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CCS Technology Status


• Carbon Dioxide Capture and Storage (CCS) is a process consisting 
of the separation of CO2 from industrial and energy-related sources, 
transportation to a storage location, and long-term isolation from 
the atmosphere.


• Three elements of CCS:


– Capture & Compression– accounts for the majority of the CCS cost due to 
high capital cost and energy penalties


– Transport- requires infrastructure, pipeline, right of ways, limited by the 
economics of transport distance.


– Storage- safety, permanence, liability, land and mineral access rights for 
geologic storage.


• Technologies exist for all three components.  


• Current demonstrations focus on proving integrated operation and 
safe and effective long-term storage at scale.


• R&D focus is on developing advanced technologies to improve cost 
competitiveness. 
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• There are no insurmountable technological, legal, institutional, or other barriers 
that prevent CCS from playing a role in reducing GHG emissions.


• Lack of a carbon price is the key barrier to commercial deployment of CCS. 


• Existing Federal programs are being used to deploy 5-10 large-scale integrated 
CCS projects to be on-line by 2016.  However, early CCS projects face 
challenges including the cost and performance of current generation 
technology. 


• Federal agencies can use existing authorities and programs to begin 
addressing barriers for these (and other) early CCS projects while ensuring 
protection of public health and the environment.
– Supporting technology development 
– Providing legal and regulatory clarity
– Supporting regulatory implementation
– Addressing long-term liability and stewardship
– Developing tools for public engagement and outreach 


President’s CCS Task Force:
Key Findings
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IEA Energy Technology Perspectives 2010:  Key 
technologies for reducing global CO2 emissions


A wide range of technologies will be necessary to 
reduce energy-related CO2 emissions substantially.
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Scope of QTR CCS Assessment


• Focus is primarily on CO2 capture from existing and new 
coal power plants and storage in geologic formations.  
However, all of storage and most of capture options are 
applicable to natural gas CCS. 


• Biomass feedstocks are not considered here due to 
limited information, although CCS could yield benefits 
when applied to biomass combustion or gasification 
since it is a “CO2 air capture” option.  


• Beneficial uses of CO2 other than enhanced oil recovery 
(EOR), e.g., using CO2 to produce fuels or building 
products, are not considered.  It is unclear at this stage if 
these non-EOR uses are more than niche applications. 











2nd Generation Capture Technologies
• IGCC (pre-combustion capture)


– 90% capture with potential for no increase in COE
– 4 to 5 percentage points higher in efficiency


than today’s plants with capture
– Feedstock/product flexibility (coal, biomass, or 


opportunity fuels to produce power, liquid fuels, chemicals) 


• Post-Combustion Capture
– COE penalty for CCS reduced from +80% (1st Generation) to +35%
– 90% capture efficiency
– Parasitic energy reduced (from 30% to ~15%)
– Applicable to new plants, retrofits, natural gas, 


& industrial power


• Oxy-Combustion
– Increase in COE for CCS cut from +80% (1st Generation) to +35%
– +99% capture potential
– Parasitic energy reduced (from 30% to ~15%)
– Applicable to new and existing power plants
– Co-sequestration opportunities


ITM Oxygen
Warm gas cleanup
Hydrogen turbine
Solid coal feed pump
Ramgen CO2 compressor  


Advanced Solvents 
(Ionic liquids, phase change 
solvents, etc.)


CO2 membranes
Solid sorbents
USC boiler materials
Ramgen CO2 compressor 


Advanced Oxyfuel Boilers
ITM oxygen
CO2 purification
USC boiler materials
Ramgen CO2 compressor 
Chemical looping


Example Technologies
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DOE CCS RD&D Electricity Cost (COE) Estimates


COE Increase vs Current SCPC Plants w/o CCS


New Coal Plant Type with CCS Generation 1 Generation 2 Transformational


Super Critical Pulverized Coal (SCPC) $48/MWh (81%) $21/MWh (35%)


TBD (<5%)Oxy-Combustion $37/MWh (63%) $21/MWh (35%)


Integrated Gasification Combined Cycle $47/MWh (79%) $13/MWh (22%)


Integrated Gasification Fuel Cell n/a $14/MWh (23%) <$3/MWh (<5%)


COE Increase vs Current NGCC Plants w/o CCS


New Gas Plant Type with CCS Generation 1 Generation 2 Transformational


Natural Gas Combined Cycle $22/MWh (38%) TBD TBD
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ADVANCED
O2 Membrane
Supercritical ADVANCED


Adv. Boiler
Ultra-Supercritical
Co-Sequestration


O2 Membrane


ADVANCED
Chemical Looping
Ultra-Supercritical


Adv. Boiler
Co-Sequestration


CURRENT STATE
Supercritical


Cryogenic ASU


Basis:  
550 MW Net Output
≥90 % CO2 Capture


CURRENT STATE
Amine Scrubbing


Reference:  Advancing Oxycombustion Technology for Bituminous Coal Power Plants: An R&D Guide, NETL 2010


?


Time to Commercialization


Pathway to Meeting DOE Goals
Percent Increases in COE over SOTA PC Plant w/o Capture
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Advanced Gasification Technologies


Ion Transport Membranes – ITM (APCI)
- Operating full-scale modules – 5 TPD unit
- Detailed design/construction of 150 TPD unit in 


progress – commissioning scheduled 1Q FY 2011
- 2,000 TPD unit planned for 2014


Linear Extrusion Coal Feed Pump (PWR)
- Detailed design of 600 TPD pump in progress
- Commissioning scheduled 4Q 2010


High Temperature Gas Cleaning (RTI)
- 50 MWe transport desulfurizer at TECO with option 


for integrated high temperature CO2 capture
- Commissioning scheduled 1Q FY 2012


Hydrogen/Carbon Dioxide Membrane (Eltron)
- Eastman Chemical – Development partner
- Current testing at 1.5 lb/d H2


- Scale-up 12 lb/d – 2010; 220 lb/d – 2011/12
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Source: Global CCS 
Institute. “The Global 
Status of CCS 2010”


Worldwide CCS Large Scale Integration 
Projects by Technology and Industry
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Southern Company
Transport Gasifier/Selexol CO2 Capture


Total:~$2.9B; DOE: $270M  
• EOR Storage – 3.0 MTPY


• 582 MWe (net) 


HECA
GE Gasifier/Rectisol CO2 Capture


Total:~$2.8B; DOE: $408M 
• EOR Storage – 2.0 MTPY


• 250 MWe (net) 


Summit TX Clean Energy
Siemens Gasifer/Rectisol CO2 capture


Total:~$1.7B; DOE: $450M
• EOR Storage – 3.0 MTPY


• 270 MWe (net) 


AEP
Alstom Chilled Ammonia


Total: $668M; DOE: $334M
•SalineStorage – 1.5 MTPY


• 235 MWe Slipstream


NRG
Fluor Econamine FG PlusSM


Total: $334M; DOE: $167M 
• EOR Storage – 0.4MTPY


• 60 MWe Slipstream


FutureGen 2.0
B&W Oxy-Combustion


DOE: $1.048B
• Saline Storage – 1.0 MTPY


• 200 MWe (gross) 


Archer Daniels Midland 
Industrial Power & Ethanol


DOW Alstom Amine
Total$ 208; DOE:$141 


Saline, 1 MTPY


Air Products
SMR H2 Production, VPSA


Total$ 431; DOE:$284 
EOR, 1 MTPY


Leucadia Energy
Methanol, Rectisol


Total$ 436; DOE:$261 
EOR, 4.5 MTPY


Post-Combustion


IGCC


Oxy-Combustion


Industrial (ICCS)


Major CCS Demonstration Projects
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Partnership Geologic Province Type


Big Sky Nugget Sandstone Saline


MGSC Illinois Basin-
Mt. Simon Sandstone Saline


MRCSP Michigan Basin-
St. Peter Sandstone Saline


PCOR
Powder River Basin-


Bell Creek Field Oil Bearing


Horn River Basin- Carbonates Saline


SECARB
Gulf Coast – Cranfield Field-


Tuscaloosa Formation Saline
Gulf Coast – Paluxy Formation


SWP Regional Jurassic & Older 
Formations Saline


WESTCARB Central Valley Saline


Injection Ongoing


2011 Injection Scheduled


Injection Scheduled 2012-2015
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 Nine large-volume tests
 One injection commenced April 2009
 Remaining injections scheduled 2011-2015


