An Intermediate Temperature
Metal-Supported Proton-Conducting
Solid Oxide Fuel Cell Stack

16t Annual SOFC Workshop
July 15, 2015

i United Technologies 4% /&» JHIVERSITY OF ElectroChem
ResearchCenter ) ™ MARYLAND m |= Ventures



Stack Concept
Metal supported p-SOFC with internal CH, reforming
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System Concept
5 kW Residential CHP System 0 et DC Power (W)=J5000

Net AC Power / Methane LHV=|51%
Exhaust Recovered Heat /Methane LHV=|25%
Effective Electric Efficiency=|57%
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Assumptions



				Ambient Conditions								Assumption Summary

				Ambient Temperature (°C)=		15						Ambient Temperature (°C)=		15

				Ambient Pressure (kPa)=		100						Ambient Pressure (kPa)=		100

				Ambient Molecular Weight (g/mol)=		29						Blower Overall Efficiency=		60%

				Ambient Ratio of Specific Heats=		1.4						Blower Pressure Ratio=		1.30

												Number of Cells=		344

				Blower								Cell Area (cm2)=		100

				Overall Efficiency=		60%						Current Density (mA/cm2)		200

				Assumed Pressure Ratio=		1.30						Cell Open Circuit Voltage (V)=		1.05

												ASR (Wcm2)=		1

				Stack								Operating Delta T (°C)=		75

				Number of Cells=		344						Avg. Operating Temperature (°C)=		500

				Cell Area (cm2)=		100						H2 Utilization=		80%

				Current Density (mA/cm2)		200						Methane Conversion=		90%

				Cell Open Circuit Voltage (V)=		1.05						Inflow Steam/Carbon Ratio=		3.0

				ASR (Wcm2)=		1						HR HEX Outflow Temperature (°C)=		80

				Operating Delta T (°C)=		75

				Avg. Operating Temperature (°C)=		500						Performance Summary

				Operating Cell Voltage (V)=		0.85						Net DC Power (W)=		5000

				Operating Current (A)=		20						Net AC Power / Methane LHV=		51%

				Electric Power (W)=		5848						Recovered Heat /Methane LHV=		25%

				Hydrogen (H2) Flux into Electrolyte (mol/s)=		0.035653086						Effective Electric Efficiency=		57%

