuration, servers were only
utilizing the fuel cell direct current (DC) output.

Single	  cells	  and	  short	  stacks	  
(H2	  and	  reformate)	  

Q:	  Can	  lower	  temperature	  operaKon	  enable	  new	  load	  following	  applicaKons,	  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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and coolant temperature are presented. Single cell
voltage and the maximum disparity amongst cells
provide important information to the control and
monitoring the system. Operating at high current,
the voltages of some cells may fall and therefore
lower than the average cell voltage because of mem-
brane dehydration or fuel depletion [76]. As shown
in Figure 9, the maximum cell voltage disparity in-
creases with the fuel cell current and becomes rel-
atively stable at 25mV. The air flow rate showed
in Figure 9 indicates that the air flow rate is ad-
justed stoichiometrically with the power so that the
reactant and the product ratio can be fixed. The
coolant temperature remains below 60oC, suggest
that low grade waste heat was rejected from the
PEMFC system.

Figure 9: PEMFC system steady-state prop-
erties.

4.3 System Performance
Single Server Transient Characterization: Fig-
ure 10 shows the power consumption trace of a sin-
gle 750W HP Proliant SE326M1 server with two
quadcore CPUs and 98GB of memory, using vari-
ous DC and AC sources. As shown in Figure 10,
severer dynamics were observed during turning on
for both AC and DC power traces.
Step Load Responses in AC Output Config-
uration: To understand the load following capa-
bilities of the fuel cell and battery hybrid system,
a step load power demand profile as shown in Fig-
ure 11 and Figure 12 (black line) was applied to
the system. The system configuration is shown in
Figure 7(B). The fuel cell power output and the

Figure 10: Single server power-on and
power-o↵ characterization.

DC/DC converter output were measured and are
also shown in Figure 11 and Figure 12. Note that
the system responds immediately to the power in-
crease perturbation. Combined with the batteries
in the UPS, the fuel cell system was able to meet
the step load increases applied. The di↵erences be-
tween the fuel cell output and the DC/DC converter
output is the energy loss in the DC/DC converter.
10.2% of the fuel cell power is consumed in the 48V
to 192V conversion process. The di↵erences be-
tween the DC/DC converter output and the load
is the sum of the energy losses in the UPS system
inverter and the energy used to charge the batteries
in the UPS system.

Figure 11: Fuel cell system responses to AC
step load (0-4.5kW).

Server Load Responses in DC Configuration:
To evaluate the dynamic response performance of
the PEMFC, servers were also connected to the
PEMFC 48VDC bus directly, as illustrated in Fig-
ure 7 (C). In this configuration, servers were only
utilizing the fuel cell direct current (DC) output.
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DC/DC converter output were measured and are
also shown in Figure 11 and Figure 12. Note that
the system responds immediately to the power in-
crease perturbation. Combined with the batteries
in the UPS, the fuel cell system was able to meet
the step load increases applied. The di↵erences be-
tween the fuel cell output and the DC/DC converter
output is the energy loss in the DC/DC converter.
10.2% of the fuel cell power is consumed in the 48V
to 192V conversion process. The di↵erences be-
tween the DC/DC converter output and the load
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inverter and the energy used to charge the batteries
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step load (0-4.5kW).

Server Load Responses in DC Configuration:
To evaluate the dynamic response performance of
the PEMFC, servers were also connected to the
PEMFC 48VDC bus directly, as illustrated in Fig-
ure 7 (C). In this configuration, servers were only
utilizing the fuel cell direct current (DC) output.

Single	  cells	  and	  short	  stacks	  
(H2	  and	  reformate)	  
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Extreme Load Following 
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justed stoichiometrically with the power so that the
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coolant temperature remains below 60oC, suggest
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Server Load Responses in DC Configuration:
To evaluate the dynamic response performance of
the PEMFC, servers were also connected to the
PEMFC 48VDC bus directly, as illustrated in Fig-
ure 7 (C). In this configuration, servers were only
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New	  Gasket	  ConfiguraDon	  

•  Model	  CapabiliKes	  
–  Thermochemical	  and	  physical	  
	  properKes	  of	  materials	  

–  Captures	  kineKcs	  of	  electrochemical	  and	  	  
heterogeneous	  reforming	  reacKons	  within	  anode	  

–  Scaled-‐up	  from	  single	  channel	  to	  enKre	  stack	  
–  Added	  bilayer	  electrolyte	  physics	  to	  model	  

•  Low	  Temp	  Parametric	  Studies	  
–  Flow	  field	  opKmizaKon	  
–  Stack	  component	  geometry	  

•  Stack	  Sealing	  
–  Low	  temperature	  gasket	  configuraKons	  
–  75%	  lower	  total	  leak	  rate	  
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Low Temp Stack Designs 

modeling	  



•  Developed	  electrical	  contact	  coaKngs	  compaKble	  with	  Bi2O3	  
electrolyte	  

•  Developed	  stack	  coaKngs	  compaKble	  with	  low	  temp	  operaKon	  
•  Performance	  Summary	  (Contact	  +	  Stack	  CoaKng)	  

–  For	  Bi2O3	  based	  cells:	  ASR	  =	  0.081	  Ω-‐cm2	  	  
–  For	  alternaKve	  configuraKons:	  ASR	  =	  0.034	  Ω-‐cm2	  	  
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Low Temperature Stack Coatings & Contacts 

New	  Electrical	  Contact	  CoaDngs	   New	  Stack	  CoaDngs	  

500	  °C	  



•  Independent	  tesKng	  to	  begin	  in	  August/September	  2016	  
with	  the	  NaKonal	  Fuel	  Cell	  Research	  Center	  