Injection Well 
Completed


Injection 
Started April 
2009


Core Sampling 
Taken


RCSP Phase III:                                             
Development Phase
Large-Scale Geologic Tests


Note: Some locations presented on map may 
differ from final injection location


Injection 
Well Drilled
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Accelerating Technology Thru Simulation
Utilize Synergies of Science National Laboratories


Identify promising 
concepts


Develop optimal 
designs


Quantify technical 
risk in scale up


Accelerate learning during development & deployment


Carbon Capture 
Simulation Initiative


(CCSI)


National Risk 
Assessment Partnership


(NRAP)
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Thank You


For more information


www.fe.doe.gov
www.netl.doe.gov
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Role of Simulation in CCS


• Molecular Simulation:
– Design and screening of advanced capture materials
– Physicochemical properties for evaluation and design of 


bench scale experiments


• Computational Fluid Dynamics:
– Design and performance of CC contacting equipment
– Set targets for material properties


• Process Simulation:
– Plant design, integration and performance
– Real time plant simulation for response testing and operator 


training


Molecular 
Simulations


Computational 
Fluid Dynamics


Process 
Simulation


Accelerating the Demonstration and Commercialization of Mature Technology
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BIG SKY


WESTCARB


SWP


PCOR


MGSC


SECARB


MRCSP


Regional Carbon Sequestration Partnerships
Developing the Infrastructure for Wide Scale Deployment


Seven Regional Partnerships
400+ distinct organizations, 43 states, 4 Canadian Provinces


• Engage regional, state, and local governments
• Determine regional sequestration benefits
• Baseline region for sources and sinks 
• Establish monitoring and verification protocols
• Address regulatory, environmental, and outreach issues
• Validate sequestration technology and infrastructure


Development Phase (2008-2017+)
9 large scale 


injections (over 1 
million tons each)


Commercial scale 
understanding


Regulatory, 
liability, ownership 


issues


Validation Phase (2005-2010)


20 injection tests in saline formations, depleted oil, 
unmineable coal seams, and basalt


Characterization Phase (2003-2005)


Search of potential storage 
locations and CO2 sources


Found potential for 100’s of 
years of storage
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FutureGen 2.0
Large-Scale Oxy-Combustion Integrated with CCS


• Repower Unit 4 of Ameren’s 
Meredosia, IL power station with 
coal-fueled oxy-combustion 
technology


• Utilize existing 202 MWe steam 
turbine & plant infrastructure


• Pipeline & Store CO2 in Mt. 
Simon Saline Formation


• Craft Training and Research, and 
Visitor Centers to be Co-located 
at Injection Site
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Pulverized Coal Oxy-combustion


R&D Focus
• New oxyfuel boilers


- Advanced materials and burners
- Corrosion


• Retrofit existing air boilers
- Air leakage, heat transfer, corrosion 
- Process control


• Low-cost oxygen 
• CO2 purification 
• Co-capture (CO2 + SOx, NOx, O2)


Advantages
• 1st generation plants can utilize existing 


technologies (e.g. boiler, cryogenic ASU)


• Existing technologies show slight economic 
advantage over scrubbing


• Applicable to new and existing PC power plants


• Plant vs. unit operation—multiple cost reduction 
opportunities 


• Co-sequestration options


Challenges
• Existing cryogenic ASUs are capital and energy 


intensive


• Excess O2 and inerts (N2, Ar) h CO2 purification 
cost


• Existing boiler air infiltration


• Corrosion and process control


Partners (11 projects):  Praxair, Air Products, Jupiter, Alstom, B&W, Foster Wheeler, REI, 
Southern Research
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R&D Focus
 High CO2 loading capacity
 Minimize regeneration energy
 Fast reaction kinetics
 Non-corrosive


- Low cost materials of construction
 No solvent degradation 
 Low cost


Advanced Solvents


Project Types
• Ionic liquids
• Novel high capacity oligomers
• Potassium carbonate/enzymes
• CO2 capture additives


Partners (5 Projects)
• University of Notre Dame
• Georgia Tech.
• Illinois St. Geological Survey
• GE Research Corporation
• Lawrence Berkeley Nat. Lab
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R&D Focus 
• High CO2 loading capacity
• Minimize regeneration energy
• Fast reaction kinetics
• Durable


- Thermally & chemically stable
• Gas/solid systems


- Low pressure drop, heat management


Solid Sorbents


Partners (6 Projects):  RTI, UOP, University of Akron, ADA, SRI, TDA


Project Types
• Sorbent systems development
• Carbonates
• Metal organic frameworks
• Metal zeolites


Advantages
• Low regeneration energy (no water, 


low heat capacity, low heat of reaction) 


• High equilibrium capacity—high 
surface area


• Fast kinetics


Challenges
• System design


- Pressure drop
- Heat integration
- Solid transport


• Durability (attrition, chemical stability) 
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R&D Focus
• High CO2/N2 selectivity & permeability
• Durability


- Chemically (SO2), thermally
- Physically 


• Membrane systems 
- Process design critical 


• Low cost 
- Capital and energy penalty


CO2 Membranes


Partners:  MTR, RTI


Advantages
• Simple operation; no chemical reactions, no moving 


parts


• Tolerance to high levels of wet acid gases; inert to 
oxygen


• Compact and modular with a small footprint


• Relatively low energy use; no additional water used 
(recovers water from flue gas)


• Builds on existing, low-cost technology already used at a 
similar scale


Challenges
• Low flue gas CO2 partial pressure


• Particulate matter and potential impact on membrane life


• Energy losses due to feed and permeate side pressure 
drops


• Cost reduction and device scale-up 


• Power plant integration (e.g. sweep gas)


• Lack of power industry operating experience
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Nuclear Energy Technology 


Assessment


Presentation to QTR Workshop


Matthew Crozat


Office of Nuclear Energy


U.S. Department of Energy


June 7, 2011
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Outline


 Background


 Technologies Assessed:


– Current Fleet


– Generation III


– Small Modular Reactors (LWR)


– Generation IV


– Used Fuel Management 


 Not Included


– Uranium mining and enrichment


– Replacement of uranium in fuel cycle
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Nuclear Reactor Generations
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Current Fleet


Starting Point:


104 Reactors (~100 GW)


67 received 20-year license renewals


- 33 more under review or expected


6 GW of uprates since 1977


Expect ~2,700 GWe-yr until retirement


Potential for Improvement:


All 104 receive at 


least one renewal


- 75 receive a second


10 GWe of uprates


Additional 1,750 GWe-yr


Steps to Get There:


Fundamental understanding of material aging


Advanced fuel/cladding


Improved instrumentation and control


Advanced modeling and simulation


- Improved characterization of risks


Generation II reactors largely ordered in the 1970s


Sized from 600 MW to 1,200 MW – little standardization
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Generation III


Steps:


Completed NP 2010 program


Programs and policies mitigating investment risk


Demonstration of successful construction and startup


Advanced structural materials and fuels


Advanced fabrication and construction techniques


Starting Point:


Four reactors (ABWR) built in Japan


Under construction in Asia, Europe


Pre-construction in U.S.


Expect $4,000 - $5,000/kW first plants


- Challenging investment for utilities 


Potential for Improvement:


Predictable regulatory


processes


Reduce costs for later waves


- Incorporate lessons


- Technological advances


Generation III – improved efficiency and safety


Standardized designs, handful of vendors in U.S.
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Small Modular Reactors


Steps:


First designs through certification, operators through license


Establish technical basis for regulatory framework


Advanced materials – increased compactness


Advanced simulation – natural circulation


Starting Point:


Early design stage U.S. and abroad


Built around current fuel cycle


LWR technology to facilitate licensing


- Still many years and $X00 M


LCOE of first movers may be > Gen III


Potential for Improvement:


Efficiencies from factory


Smaller footprint 


– More sites


Reduced workforce 


– Reduced O&M cost


LWRs sized from about 40 MW but less than 300 MW


Desirable safety and security characteristics – uncertain economic tradeoffs
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Generation IV


Steps:


High-performance materials 


– withstand temperatures and compatible with coolants


Fuels and cladding enabling high burnup


Advanced energy conversion systems


Demonstrate new technologies


Starting Point:


International collaboration on R&D


National prototype demonstration


U.S. focus on high-temperature


and fast reactors


Early models will compromise ideals


Potential for Improvement:


Inherent safety features


Higher temperatures


- Efficiency and applications


More efficient fuel cycles


Revolutionary designs – beyond current LWRs (2030+)