				H2 LHV Flux into Electrolyte (W)=		8571.0018744662

				Gross Waste Heat (W)=		2723.0018744662



				H2 Utilization=		80%

				H2 Required to be Produced (mol/s)=		0.0446

				H2 LHV Produced (W)=		10714						Fuel Conv * Fuel Utilization		0.8629159708

				Moles H2 / Moles CH4=		4

				Moles CH4 Required to be Converted (mol/s)=		0.0111415894

				Converted CH4 LHV (W)=		8939.3428192065

				Absorbed Heat (W)=		1774

				Net Waste Heat (W)=		949



				Methane Conversion=		90%

				Inflowing CH4 LHV (W)=		9932.6031324517

				Inflowing CH4 Mass Flow Rate (g/s)=		0.1980727

				Overall Stack Efficiency=		59%

				Inflow Steam/Carbon Ratio=		3.0

				Required H2O Inflow Molar Flow Rate (mol/s)=		0.0334247681

				Required H2O Inflow Mass Flow Rate (g/s)=		0.6016458263

				H2O Produced in Stack & Burner (mol/s)=		0.0446

				Required H2O Recovery Rate=		75%

				Required Stoichiometric O2 Flow (mol/s)=		0.017826543

				Required Stoichiometric Air Flow (mol/s)=		0.0848883

				Temp Rise for Stoich Air Flow (°C)=		384.0

				Required Air Flow (Stoichs)=		5.1200188492

				Required Air Flow (mol/s)=		0.4346296961

				Required Air Flow (g/s)=		12.6042611864

				Inflow Temperature (°C)=		462.5

				Outflow Temperature (°C)=		537.5

				Cathode Exit Mass Flow Rate (g/s)=		12.6755673584



				Heat Required to Achieve Target Cathode Inflow Temp (W)=		5659.9343585202

				Sensible Heat - Water to 100 (W)=		164.7557614697

				Heat Required to Boil H2O (W)=		1360.4

				Sensible Heat - Steam to Inflow Temp (W)=		406.0

				Total Water Heating Load (W)=		1931.2

				Cathode Exit Stream Temperature After Boiler (°C)=		384.8

				Residual Fuel LHV to Burner (W)=		3136.0107818617

				Total Mass Flow to Burner (g/s)=		13.4

				Approximate Specific Heat @ Constant Pressure (J/k/K)=		1.1

				Burner Temperature Rise (°C)=		213

				Burner Exit Temperature (°C)=		598

				Blower Exit Temperature (°C)=		52.3837884165

				Required Recuperator Effectiveness to Achieve Target Stack Inflow Temp=		75%

				Blower Isentropic Compression Power (W)=		284

				Input Blower AC Electric Power (W)=		473

				Heat Transferred to Inflowing Air Stream (W)=		5187

				HEX Hot Side Exit Temperature (°C)=		246



				Stack Power (W)=		5848

				Inverter Efficiency=		95%

				Gross AC Power (W)=		5555.6

				Blower Power (W)=		473						Net AC Power / Gross DC Power=		0.8606394994

				Water Pump Power (W)=		50

				Net AC Power (W)=		5033

				System LHV Basis Efficiency=		51%

				Exit Stream Composition (Before Condensation)

				CO2 Molar Flow Rate (mol/s)=		0.0123795438

				CO2 Mass Flow Rate (g/s)=		0.544699925

				H2O Molar Flow Rate (mol/s)=		0.0581838556

				H2O Mass Flow Rate g/s)=		1.0473094013

				N2 Molar Flow Rate (mol/s)=		0.3477037569

				N2 Mass Flow Rate (g/s)=		9.7357051922

				O2 Molar Flow Rate (mol/s)=		0.0648832873

				O2 Mass Flow Rate (g/s)=		2.1

				H2O Volume Fraction=		12%

				Target H2O Recovery Rate (mol/s)=		0.0334247681

				Resulting Exit H2O Molar Flow Rate (mol/s)=		0.0247590875

				Resulting Exit H2O Volume Fraction=		6%

				Target Exit Temperature (°C)=		34.5571964344

				HR HEX Outflow Temperature (°C)=		80

				Recovered Exhaust Heat (W)=		2443

				Recovered Heat / Methane LHV=		25%

				Grid Electricity / NG Cost Ratio=		4

				Baseline Furnace Efficiency=		90%



				Effective Electric Efficiency=		57%





Constants

				Universal Gas Constant (J/mol/K)=		8.3144						Water Vapor Pressure Curve

				Faraday's Constant (C/mol)=		96485.3365						A=		4.6543

				Moles Electrons / Moles H2=		2						B=		1435.264

				Methane Molecular Weight (g/mol)=		16						C=		-64.848

				Methane LHV (kJ/mol)=		802.34

				Methane MW (g/mol)=		16						T (K)=		273

				H2 LHV (kJ/mol)=		240.4						Vapor Pressure (bar)=		0.0057415765

				H2 MW (g/mol)=		2

				Air ratio of specific heats=		1.4

				Air specific heat @ constant pressure (J/mol/K)=		29.1

				Air molecular mass (g/mol)=		29

				Air specific heat @ constant pressure (J/g/K)=		1.00

				Water Heat of Vaporization (J/mol)=		40700

				Water ratio of specific heats=		1.33

				Water specific heat @ constant pressure (J/mol/K)=		33.5095515152

				Liquid Water Heat Capacity (J/mol/K)=		75.32

				Water MW (g/mol)=		18

				CO2 MW (g/mol)=		44

				N2 MW (g/mol)=		28

				O2 MW (g/mol)=		32
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Efficiency Bar Chart

												 Power Bar Chart								 Power Bar Chart

												White		Green		Red				White		Green		Red

				Input Fuel		9933		W				9932.6		0.0		0.0				100%		0%		0%

				Reformer Heat Recovery		1774		W				9932.6		1774.4		0.0				100%		18%		0%

				Unused Stack Fuel		(3136)		W				8571.0		0.0		3136.0				86%		0%		32%

				Stack Fuel Conversion Losses		(2723)		W				5848.0				2723.0				59%		0%		27%

				System Parasitic Loads		(523)		W				5325.4				522.6				54%		0%		5%

				Inverter Losses		(292)		W				5033.0				292.4				51%		0%		3%

				Waste Heat Recovery		2443		W				5033.0		2443.2		0.0				51%		25%		0%

				Total Output		7476						7476.2								75%		0%		0%





Input Fuel	Reformer Heat Recovery	Unused Stack Fuel	Stack Fuel Conversion Losses	System Parasitic Loads	Inverter Losses	Waste Heat Recovery	Total Output	1	1	0.86291597078545279	0.58876811265049755	0.53615549936609153	0.50671709373356655	0.50671709373356655	0.75269391154241416	

