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* Assess Technology Cost and Performance

* Compare advanced technologies with current state-of-the-art (SOTA) and research and
development (R&D) goals

* Baseline studies* (current SOTA) — updated regularly

* Screening studies for novel technologies

* Technology pathway studies (e.g. IGFC, NGFC, IGCC, post-combustion CC)

* Identify integration, performance, and cost requirements as appropriate for advanced
technology components

* Unbiased assessments of technology options

* Assist NETL Science & Technology Strategic Plans & Programs
* Funding Opportunity Announcement preparation
* Proposal reviews
* Critiques of external system studies
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http://www.netl.doe.gov/research/energy-analysis/baseline-studies
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1

Assess technology
based on current data

2

Based on initial
assessment, estimate best

from ongoing R&D i possible NOAK
Ongoing Best NQAK performance potential
R&D Potential
System
Integration
3
4 Compare best NOAK
Provide feedback to R&D Goals petformance to R&D goal;

researchers determine if/how any

gaps can be closed
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SEA and SOFC Program R&D at NETL

* How do SEA analyses directly impact

SOFC research at NETL? S —
Evaluate <.;‘> Goals

Technology
* Systems Engineering and Analysis Potential

* Informs Program of technology potential

* Assists in establishing programmatic goals _\
* Assess markets

Assess Market
Competitiveness

* Research and Development Efforts
* Directly addresses programmatic goals
* Direct interaction with SOFC developers
* Multi-disciplinary, collaborative effort
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SOA* 50 kWe POC**
CELL DEVELOPMENT (TRL 2-5) - . SOA 200 kWe POC SOA 400 kWe SOA 500 kWe SOA MWe-class
B est complete Test complete Integrated system | Integrated system

R&D on individual cell components Integrated system TRL7 Lt

Challenges Approach TRl e Integrated system | 2nd Generation || TRL7 2nd Generation FOAK***

* Increase power density  * Innovative materials Pressurized 5 kWe stack test 25-50 kWe POC TRL8

* Lower degradation * Increase cell area TRL6 TRL5 Inteerated svstem

e Reduce costs * Automation ) 4 Y

MODULE and BOP (TRL 2-5)

- fr 5 . ___r | \
R&D on stack components, modules, and BOP

———— — A\

Challenges Approach
e Thermal gradients * Modeling
¢ Flow maldistribution ¢ Robust/low cost mate.rlals Commercial DG Systems Commercial DG Systems
e Lower cost ¢ In-stack fuel reformation
NOAK**** MWe-class
MWe-class 2"d Generation Natural gas

INNOVATIVE CONCEPTS (TRL 3-7) IGFC}S(’;’;ZV:“';;T;(;I Natural gas 500 kWe TRL9

R&D on second generation cell and stack technology ccs TRL 9 Integrated system
Challenges Approach | TRk

MWe-Class Integrated DG System TRL7
| e l—
—E f—

Power
to grid

¢ Reduce degradation * Modeling
¢ Improve reliability e Compact design
¢ Lower cost e Advanced manufacturing

SYSTEMS INTEGRATION (TRL 6-8)

RD&D leading to entry-into-service power systems

Challenges Approach

* Integration of components « Systems analysis

e Complexity * Progressively larger system tests
¢ Operating strategy ¢ Multiple demonstrations

* State-of-the-art
**  Proof-of-concept
*** - First-of-a-kind
*xxk Nth-of-a-kind

Photo courtesy of LG Fuel$ystems
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SOFC Major Development Targets N

Distributed Generation (=250 kW-1 MW) and Utility-Scale (5650 MW) T

il

* Distributed Generation (DG)
* Need to explore the DG market potential of SOFC
* An update to a previous market study 1s underway

» Utility-Scale SOFC Plants (IGFC/NGFC)

* Establish nTH-of-a-kind performance and cost using experimental data from state-of-the-
art SOFC and defining “advanced” SOFC performance for system models

* Sensitivity studies to determine and prioritize performance and cost parameters
 Pathway studies (previously released in 2014/15) will be updated
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Distributed Generation Market Study T [Echorocy

Background LABORATORY

* The previous study” explored the DG market potential of SOFC

* DG market opportunity: electric power (250 kWe to MWe class units)
e SOFC DG electric power application

* Provides > 20-percentage-point gain in efficiency

* Results in significant CO, emission reduction

* Path charted to commercial, cost-competitive SOFC DG product
* Consistent with technology development plan

e ~ 25 MWe installed capacity to achieve competitive cost

* Projected learning to achieve competitive cost 1s consistent with similar technology
commercialization experience

* Higher natural gas price: reduces time to commercialization

* SOFC DG applications provide path to utility scale plants with >98% carbon capture with
etficiencies > 60% HHV
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Distributed Generation Market Study N

Objective T

il

* The objective of the present study is to update the previous analysis

* Update DG Market Projections
* Identify appropriate market segment for SOFC
* Integrate Department of Defense (DoD) opportunity analysis
* Better represent competing technologies
* Include renewable technologies — solar photovoltaics (PV), geothermal, wind, etc.
* Update competing technologies costs data as available
e Update subsidies/incentives
Update reference DG - SOFC system costs
* Potentially include a reference pressurized system
Update learning curve analysis
* Include learning curves for competing technologies

* Installed capacity to achieve competitive cost
e Update capacity/learning projected to achieve competitive cost
p p g P1oj p
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SOFC Learning Curve Analysis Update N=
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* Update learning curve
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COE versus Installed Capacity LABORATORY