Address sustainability, safety, economics, nonproliferation
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Used Fuel Management


Steps:


Establish extended dry cask storage


Identify and characterize geologic repository for waste


Advanced fuel performance – burnup/transmutation


Advance separations – better nonproliferation than current


Starting Point:


Used fuel stored at reactor sites


- Pools or dry casks


Historical policy of direct disposal


Recycling in use in other countries


- U.S. R&D on advanced recycling


Potential for Improvement:


Three possible strategies:


- Once-through


- Modified open cycle


- Full recycle


Government bears responsibility for long-term management


Blue Ribbon Commission to recommend paths forward
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WIND AND WATER POWER PROGRAM


Jim Ahlgrimm
Chief Engineer - Wind


Wind and Water Power Program


Quadrennial Technical Review


Wind Energy Program
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Wind Energy Resource Potential


• 40 GW installed 
domestically


• 8,000 GW of 
economical land-
based resource


• 4,000 GW of offshore 
resource


• Lack of transmission & 
siting barriers push 
developers to build in 
lower-quality wind 
regimes
 decreasing capacity 


factor


 increasing LCOE







3 | Wind & Water Power Program eere.energy.gov


Decreasing Capacity Factor with Lower 
Wind Speed Sites
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Evolution of Wind Power Technology


• Taller towers & larger rotors provide access to better winds and more energy production
• Improvements in turbine efficiency increase annual energy production and capacity factor
• Existing technology will continue to benefit from scaling principals and efficiency improvements
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• Recent market news
– 40,180 MW installed capacity, 2% of U.S. electricity generation


– $20 billion dollar investment and 85,000 workers in 2009


– Recovery Act has supported investment ($5.6B in grants 
supporting over $18B investment since August 2009)


– Slowed growth due to economic downturn, natural gas prices


– 200 manufacturing facilities in U.S. across more than 30 states


• Technology
– U.S. market share in 2010: GE 50%, Siemens 16%, Gamesa 11%, 


Mitsubishi 7%, Suzlon 6%, Vestas 4%


– Larger machines are needed to lower balance of system costs 


– Average turbine capacity ratings, hub heights, and rotor 
diameters are expected to continue to increase


– Shallow water offshore technology is proven in Europe, with 
3,000 MW of capacity installed


• Policy
– Loan Guarantee Program is essential to address very high 


financial costs associated with the first US offshore projects.


– Manufacturing Tax Credit (MTC): 30% credit for investments in 
new, expanded, or re-equipped advanced energy 
manufacturing projects


– Production Tax Credit (PTC): $21/MWh for the first ten years of 
operation of a wind energy facility


– Federal emissions standards: CO2 , SO2 , NOx & Mercury


U.S. Wind Power Market
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Cost breakdowns
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• The factors that drove up the 
capital cost of wind installations 
in 2008


 higher commodity prices, 
 relatively weak dollar 
 reliance on European supply, 
 supply/demand constraints, 
 increased labor costs


• U.S. 2010 land-based wind 
costs similar to 2009


• Recent trends indicates cost 
reductions on the order of 25% 
for projects to be built 1 to 2 
years into the future


 increased domestic content, 
 build-out of new 


manufacturing capacity
 lower demand
 foreign competition
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Land-based


Construction
10%


Interconnect.
5%


Levelized 
Replacement 


Costs
10%


O&M and 
land lease


10%Turbine
65%


Shallow Offshore Fixed Bottom


Cost breakdowns


Turbine
28.3%


Electrical 
Infrastr.
10.9%


Support 
Structure


13.3%


Logistics and 
Install.
10.4%


Project 
Develop. & 


Permits
4.4%


Other 
Capital Costs


1.2%


O&M
20.5%


Other 
Variable 


Costs
11.1%


• Turbine represents only a fraction of the overall wind plant system costs
• The related balance of system hardware, and support infrastructure represents a greater portion of 


the overall wind plant cost drivers 
• Substantial opportunity for domestic suppliers for both domestic deployment and potential export
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• Further advances in land & offshore wind technology can achieve 
cost of energy parity with conventional fossil fuel generation


• Reductions in installed costs expected by 2030:
– Land-based wind: 25-35%


– Offshore: 9% to 44%


• Principal technology cost drivers:
– Lowering Installed Capital Cost of the wind plant system –turbine and 


balance of station 


– Increasing plant capacity factor - yielding greater annual energy 
production.  


• Major strategies for technology innovation:
– Developing larger, light weight turbine architectures


– Reducing integrated wind plant systems (energy) losses


– Improving plant system performance


– Demonstrating innovative technology to reduce perceived risk


COE Reduction Pathway
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Scaling
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Capital and Energy Cost Improvement Targets


In the Turbine Capital Costs:
Market Barrier Costs
Balance of Station
Tower 
Drive Train
Rotor


Assumptions:
1.5 MW Turbine
77 meter rotor diameter
80 meter tower
Mid-class 4 wind speed
Availability of 97%
Geared gearbox


Assumptions:
3.5 MW Turbine
118 meter rotor diameter
110 meter tower
Mid-class 4 wind speed
Availability of 98%
Single stage gearbox


Assumptions:
5 MW Turbine
141meter rotor diameter
133 meter tower
Mid-class 4 wind speed
Availability of 98%
Permanent Magnet Direct Drive


In the Levelized Cost of Energy:
Levelized Replacement Costs
O&M
Financing Cost
Turbine Capital Cost


Capacity Factor
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Cost of Energy Reduction Pathway: 
Land-based Wind


1.13


0.24


0.89


2.86


1.33


1.53


1.31


0.35


0.96


0.66
0.13


0.53


1.57


0.64


0.93


7.53


4.84


0.00


1.00


2.00


3.00


4.00


5.00


6.00


7.00


8.00


2010 Rotor Drive Train & Control Tower Balance of Station O&M/LRC 2020


Le
ve


liz
ed


 C
os


t o
f E


ne
rg


y 
(C


en
ts


/k
W


h)


Rotor Drive Train & Control Tower Balance of Station O&M/LRC


• Increase 
Rotor 
Diameter       
(77 to 118M)


• Lighter, 


Integrated 


Drivetrain     


(< $.007/kWh)


•Increase Tower 
Height 
(80 to 110M)


Energy Capture Improvement Impact for All Components:   
36% (2010) to 41% (2020) - Capacity Factor


• Improve  
Useful Life : 
Drivetrain & 
Blades      
(10 yrs to 
20+ yrs)
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Cost of Energy Reduction Pathway: 
Offshore Wind
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Rotor Drive Train & Control Tower Balance of Station O&M/LRC


• Increase Rotor 
Area            
(107m – 156m)


• Decrease Rotor & 
Tower Mass


• Next 
generation 
Drive Train


•Increase Hub 
Height
(80-110m)


• Innovative 
Platform
Improvements


Energy Capture Improvement Impact for All Components:   
39% (2010) to 42% (2020) and 45% (2030) - Capacity Factor
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Major strategies for technology innovation, applicable to land and offshore 
wind plants


• Developing larger light weight turbine architectures that reduce overall mass 
(cost) and provide access to better resource (larger rotors, taller towers) and 
improved systems performance (capacity factor).


• Reducing integrated wind plant systems (energy) losses including power 
collection, grid interconnection, and large array effects


• Improving plant system performance including O&M and component 
reliability


• Demonstration of technology innovation to reduce risk and attract investment 
capital in innovative technologies – especially deep water offshore.


Associated R&D, modeling and analysis required to support innovation include:
• High Performance Computer Modeling of complex wind farms are essential to 


assess wind farm underperformance, define intra-array operating 
environments, quantify micro and macro climatology impacts, reduce failure 
rates and increase energy output through optimized siting.


• Systems level design of wind turbines and wind farms to optimize energy 
production and minimize cost from an integrated systems perspective


• Component material improvements (cost, strength, weight, fatigue) that 
facilitate turbine scaling and improve reliability.


LCOE Reduction Pathway
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• 20% Wind Energy by 2030, July 2008.


• 2009 Wind Technologies Market Report, August 2010.


• A National Offshore Wind Strategy: Creating an Offshore Wind 
Energy Industry in the United States, February 2011.


• Large-Scale Offshore Wind Power in the United States: 
Assessment of Opportunities and Barriers, September 2010.