Input Fuel	Reformer Heat Recovery	Unused Stack Fuel	Stack Fuel Conversion Losses	System Parasitic Loads	Inverter Losses	Waste Heat Recovery	Total Output	0	0.17864496348181585	0	0	0	0	0.24597681780884767	0	

Input Fuel	Reformer Heat Recovery	Unused Stack Fuel	Stack Fuel Conversion Losses	System Parasitic Loads	Inverter Losses	Waste Heat Recovery	Total Output	0	0	0.31572899269636306	0.27414785813495529	5.2612613284406029E-2	2.9438405632524926E-2	0	0	

Fraction of Input Fuel Power (LHV Basis)
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System Value Proposition

Nominal Residential CHP Scenario IRR Sensitivity to Cost & Performance

Assumptions 2000 Internal Rate of Return
Electricity ($/KW.h) 0.20 SRE0 12
Gas ($/kW,,,,h) 0.04 Unacceptable 1
Maintenance ($/kW,h) 0.02
Life (years) 10 g 1500
Inflation 3% ?
Recoverable Thermal / Waste Heat  50% é
Electric Capacity Utilization 50% % 000 Acceptable
Thermal Capacity Utilization 25% .

500
0.2 0.3 0.4 0.5 0.6

Electric Efficiency

li. United Technologies &

UNIVERSITY OF
ElectroChem
Research Center ' @ MARYLAND m |= Ventures




.
System Efficiency Roll-Up e G0 009

H, Utilization 80%
OCV (VI/Cell) 1.05
ASR (Qcm?) 1
Current Density (mA/cm?2) 200
Parasitic Power / Stack Power 9%
18%
Inverter Efficiency 95%
2 Heat Recovery Temp 75 °C
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Internal Methane Steam Reforming: Approach

Benefits: Stack Waste Heat Recovery, Parasitic Cooling Power Reduction
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Internal Methane Steam Reforming: Progress

Approach
Pick the catalyst
2. Button cell demo with H, removal

o

Products to HEX then GC

Exit section

(=10") 3/8" 0D S§

— ~77mmID
Reaction section TC
@)
top TC — top TC
3 skin TCS{ mid TC mid TC )
Inlet TC Inlet TC internal TCs
(control TCY

Pre-heat section
(~18")

CH,+Steam+N; from preheater
Target 350-400 °C

Target conversion (without H, extraction)
achieved with acceptable PGM loading
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Catalyst Testing Results
Achieved performance target while satisfying PGM limit

5 Steam/

Base 27%
UTRC A 500 3 3 24%
UTRC B 500 3 3 30%
UTRC C 500 3 3 38%

Equilibrium Conversion (w/o H, extraction) ~ 40%
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Button Cell Test RIg

Demonstrate target conversion (90%) with H, removal
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Proton Conducting Oxide

Optimizing electrode & electrolyte composition (in part) via
combinatorial material evaluation technlque
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Material Optimization
Composition ranges being investigated

Potential Compositions

Anode NI - BaZr,Cey ,(Y,Yb,H0),O;
Electrolyte BZC*: Bazr,Ce, ,(Y,Yb,H0),0,
Cathode LSCF: (La,Sr)(Co,Fe)O,

NBSCF: NdBa, ;Sr, :C0, :Fe; 05,5

( b) positioned probe tip
| Electrolyte

fixed . ~100 nm SrRuO;

electrical

contact L2} 570,

B A
- =
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Metal Support Design

(1) Metal Porous Sheet
(substrate for p-SOFC trilayer)

(2) Metal C-Ring Inserts/Orifices
(3 out of 4 visible)

(3) Metal Foam
(substrate for reforming catalyst)

(4) Metal Stamped Dish

(5) Insulator Couplings
(2 out of 4 visible)
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Metal Support Design

Enabling Fabrication Approach: Reactive Spray Deposition Technology

Cathode - Pending

Working to optimize deposition process parameters for different layers
(e.g. solvents, concentrations, additives, nozzle location, ...)
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Stack Concept
Metal supported p-SOFC with internal CH, reforming
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