300
280 . ] O&M labor assumptions: 15 days peryear |

s e e EEh = tapering off to 7 days per year . o Update the sensitivity
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NETL SOFC System Model
Enhancement

Incorporation of PNNL SOFC-MP Model
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* Pathway studies provide information on the significance that incremental
improvements have toward reaching a technology’s full performance/cost
potential

* Cost and performance information at each step

* Evaluates several operating conditions/plant configurations and improvements to
minimize COE/maximize efficiency

* Ability to include performance degradation models developed at micro-scale
* Includes program goals and targets
* Provides apples-to-apples comparison to other technologies

* Demonstrates the significance R&D has on technology commercialization

U.S. DEPARTMENT OF
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Utility-Scale IGFC/NGFC Power Plants
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* Pathway studies evaluate performance and cost of utility-scale (=550 MWe) SOFC-
based power plants
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NETL, Techno-Economic Analysis of Integrated
Gasification Fuel Cell Systems, November

2014, DOE/NETL-341/112613

NETL, Techno-Economic Analysis of Natural
Gas Fuel Cell Plant Configurations, April 2015,

DOE/NETL-2015/04082015
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Cost of Electricity LABORATORY
"_:"“ 1 60 Conventional Atmospheric
S IGFC Plant SOFC =
REDUCE stack -Pressurlzed SOFC
o Advanced (20 bar)
degradation IGFC Plant 1 . All cases
______________________ i Gancoeq o, include 90%
REDUCE cell I-PrtE B . 5 Treses Satay, - o Vtic CO, capture
: y L
overpotential 2y 3Sitig, 9% 97 97 \
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* Improvement of the accuracy and capability of NETL’s ASPEN-based

SOFC system analysis
* To produce a variety of optimization and what-if studies to guide the SOFC R&D
Program
* NETL analysis of SOFC systems is limited to what can be described as a
“black box” SOFC module with the current ASPEN system model
* Two reactors (cathode/anode) with heat and oxygen transfer

* Specified overpotential estimates
* Limited potential to optimize on system level
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Objective TL LABORATORY

* Solution — Integrate the PNNL SOFC-MP model into NETL’s system
model as a reduced-order model (ROM)
* Increase the accuracy of SOTA SOFC analysis
* Reduce computational time and complexity versus full model
* Allow for additional optimization studies (COE, etc.)

* Allow for the ease of incorporation of other models

* Such as degradation models, etc.

* Facilitate development of a high fidelity SOFC tool for system analysis
e An NETL/DOE/PNNL vision
* SOFC industry team use
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* Stack Model
* Planar, adiabatic stack is used for input into ROM process
* Stack is modeled using PNNL’s SOFC-MP software

* Solves for gas species, temperature, and current density
* 550 cm? acti de- d cell with ] 1
cm< active area anode supporte cell with metal interconnects
* Counter-flow configuration
* Assumes water-gas shift reaction 1s in equilibrium

* Uses a first-order kinetic expression for the slower on-cell steam reforming of methane

with a2 N1-YSZ. anode

, U.S. DEPARTMENT OF




NETL SOFC System Model Enhancement

Description

e Electrochemical Model
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* Current-voltage relationship for the cell 1s defined by a user-defined function that returns a
voltage based on the local temperature, species concentrations, and current density at each

location of the cell’s active area

* The coefficients used in the polarization equations provide an I-V response representative

ot high performing SOTA planar cells
* Provides 0.8 V at 400 mA/cm? for a wet H, fuel, with 75% Uy, and 12.5% U,
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ROM Parameters TL){asSkarory
Average Current Density 2000-6000 A/m? Cell operating current

Internal Reforming 0-100% The degree of external reforming

Oxidant Recirculation Fraction 0-80% Fraction of cathode exhaust recirculated

Oxygen-to-Carbon Ratio 1.5-3.0 Defines the fuel exhaust recirculation needed to achieve

the desired O/C ratio at stack inlet

System Fuel Utilization 40-95% Overall fuel utilization
System Oxidant Utilization 12.5-83.3% Overall oxidant utilization
Fuel Inlet Temperature 550-800°C Fuel temperature at stack inlet

Air Inlet Temperature 550-800°C Oxidant temperature at stack inlet

U.S. DEPARTMENT OF




NETL SOFC System Model Enhancement  [N=[&e¥

Test Case Results TLJiRs0karory
| nput/Output |  TestCasel |  TestCase2

Average Current Density Input 4000 A/m? 4000 A/m?

Internal Reforming Input 60% 60%

Cathode Exhaust Recirculation Fraction Input 50% 50%

Oxygen-to-Carbon Ratio Input 2.6 2.1

System Fuel Utilization Input 90% 80%

Cell Maximum Temperature Input Constraint 750°C 750°C

Cell AT Input Constraint 100°C 100°C

Fuel Recirculation Output 56.0% 44.9%

Stack Oxidant Utilization Output 27.73% 23.04%

Fuel Inlet Temperature Output 550°C 550°C

Air Inlet Temperature Output 627°C 688.5°C

Cell Voltage Output 0.958 V 0.966 V

NGFC System Efficiency (HHV) Output 56.5% 53.9%

U.S. DEPARTMENT OF
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Next Steps LABORATORY

* NETL was recently supplied with an improved ROM to incorporate into
the system model
* Includes more unit ops within the ROM envelope
* Extension to different fuel compositions (i.e. coal syngas)

* NETL is working to identify an advanced SOFC performance
electrochemical model to generate a ROM

* Begin generating data to update IGFC/NGFC Pathway studies (FY18)

* Include results from recent studies
* Vent-gas recirculation configuration

* Operating pressure sensitivity

e Other incremental improvements
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