Information Resources
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Performance Driver Metric Units 2010 2020 2030


1.0 Wind TURBINE Cost & Performance TCC/AEP ¢/kWh 1.78 1.37 1.39
Rotor Swept Area - Increase rotor swept area while decreasing 
mass


Rotor Mass/Swept 
Area


kg/m^2 TBD


Foundations and Support Structures Cost/Installed kW $/KW TBD
Drivetrain Weight and Integration Up-tower mass/kW kg/kW TBD
Power Electronics Efficiency - higher energy conversion at 
lower wind speeds


Power Electronics 
Cost/kW


$/kW TBD


2.0 Wind PLANT Cost & Performance BOS/AEP $/kWh 0.86 0.69 0.46


Wind Plant Performance Optimization
Wind Plant Capacity 


Factor
% 36% 41% 43%


Integrated System Cost Optimization
Rotor Mass/Swept 


Area
kg/m^2 TBD


3.0 Wind Plant Reliability:  reduce O&M costs and Levelized
Replacement Costs


(O&M + LRC)/AEP $/kWh 1.57 0.93 0.78


Increase Useful Life of Major Components
Useful Life (avg of 


Rotor & Drivetrain)
Years 7 14 21


Reduce O&M Costs O&M Costs / Plant kW $/kW TBD
4.0 Financing Costs: risk reduction activities Discount Rate % 8% 7% 6%


Technology Demonstration
# of offshore turbines 


deployed
# TBD


Wind Farm Siting, Permitting, and Construction Optimization
Contribution to 
discount rate


% 2% 1% 0%


5.0 Deployment Barriers GWs Delayed GW 30 10 0
Grid Integration and Transmission Access TBD TBD
Wildlife and Environmental Constraints GWs Delayed GW TBD
Radar Interference Mitigation GWs Delayed GW TBD


Technical Targets
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Work Breakdown for Wind R&D


Utility Scale Wind Plant


1.0 Wind Turbine 
Cost & Performance


(TCC/AEP)


2.0 Wind Plant 
Cost & Performance


(BOS/AEP) 


3.0 Wind Plant 
Reliability


((O&M+LRC)/AEP)  


4.0 Financing
(Discount Rate)  


5.0 Deployment 
Barriers


Rotor Swept Area


Support Structure 
Design


Drivetrain Weight and
Design


Power Electronics 
Efficiency


• Innovative blade architectures
• High strength & stiffness materials
• Non-linear aeroelastic design tools
• Advanced control systems
• Faster tip speeds (reduced noise)


• Innovative tower architectures
• Advanced and hybrid materials
• Innovative substructure designs*


• Advanced platform architectures 
(e.g. superconducting, etc.)


• Non-linear integrated modeling


• Advanced medium/high voltage 
architectures


Wind Plant Energy 
Capture Optimization


Wind Plant Cost 
Optimization


• Reduced wake and array losses
• Optimized micro-siting
• Improved resource prediction
• Advanced plant-level control 


strategies


• Reduced installation costs
• Reduced non-electrical BOS costs 
• Reduced electrical BOS costs
• Advanced offshore infrastructure 


(harbors, ships, etc.)*


Major Component 
Useful Life


O&M Cost
Optimization


• Rotor defect and failure 
characterization


• Drivetrain defect and failure 
characterization


• Blade manufacturing quality 
control


• Condition-based monitoring
• Optimized servicing strategies
• Offshore O&M logistics*


Advanced Technology 
Demonstration


• Advanced offshore technology  
(e.g. floating platforms)


• Geography-related challenges 
(e.g. Great Lakes, Gulf of 
Mexico, etc.)


Grid Integration and 
Access


• Integration studies
• Interagency collaboration


RadMitigationar
Interference


• Wind turbine technology solutions
• Interagency collaboration


Siting, Permiting, and 
Construction  Process 


Optimization


• Streamlined and 
standardized project 
timelines


• Consistent local and national 
policy


Wildlife and 
Environmental 


Constraints


• Wildlife impact mitigation 
technologies  and studies


• Environment alimpact mitigation 
technologies  and studies


Performance Drivers


• Technology Pathways


LCOE 
Levers





		WIND AND WATER POWER PROGRAM

		Wind Energy Resource Potential

		Decreasing Capacity Factor with Lower Wind Speed Sites

		Evolution of Wind Power Technology

		U.S. Wind Power Market

		Cost breakdowns

		Cost breakdowns

		COE Reduction Pathway

		Scaling

		Cost of Energy Reduction Pathway: �Land-based Wind

		Cost of Energy Reduction Pathway: �Offshore Wind

		LCOE Reduction Pathway

		Budget ($M)

		Wind Program Appropriations

		Information Resources

		Technical Targets

		Work Breakdown for Wind R&D
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Water Power Program


Quadrennial Technology Review: 
Conventional Hydropower and Marine 
and Hydrokinetics


Jim Ahlgrimm
DOE Wind and Water Power Program
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Water Power Program
Funding Profile


$4
$1 $0


$10


$40


$50


$30


$39


$-


$10 


$20 


$30 


$40 


$50 


$60 


1999-2005 
Average


2006 2007 2008 2009 2010 2011 2012 
Request


M
ill


io
ns


Marine and Hydrokinetics


Conventional Hydropower







3 | Quadrennial Technology Review: Water Technologies eere.energy.gov
Slide 3


Wind  and  Water Power Technologies Program


Conventional Hydropower
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Pumped Storage - 20,335 MW


Solar - 539 MW


Wood Biomass - 7,730 MW


Geothermal - 3,281 MW


Other Biomass - 4,854 MW


Wind - 24,980 MW


Other - 1,042 MW


Hydro - 77,731 MW


Current State of Hydropower


U.S. Installed Renewable Capacity (EIA, 2008*)


*Accessed 6-21-10: http://www.eia.doe.gov/cneaf/electricity/epa/epat1p2.html
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pre 1900


Build Time


1900 - 1929


1930 - 1939


1940 - 1949
1950 - 1969


1970 - 1989
1990 - 2008


United States:
• 7% of Electric 


Production in 2009
• 77 GW Conventional 


Hydropower


Worldwide:
• 16% of Electric 


Production
• 723 GW 


Hydropower is currently the nation’s largest source of renewable energy, comprising 70% 
of all renewable capacity. 


Conventional Hydropower
Installed US Capacity
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Francis
51 GW
2,565 Units


Conventional Hydropower
Status of the Existing Fleet


0%


50%


100%


Non-Federal Army Corps of Engineers Bureau of Reclamation Tennesee Valley Authority


Share of US Capacity (100 GW total)
Share of US Units (5116 total)


Age of US Hydropower Turbines


Over 50% of Turbines are 
over 50 years old


The status of the existing fleet demonstrates the need for, and potential of, targeted RD&D 
to  modernize hydropower for additional flexibility and generation


RD&D Needs:
• Demonstrate Best Practices
• Develop More efficient small 
hydropower technologies
• Accelerate the development of 
environmental mitigation 
technologies
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23 GW of Installed 
PSH Capacity in 
the US


New, advanced 
pumped storage 
designs provide 
rapid response 
capability


Conventional Hydropower
Pumped Storage


Pumped storage is the only widely deployable grid-scale storage technology available for 
variable renewables integration
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Resource Deployment 
Risk


Permitting
Timeframe


Construction 
Timeframe


Deployment
Potential


Additional generation from 
existing powerhouses Low 1-2 years 1-3 Years ~16 GW


New generation from 
unpowered dam 
development


Low 1-3 years 2-4 Years 12.6 GW


New sustainable 
development 


Medium to 
High 1-6 years 2-4 Years ~50 to 150+ 


GW


Advanced Pumped-
Storage Development High 2-6 years 3-6 Years


43 GW of 
Preliminary
Permits


TOTAL POTENTIAL 120 to 220+ 
GW


Conventional Hydropower 
Deployment Potential


Upgrades and unpowered dams can provide considerable new generation.  New 
hydropower and advanced pumped storage opportunities are plentiful.
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Conventional Hydropower
Hydropower Resource Availability in Context
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Barriers to Hydropower Development


Hydropower industry not positioned to take advantage of opportunities
• Lack of resources (especially small entities)


• Difficult to quantify the value of generation opportunities & benefits


• High capital costs and long payback periods


• Low prioritization (among larger companies)


Expensive and uncertain regulatory process
• Time-consuming and costly permitting process generates unnecessary litigation and 


deters timely upgrades and construction; 