•  Shipping	  stacks	  and	  ensuring	  they	  survive	  transport	  
•  Aggressive	  test	  protocols	  with	  datacenter	  applicaKon	  
load	  profile	  focus	  
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Independent Stack Testing 

Stack	  Shipments	  

Commercial	  Test	  Stand	  at	  NFCRC	  



•  TesKng	  the	  limits	  of	  reformers	  	  
– Tube-‐in-‐shell	  and	  plate	  reformers	  
– Best	  reformer	  operaKng	  	  
temperatures	  in	  light	  of	  	  
low-‐temperature	  stack	  

–  Impact	  of	  operaKng	  temperature	  	  
on	  response	  Kme	  

– Controls	  implicaKons	  and	  capabiliKes	  

•  Studying	  the	  impact	  of	  lower	  operaKng	  
temperatures	  on	  system	  design	  and	  capability	  
– Size/cost	  of	  balance	  of	  plant	  components	  
– Tradeoff	  studies:	  Efficiency	  vs	  Transients	  vs	  CAPEX	  
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Additional REBELS Related Efforts 

33 
 

mixing of reformate and air.  After PROX, the reformate flows out of the reactor and into the 

downstream system components. 

Figure 15 below shows a diagram of the full reactor design (not to scale). 

 

Figure 15: Reactor Diagram 

The reactor is designed to be modular to allow for multiple scale-up alternatives.  Sizing is derived from 

gas-hourly space velocity (GHSV) data and modeling provided by Ballard.19  The 1 kWe system reactor is 

based upon the operating conditions of the current prototype.  The 5 kWe system is based upon a single 

reactor running at modeled future expected conditions of the system.  For the 25 kWe system, reactor 

volume was increased by increasing total diameter by a factor of 2.5 and by doubling reactor length.  

Finally, the 100 kWe system makes use of the modular aspect to include 2 or 4 reactors at the 25 kWe 

                                                           
19 Personal communication with Pat Hearn, Ballard Power Systems. 

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



Redox Scale-Up Efforts 

25	  kWe	  Cube	  System	  

Common	  high	  volume	  appliance	  
and	  electronics	  manufacturing,	  
COTs	  components	  

Specialized	  manufacturing,	  
custom	  components	  

Raw	  
Oxide	  
Powders	  

~100W	  
Bilayer	  
SOFC	  Cells	  

1	  to	  10	  kWe	  
SOFC	  
Stacks	  

Balance	  Of	  
Plant	  
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Materials	  within	  REBELS	  program	  have	  been	  successfully	  scaled	  to	  several	  kg,	  meeDng	  or	  
beaDng	  powder	  specs	  and	  cost	  objecDves	  
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Proof of Concept R2R 

•  Proof	  of	  concept	  roll-‐to-‐roll	  (R2R)	  laminaKon	  demonstrated	  using	  commercial	  
equipment	  

•  OpKon	  to	  dramaKcally	  reduce	  costs	  	  of	  current	  cell	  fabricaKon	  process	  for	  
laminaKon	  and	  casKng	  steps	  

•  Cost	  comparison	  with	  current	  process	  being	  conducted	  with	  Strategic	  Analysis	  

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



•  Cell	  model	  	  
–  100%	  updated	  
–  Redox	  Updates	  
to	  SA	  model	  
•  Materials	  &	  	  
supplier	  costs	  

•  Specific	  	  
manufacturing	  
process	  

•  Stack	  model	  
–  75%	  complete	  
–  Redox	  Updates	  
to	  SA	  model	  
•  Stamped	  ICs	  
•  IC	  coaKngs	  
•  Assembly	  
•  Hotbox	  insulaKon	  

•  System	  model	  
–  will	  begin	  once	  Redox	  system	  studies	  for	  lower	  temperature	  stack	  
operaKon	  are	  complete	  

–  EsKmated	  compleKon	  mid	  2017	  
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Techno-Economic Analysis Modeling 

Cell	  update	  results	  (2015	  version)	  



•  High	  performance,	  low	  temperature	  ceramic	  anode	  
–  DegradaKon	  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	  
Kmes	  
–  Beginning	  independent	  tests	  in	  August/September	  

•  Key	  technical	  challenges	  remaining	  
– Match	  performance	  of	  bilayer	  bu\on	  cells	  at	  the	  10	  cm	  by	  
10	  cm	  cell	  size	  and	  ulKmately	  stack	  
•  microstructural	  opKmizaKon	  

–  Scale-‐up	  size	  of	  all-‐ceramic	  anode	  support	  while	  meeKng	  
target	  cell	  specificaKons	  
•  reduce	  camber	  with	  modificaKon	  to	  shrinkage	  and	  firing	  steps	  

–  Improve	  catalyKc	  acKvity	  of	  all-‐ceramic	  anode	  
•  OpKmize	  catalyst	  dispersion	  and	  look	  at	  alternaKve	  infiltrants	  
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Summary of REBELS Efforts 



• ARPA-‐E	  Team	  
–  Paul	  Albertus	  (and	  formerly	  John	  Lemmon)	  
–  Sco\	  Litzelman	  
–  John	  Tu\le	  and	  Ryan	  Umsta\d	  

• University	  of	  Maryland	  
–  Energy	  Research	  Center	  (fundamental	  R&D)	  –	  Prof.	  Wachsman	  
–  mTech	  Incubator	  	  (business	  advice)	  

• Trans-‐Tech	  Inc.	  (materials	  scale-‐up/cell	  manufacturing)	  

• Strategic	  Analysis	  (TEA	  Modeling)	  –	  Brian	  James	  and	  
Jennie	  Huya-‐Kouadio	  
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