• Decreased incentive to research and demonstrate advanced technologies 


• Renewed licenses often reduce generation and flexibility


Technology costs remain high in certain sectors
• Small hydropower and pumped storage technologies remain expensive 


• Most innovative R&D is occurring in Europe and Asia


Environmental impacts (real or perceived) lead to limited policy support
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Support immediately-available, low-cost upgrades and feasibility studies to identify additional 
opportunities


• Deployment support for immediate, lowest-cost opportunities (ARRA) 
• Feasibility studies to identify and publicize additional low-cost, advanced-technology 


opportunities; targeted deployment support to catalyze private sector investment


• Develop operational tools to maximize generation at existing and new facilities
Identify resources and address technology/policy needs to maximize medium-long term 
opportunities


• Integrate resource assessments and cost curves with key pumped storage and small 
hydro technology needs to identify critical COE drivers 


• Market analysis to accurately quantify and monetize hydropower ancillary services


Engage regulators and environmental stakeholders to reduce license time and cost
• Align energy generation and environmental priorities across river basins to facilitate 


development
• Generate data to more accurately correlate generation and water use with 


environmental impacts


Hydropower Near-Term DOE Deployment Actions
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• Address hydropower development barriers 
and industry needs:


• Pumped storage hydropower technologies 
• Environmental mitigation technologies 
• Small hydropower


• Small Hydropower Reference Model 
Development
– Initial steps to develop a small hydropower 


reference model
• Determine baseline cost of energy, evaluate key 


cost reduction pathways, and establish achievable 
cost of electricity goals


• Fish-Friendly Turbine Development (EPRI)


Technology Development
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$0.210 $0.075 


$0.021 


$0.023 


$0.022 


$0.070 


2011 Baseline Construction and 
Technology Costs


Operations and 
Maintenance


Increased Power 
Production


Licensing and 
Management


2020 Goal


Small Hydropower Cost of Energy Reduction Roadmap


Environmental Studies and Mitigation 
Technology Development


Operational Best Practices 
and Improved Water Use


Component and Materials Innovation


Design Improvements and Device Modularization


Permitting 
Reform


$ per kWh


Conventional Hydropower
Deployment Pathways (estimate of 
resource)
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Conventional Hydropower
Funding Profile
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• Opportunities exist to add significant generation through 
upgrades and unpowered dams


• With the right technology and policy support, new  
development available in small and low head hydro


• Advanced environmentally friendly turbines are needed 
(fish passage and water quality)


• Hydropower is excellent resource for balancing variable 
renewable integration


Conventional Hydropower Summary
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• Marine and Hydrokinetic (MHK):
– Devices which capture energy from waves, 


tides, ocean currents, the natural flow of water 
in rivers and marine thermal gradients without 
building new dams or diversions.


• Assess the Resource:
– Assess the potential extractable energy from 


domestic rivers, estuaries and marine waters


• Support Industry:
– Support industry efforts to harness this 


renewable, emissions-free resource to produce 
cost-competitive electricity in an 
environmentally sustainable manner.


– Cost-share RD&D of innovative water power 
technologies


Marine and Hydrokinetic
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Marine and Hydrokinetics (MHK)


Current Technologies


(tidal, river in-stream, ocean current)


Wave Technologies


(point absorber, oscillating water column, 
attenuator, wave surge converter, 


overtopping)
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 Electric Power Research Institute (EPRI) research suggests that ocean wave and 
tidal hydrokinetic energy resource energy production potential is equal to about 
10% of present U.S. electricity consumption (about 400 TWh/yr).  


 A full range of MHK resource estimates will be completed by early FY12.


DOE Funded 
Resource 
Assessments:
1) Wave:  EPRI 
2) Tidal: Georgia 
Tech
3) Ocean Current: 
Georgia Tech
4) Instream
Hydrokinetic: EPRI
5) Ocean Thermal 
Energy Conversion 
(OTEC): Lockheed 
Martin


Marine Hydrokinetics
Resource Potential



http://www.tidalstreampower.gatech.edu/�

http://www.tidalstreampower.gatech.edu/�
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The MHK industry can be described as:


DOE’s development efforts have helped the industry 
advance through the R&D stage and into pre-commercial 
demonstration projects.


• Emergent - strong parallels to  
wind industry in the 1970s


• Diverse - at least 40 MHK 
concepts being developed in 
the U.S., many more overseas


• Dependent – technologies 
advancing rapidly but still 
require public financing to 
bring devices to market


Marine Hydrokinetics
Technology Status
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20


European Leadership


• Established Testing Capabilities:
– European Marine Energy 


Centre (EMEC) in Scotland's 
Orkney Islands 


– New and Renewable Energy 
Centre (NaREC) in England


– WaveHub in England
– Nissum Bredning in Denmark
– Gallway Bay and proposed 


Belmullet Bay site in Ireland
• Industry leaders initially 


tested/deployed in EU 
• Numerous commercial 


deployments planned in the North 
America


– OpenHydro, Marine Current Turbine, OPT, 
Aquamarine
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DOE has established 3 National Marine Renewable Energy Centers (NMRECs):
• Northwest National Marine Renewable Energy Center (NNMREC)


• Operated by Oregon State University and the University of Washington
• Emphasis on wave and tidal energy 
• Efforts focused on test berth design and permitting, community outreach and 


education, expanding evaluation capabilities for anti-fouling research, 
characterizing both wave and tidal energy testing sites and enhancing acoustic 
monitoring and acoustic deterrence capabilities.


• Hawaii National Marine Renewable Energy Center (HINMREC)
• Operated by the University of Hawaii
• Emphasis on wave energy and Ocean Thermal Energy Conversion (OTEC)
• Test facility development focused on four distinct sites to accommodate WEC and 


OTEC testing.
• Southeast National Marine Renewable Energy Center (SNMREC)


• Operated by the Center for Ocean Energy Technology at Florida Atlantic 
University


• Emphasis on ocean currents / OTEC (Located near the Florida Straits and Gulf 
Stream)


• Deploying ocean current observation systems to establish environmental 
baselines.  Will ultimately perform full-scale field testing of prototype devices.


Test Centers
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The Water Program advances the MHK industry towards commercialization by:
• Supporting demonstration projects
• Developing standardized testing infrastructure and design tools
• Evaluating the technical, environmental and economic viability of MHK devices 


and working to overcome any barriers


Point absorbers
Wave attenuators


Oscillating water columns
Overtopping devices
Inverted pendulums  


Wave Tidal Ocean 
Current


Instream 
Hydrokinetic


Ocean 
Thermal


Axial-flow turbines 
Cross-flow turbines 


Articulated oscillating hydrofoils
Open-cycle


Closed-cycle 


Marine Hydrokinetics
Technology Pathways
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Avg LCOE:
0.45*
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*Preliminary LCOE based on estimated cost and performance data  of a limited number of devices. Source: EPRI and UK Carbon Trust.  Program activities and goals 
aligned to establish baseline LCOE by resource and device design  by FY 2013  and establish resource-specific LCOE goals and identify key cost reduction pathways 
by FY 2014


SBIR (Phase I  and Phase II)


Current Mechanical 
& Electrical 


Materials 
& Structure


Transmission 
& Grid Connection


Moorings Installation, 
O&M, Decom


Enviro & Siting 2020 Target


MHK Technology Advancement FOA


Advanced 
Marine 


Materials 
Initiative


Accelerated
Generational 
Design Cycle


Initiative


National Marine Renewable Energy Centers


Existing Projects


New Projects (Proposed)


Shore Based Wave Test Facility


Marine Hydrokinetics
Deployment Pathways
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Marine and Hydrokinetic Barriers


Barriers Solutions Program 
Activities


Cost and performance 
data does not yet exist to 
establish baseline LCOE 


Establish and verify baseline LCOE for each 
resource class and device type and quantify 
key cost drivers by FY 2013 


Characterization 
& Evaluation


Technologies are not yet 
cost competitive


Develop tools, models, and materials to 
maximize efficiency and ensure survivability


System 
Development


Research, Tools & 
Models


Device functionality not 
yet demonstrated


Support comprehensive testing at 
progressive technology stages to quantify 
cost and performance drivers


Test Facilities


Resource assessments are 
very basic and incomplete; 
show moderate resource 
size


Integrate resource assessments, technology 
cost and performance data, advanced 
cost/performance models to identify critical 
drivers to reduce overall COE 


Resource 
Assessments


Environment & 
Siting


Lack of data on 
environmental risks to 
permitting and 
deployment 


Develop and disseminate environmental 
data to reduce siting and permitting costs; 
incorporate siting costs into LCOE models


Economic Analysis 
& Market 
Development


Reduce COE 
to $0.07/kWh


by 2030


GOAL:
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Marine and Hydrokinetics
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• Marine and hydrokinetic energy can be a significant 
regional energy source, close to population centers


• Need to understand the baseline costs associated with 
diverse technology types


• DOE investment will accelerate design improvements 
and cost reduction


• Regulatory and permitting processes will have great 
impact on industry deployment


Summary
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• DOE Water Power Program -
http://www.eere.energy.gov/topics/water.html


• Marine and Hydrokinetic Technology Database -
http://www1.eere.energy.gov/windandhydro/hydrokinetic/default.aspx


• MHK Factsheet -
http://www1.eere.energy.gov/windandhydro/pdfs/mhk_factsheet.pdf


• Grant Solicitations – www.grants.gov and www.fedconnect.net


• DOE Office of Science – http://science.energy.gov/


• Loan Guarantee Program Office – www.lgprogram.energy.gov


Marine Hydrokinetics
Additional Resources



http://www.eere.energy.gov/topics/water.html�

http://www1.eere.energy.gov/windandhydro/hydrokinetic/default.aspx�

http://www1.eere.energy.gov/windandhydro/pdfs/mhk_factsheet.pdf�

http://www.grants.gov/�

http://www.fedconnect.net/�

http://science.energy.gov/�

http://www.lgprogram.energy.gov/�
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Geothermal Energy


Enel Stillwater - Courtesy of Enel Green Power – North America


Quadrennial Technology Review JoAnn Milliken
Acting Program Manager
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June 7, 2011 Geothermal Technologies Program







Installed Geothermal Capacity 
1960-2007


R&D investments and policy have driven geothermal energy growth since the 1980s.


Public R&D 
Investment


Installed Geothermal 
Capacity (MW)


From:
Policy Overview and Options for 
Maximizing the Role of Policy in 
Geothermal Electricity 
Development 
(NREL) September, 2009


Energy Efficiency & Renewable Energy eere.energy.gov2







Geothermal Program History
Annual Budget 1976-2012
The Geothermal Technologies Program budget peaked in the late 1970s and early 80s, was nearly zeroed in 
2007,  and got a large spike from the Recovery Act. 


Annual Budget for the Geothermal Technologies Program
1976 2012
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1976 - 2012
Major Successes 1976-2006


Drilling–Developed polycrystalline diamond compact drill bits, which are used in 
60% of oil and gas well footage and are estimated to reduce oil and gas offshore 
costs by $56/foot drilled
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Exploration – Operated the Industry Cooperative Exploration and Drilling program; 
of the 14 areas first studied in this program, 8 were developed by industry


Power Plant – Improved binary conversion cycles; for mid‐level temperatures (150‐
190°C) resulting in a 15% increase in productivity over flash
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*RequestAdjusted to 2011 $ ACTUAL $


Sources: Retrospective Benefit-Cost Evaluation of U.S. DOE Geothermal Technologies 
Program Investments, August 2010, RTI International
A History of Geothermal Energy Research and Development in the United States: 1976-
2006, 2010, US DOE Geothermal Technologies Program







Renewable Energy Capacity
2000 to 2009
Annual growth of geothermal capacity lagged behind both solar and wind from 2000‐2009.


Nameplate Capacity Annual Increase
(Percent Over Previous Year)


Installed Nameplate Capacity 
2000-2009 ( )
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2004 0.00% 5.90% 38.00%


2005 1.10% 35.60% 35.80%


2006 0.10% 26.90% 33.40%
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2000 2001 2002 2003 2004 2005 2006 2007 2008 2009


2007 3.70% 45.20% 36.20%


2008 3.50% 50.10% 43.50%


2009 1 50% 39 30% 51 60%
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Solar PV Wind Geothermal


2009 1.50% 39.30% 51.60%







The Potential of Geothermal Energy


Type of 
Geothermal 


Energy


Potential
Capacity 
(GW )


Details


The U.S. geothermal resource base is large and, except for identified hydrothermal resources, generally untapped.


Energy (GWe)


Identified 
Hydrothermal


6.41
• Heat  transferred convectively through naturally fractured rock containing in situ hot water and/or steam
• Wide temp range (< 90°C to > 350°C). USGS 2008 defines low < 90°C; moderate 90‐15°C; high >150°C
• 3.1 GW currently installed, mostly in the Western US (Nevada and California)


Undiscovered 
301


• Some hydrothermal resources (same temperature range as above) show no surface expression and are 
Hydrothermal


30
effectively hidden


Coproduced 
(Oil and Gas)


~122
• Warm water is coproduced as a byproduct of hydrocarbon extraction in oil and gas wells
• Cooler temperature range ‐ under 150°C
• Oil and gas operations currently treat the vast majority of water produced as waste


• Hot brine trapped (pressurized) under impermeable caprock & layers of porous sedimentary reservoir rocks
Geopressured 


(Gas)
>233


Hot brine trapped (pressurized) under impermeable caprock & layers of porous sedimentary reservoir rocks
• Average temperatures typically range between 90˚C and 200˚C
• These wells can contain natural gas that is not economical to produce alone


Permeable 
Strata Lacking  TBD


• Heat is transferred conductively through porous permeable rock in deep sedimentary basins
• Average temperatures range from 130°C to 180°C (cooler than hydrothermal)
• Natural permeability may reduce environmental risks (no fracturing needed) and financial costs


Hydrocarbons
Natural permeability may reduce environmental risks (no fracturing needed) and financial costs


• Potential for companion energy production from geologic carbon sequestration


Near‐Field*
EGS


7.04
• Near hydrothermal fields; stimulation and/or injection expands or makes existing resource more productive
• Resource estimate assumes temps > 110°C; will depend on temp of hydrothermal system in the vicinity
• Existing surface infrastructure lowers the price of developing these resources
I ith t i ti th l d l t ll b th ti l ti & fl id i j ti i d
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Greenfield EGS 15,9084
• In areas without existing geothermal development—generally both stimulation & fluid injection required
• This resource assessment assumes that depth is between 4 and 10 km and temperature ranges from 150°C
to over 350°C


* Resources in the Western U.S. only1 (Williams, Reed et al., 2008b) 2 (Tester et al., 2006) 3 (Muffler, 1979) 4 (Augustine et al., 2010)
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Current Status – United States


In 2010, only one geothermal power plant came online in the United States, however the Geothermal 
Energy Association (GEA) reports that there is about 5 GW in development in 15 states.  
In 2010, only one geothermal power plant came online in the United States, however the Geothermal 
Energy Association (GEA) reports that there is about 5 GW in development in 15 states.  


G hi I tG hi I tC it G thC it G th


• In 2010 the only power plant to 
come online in the United States 


Geographic ImpactGeographic ImpactCapacity GrowthCapacity Growth


was Ormat’s 15 MW Jersey Valley 
plant.


• The GEA reports that the US 
i t ll d it i tl 3 102installed capacity is currently 3,102 
MW.


• The GEA estimates that there is 
5,102‐5,745 MW under , ,
development. Of that, 756‐772 MW 
is in the drilling to construction 
phases.  Currently, geothermal power plants are generating 


power in nine states. The GEA reports that 170‐193 
d d l ( ll f
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projects are under development (in all stages from 
prospect to construction) in 15 states.Source: Annual U.S. Geothermal Power Production 


and Development Report. GEA, April 2011







Current Geothermal Program Portfolio


The Program currently supports a diverse portfolio that spans near‐ to long‐term resources and low to high 
risk technology development. $400 million in Recovery Act funding played a big role in this strategy.


Four major pathways to increase geothermal power generation


Higher Risk Enhanced Geothermal 
Systems


• Potential—USGS estimates 500 GWe in 
the Western U.S. alone; NREL projects 
16,000 GWe in the U.S.


• Funding—$70M (FY08‐11, ARRA)Innovative Exploration Technologies


• Potential—USGS estimates 30 GWe of 
undiscovered hydrothermal


F di $110 2 M (FY11 d ARRA)


Permeable Sedimentary 
Resources


• Funding—$110.2 M (FY11 and ARRA)


Low Temperature and 
C d d R


Lower Risk


• Potential—USGS estimates 
up to 240 GWe (to be 
updated in 2012)


• Funding—$2 M (FY 11)


Coproduced Resources


• Potential—USGS estimates up to 
120 GW of untapped low‐temperature 
geothermal resources


• Funding—$39.9 M (FY09‐11 and ARRA)
Pl  $170M i  tti  R&D th h ARRA


Energy Efficiency & Renewable Energy eere.energy.gov7
Near-Term Long-Term


Plus $170M in cross-cutting R&D through ARRA







Blue Ribbon Panel


In March, the Program assembled a panel of 15 geothermal experts to identify the obstacles to geothermal 
energy growth, discuss the appropriate role of DOE, and recommend priority R&D areas for the Program.
In March, the Program assembled a panel of 15 geothermal experts to identify the obstacles to geothermal 
energy growth, discuss the appropriate role of DOE, and recommend priority R&D areas for the Program.


Recommendation narrow the focus of the Program and invest in critical areas of


Accelerate Near‐Term Market Growth—Hydrothermal


Recommendation—narrow the focus of the Program and invest in critical areas of 
advancement, targeting near‐term and long‐term resources in parallel


• Develop an inventory of high‐quality prospects using existing technology
• Advance exploration technologies to reduce the cost and risk of drilling
• Develop technologies that reduce O&M cost


S h F E h d G h l SSecure the Future—Enhanced Geothermal Systems
• Define the optimal conditions for EGS and identify the best prospects
• Model the feasibility of reservoir creation using existing technology 
• Develop tools to optimize power production and reduce costs
• Demonstrate the ability to create and maintain a reservoir in multiple geologic conditions


The geothermal industry is small and has limited funding for R&D. High‐risk R&D should be led 
by DOE, with appropriate private‐sector cost share as technologies move closer to commercial


Energy Efficiency & Renewable Energy eere.energy.gov


by DOE, with appropriate private sector cost share as technologies move closer to commercial 
applications.







Undiscovered Hydrothermal


16
14 3¢/kWh LCOE Reduction Roadmap


Primary cost drivers are exploration and drilling risk, power plant and O&M. Exploration cost and risk have 
led to high discount rates.   
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Current Technology 
Level (Actual 


Discount Rates)


Current Technology 
Level (7% Discount 


Rate)


Exploration 
Improvement


Drilling & Wellfield 
Improvement


Power Plant 
Improvement


O&M Improvement 2020 Target Level


O&M Costs Power Plant Drilling & Wellfield Development Exploration
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Enhanced Geothermal Systems (EGS)


59 4¢/kWh LCOE Reduction Roadmap


EGS cost drivers are drilling components and systems, and reservoir engineering. Drilling and reservoir  
engineering phases are anticipated to be the most risky from an investment perspective.
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Discount Rates) Rate) Wellfield 
Improvement


O&M Costs Power Plant Reservoir Engineering & Wellfield Exploration & Drilling
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Performance and Cost Targets


DOE’s goal is to lower the cost of geothermal electricity, enabling it to be competitive with conventional 
energy sources and a major contributor to the U.S. energy supply.


Key Activity Goals*


Innovative 
Exploration


• Confirm 400 MWe and 1 GWe of undiscovered hydrothermal 
resources by 2014 and 2020, respectivelyp


Technologies 
(Hydrothermal)


y , p y
• Reduce the cost of undiscovered hydrothermal energy to 


$0.06/kWh by 2020


E h d E t bli h t h i l f ibilit f 5 MW d t i f 5Enhanced
Geothermal Systems


• Establish technical feasibility of 5 MWe and sustain for 5 years
• Reduce near‐field EGS LCOE to $0.07/kWh and greenfield LCOE 


to $0.11/kWh by 2035


Energy Efficiency & Renewable Energy eere.energy.gov


*Roadmapping workshops in June will refine performance and cost targets
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Tools and Resources


The Geothermal Technologies Program provides many publically-available guides, tools and 
resources aimed at supporting geothermal researchers, developers and policy makers.


http://www1.eere.energy.gov/geothermal/about.html
Area Title URL


Techno-Economic Models The Geothermal Electricity Technology Evaluation Model 
(GETEM)


http://www1.eere.energy.gov/geothermal/getem.html


Drilling The Handbook of Best Practices for Geothermal Drilling http://www1.eere.energy.gov/geothermal/pdfs/drillinghandb
December 2010 ook.pdf


Policy Policymaker’s Guidebook for Electricity Generation 
February 2011


http://www.nrel.gov/geothermal/guidebooks/electricity_gene
ration/electricity_generation.html


Finance Guidebook to Geothermal Power Finance
March 2011


http://www.nrel.gov/docs/fy11osti/49391.pdf


EGS The Updated U.S. Induced Seismicity Protocol
May 2011


** Coming Soon** Check:
http://www1.eere.energy.gov/geothermal/index.html


G th l D t Th N ti l G th l D t S t ** I D l t**Geothermal Data The National Geothermal Data System ** In Development**  
For more information, see:
http://www.geothermaldata.org/
http://stategeothermaldata.org/


Exploration Exploration Best Practices **Coming in mid-late 2011** Check:
http://www1.eere.energy.gov/geothermal/index.html
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Reservoir Engineering, 
Exploration, Power 
Conversion and Drilling


A History of Geothermal Energy Research and Development 
in the United States, 1976-2006
October 2010


http://www1.eere.energy.gov/geothermal/about.html








Quadrennial Technology Review Workshop -
Clean Electricity


Fuel Cells for Distributed 
Generation (DG)Generation (DG)


Fuel Cell Technologies Programg g


June 7, 2011


Boulder, CO
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Fuel Cells: Technology Characteristics


Significant reduction in GHGs (~0.4 kg per kWh) and 95% reduction
in other emissions relative to using electricity from the U.S. grid


• High electrical efficiencies, no transmission losses
• Heat can be recovered to displace natural gas boilers 


(DG i bi d h t d d )(DG in combined-heat-and-power mode)
• With credit for recovered heat, lower greenhouse gas 


emissions per kWh than most regional electric gridsemissions per kWh than most regional electric grids
• Virtual elimination of criteria pollutant emissions (NOx, 


SOx, particulates)
• Future: transition from using natural gas and existing 


biogas sources to using hydrogen from low-carbon 
sources (e g photo-biological)


eere.energy.gov


sources (e.g., photo biological).







Fuel Cells vs. Combustion
Fuel cells are not heat engines, so their efficiency can exceed the Carnot efficiencyFuel cells are not heat engines, so their efficiency can exceed the Carnot efficiency


Conventional engines and turbines convert chemical energy into 
thermal energy prior to conversion to electrical energy.  The 
efficiency of converting thermal energy to electrical energy is 
bounded by the Carnot efficiency


%1001 EfficiencyCarnot ×⎟⎟
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bounded by the Carnot efficiency.


rejectedisheat asteat which w etemperatur=CT
heat available of etemperatur=HT


Fuel cells convert chemical energy directly into electrical energy, 
bypassing inefficiencies associated with thermal energy conversion


Adapted from Larminie and Dicks, Fuel Cell Systems Explained, 2000
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Market Status for DG Fuel Cells


Rapid growth in recent years but incentives
need to continue until the early 2020’s


• Preliminary estimate of current installed capacity: 
130 170 MW W ld 50 70 MW i U S


y


130-170 MW World, 50-70 MW in U.S.
• U.S. production for domestic and foreign markets: 


2005: 10 MW; 2010: 68 MW2005: 10 MW; 2010: 68 MW
• Market value of world’s annual production:


2010: $350 million; projected 2017: $ 9 billion2010: $350 million; projected 2017: $ 9 billion


Sources: Pike Research, ORNL, industry reports
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U.S. Energy Markets for Distributed 
Generation


• Electricity and thermal energy (based on natural gas) used in U.S.: over 50 quads 
per year (including electrical losses)


• DG fuel cells in CHP mode can displace some of this energy consumption.


60.0


70.0


it
y)


30.0


40.0


50.0


G
as
 &


 E
le
ct
ri
ci


10.0


20.0


Q
ua
d 
(N


 G


0.0


2010 2015 2020 2025 2030 2035 2040 2045 2050


Commercial Residential Industrial Electrical Losses


eere.energy.gov


Through 2035: Annual Energy Outlook 2011 by EIA; simple extrapolation from EIA beyond 2035







Market Landscape – Stationary (DG+backup power), 
Transport and Portable Fuel Cells


Fuel cell market continues to grow
• ~36% increase in global MWs shipped in 1 year
• ~50% increase in US MWs shipped


75


100


Megawatts Shipped, Key Countries: 2008-2010 North American Shipments by Application
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FuelCell2000, Pike Research, Fuel Cell Today, ANL
Clean Energy Patent Growth Index: fuel cell patents lead in 


the clean energy field with nearly 1,000 fuel cell patents 
worldwide in 2010.


In May 2011 POSCO Power (Korea) ordered
70 MW from FuelCell Energy of Connecticut
for $130 M in hardware and services. POSCO


eere.energy.gov


http://www.fuelcells.org/BusinessCaseforFuelCells.pdf
http://www.fuelcells.org/StateoftheStates.pdf
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will assemble the imported hardware into
complete fuel cell systems. The POSCO plant has
a capacity of 100 MW per year







Overview of Fuel Cell Technologies


Types of Fuel Cells
• Polymer Electrolyte Membrane (PEMFC)


• Pros: Low-temperature operation, quick start, and high 
power densitypower density


• Cons: Expensive catalysts
• Applications: Distributed generation, specialty vehicles, 


transportation, portable power
• Phosphoric Acid Fuel Cell (PAFC)


• Pros: Low-temperature operation and high efficiency
• Cons: Low current and power density
• Applications: Distributed generation


• Solid Oxide Fuel Cell (SOFC)
• Pros: High efficiency multiple fuel feedstocks usablePros: High efficiency, multiple fuel feedstocks, usable 


waste heat, and inexpensive catalysts
• Cons: Slow start-up and corrosion issues
• Applications: Auxiliary Power Units (APUs) and 


distributed generation
M lt C b t F l C ll (MCFC)• Molten Carbonate Fuel Cell (MCFC)


• Pros: High efficiency, multiple fuel feedstocks, and 
usable waste heat


• Cons: Slow start-up and corrosion issues
• Applications: Distributed generation


eere.energy.gov
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Cost Reduction Potential


• Fuel cell stack: reducing platinum loading by 50% and 
improved manufacturing methods could bring capitalimproved manufacturing methods could bring capital 
costs down by at least 10% for PEMFCs and PAFCs


• Durability could be increased by 50% to 100% for certain y y
fuel cells (PEMFC, MCFC, SOFC) through R&D, 
resulting in electricity cost being reduced by up to 12%


• R&D on gas clean up could reduce capital costs by up to• R&D on gas clean-up could reduce capital costs by up to 
25% for biogas fuel cell systems


• Large volume production and manufacturing technology g p g gy
advances could reduce capital costs by over 50% from 
current production level and manufacturing technology.
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Cost Targets for DG Fuel Cell Systems


Costs are expected to come down through R&D,
scale, and advanced manufacturing technology.
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The gas cleanup equipment and operation result in incremental costs beyond those
associated with systems that use only natural gas







Portfolio of DG Fuel Cell Activities


• Develop improved fuel cell catalysts and membrane electrolytes
• Identify degradation mechanisms and approaches for mitigating the


The FCT Program has a well balanced portfolio of RD&D activities


• Identify degradation mechanisms and approaches for mitigating the 
effects


• Characterize and optimize transport phenomena improving membrane 
electrode assembly and stack performanceelectrode assembly and stack performance


• Investigate and quantify effects of impurities on fuel cell performance
• Develop low-cost, durable system balance-of-plant components, 


including fuel processor sub systemsincluding fuel processor sub-systems
• Develop advanced manufacturing technology and diagnostics
• Develop innovative concepts leading to a new generation of fuel cell 


technologies
• Develop and demonstrate compact fuel cell systems for micro-CHP 


applications
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DOE and Performers’ Potential Roles


Pre-competitive research: typically
national labs, universities and/or
technology developers (Office of Science


Stack & balance-of-plant components
Manufacturing process & diagnostics technology
Effect of impurities on performance
Innovative conceptstechnology developers (Office of Science


funds some of the work)
(other companies may opt to participate
in a pre-competitive research initiative)


Innovative concepts
(companies may access these advances
through arrangements such as licensing)


Cost-shares with fuel cell manufacturers:
R&D on specific technology pathways                                                    


Improved durability & performance
and reduced costs for proprietary
fuel cell technologies


DOE activities re.


National lab support for
testing & validation


Fuel cell manufacturers have option to
subcontract or partner with universities,
national labs, or technology developers


outreach, codes &
standards, & market
transformation


Fuel cell manufacturers deliver fuel cells
to technology end-users
In early deployment phase, national labs would


t t ti & lid ti ( i DOE f d )


Annual Merit Review with independent
input allows DOE to decide on
future funding of pathways, based
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support testing & validation (using DOE funds)
and assist DOE in identifying additional R&D needs


g p y ,
on progress and national needs.







Additional Slides
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Major Types of Fuel Cells: Operating 
Temperature Considerations


Higher temperature exhaust is more advantageous for displacing
conventional natural gas boilers. However, very high temperatures can


• Phosphoric acid fuel cells (PAFCs): 150o – 200oC


conventional natural gas boilers. However, very high temperatures can
affect durability of fuel cell stack.


p ( )
• Molten carbonate fuel cells (MCFCs): 600o – 700oC
• Polymer electrolyte membrane fuel cells (PEMFCs): 


50o – 100oC
• Solid oxide fuel cells (SOFCs): 700 o- 1000 oC


Not considered for this QTR:
Alkaline fuel cells (highly susceptible to CO2 poisoning) and microbial fuel 


eere.energy.gov


( g y p 2 p g)
cells (longer term; not enough data)







Example of Progress:  Example of Progress:  Intelligent Energy improved Intelligent Energy improved 
durability and durability and increased increased efficiency of PEMFC systems efficiency of PEMFC systems 


• IE system uses reformer, 
pressure swing adsorption 
to supply pure H2 to fuel cellto supply pure H2 to fuel cell 
stack


• 33% electrical efficiency 
and 61%CHP efficiency 
demonstrated indemonstrated in 
unoptimized system


• Implementation of 
adsorption-enhanced 
reformer expected toreformer expected to 
increase efficiency


• Over 7000 hours durability 
demonstrated in 20-cell 


t k


DuraiDurai SwamySwamy et al.,et al., “Development and“Development and


stack


eere.energy.gov


DuraiDurai SwamySwamy et al.,et al., Development and Development and 
Demonstration of a NewDemonstration of a New--Generation High Generation High 
Efficiency 1Efficiency 1--10 kW Stationary Fuel Cell 10 kW Stationary Fuel Cell 
System”System”







Example of Progress: Industry improved 
performance and durability of SOFC systems
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Metric Target Status


Acumentrics achieved more than 10,000 hours operation of an 
SOFC in 2011 – more than double the 2010 durability


Metric Target Status


Performance 
(Area specific resistance in 
both SOFC and SOEC 
operating modes)


< 0.3 Ω-cm2 0.223 Ω-cm2 in SOEC
0.224 Ω-cm2 in SOFC


Degradation
(Overall decay rate)


< 4% per 1000 hours ~1.5% per 1000 hours
(Overall decay rate)


Operating Duration > 1000 hours
1005 hours


(as of Go/No-Go 
Decision)


Operating Current Density > 300 mA/cm2 500 mA/cm2


Cell power 
increased 6X 
from 2004 to 
2010


eere.energy.gov


N. Bessette et al., 
AcumentricsR. Petri et al., Versa Power Systems







Example of Early Market: the Example of Early Market: the ffood industry ood industry is is 
an emerging market for fuel cellsan emerging market for fuel cells


Announced Supermarket 
Deployments: Nine Sites Include 
• Whole Foods (CA CT MA)Whole Foods (CA,CT,MA)


– 3 sites, 400kW each
• Price Chopper (NY,CT)


– 3 sites, 400kW each,
• SUPERVALU (MA,CA)


– 2 sites, 400kW each
• Ahold (CT, Stop & Shop)


– 1 site, 400kW


Completed Food Producer Deployments:
• Coca-Cola (NY 800 kW) – another 800


A 400-kW fuel cell (grey box) meets 85 
percent of the energy needs of this 
Price Chopper supermarket in Albany. 
The installation reduces the building’s 


fCoca Cola (NY, 800 kW) another 800 
kW under construction


• Gills Onions (CA, 600 kW)
• Pepperidge Farms (CT, 1.45 MW)


carbon footprint by 71 tons, provides 
energy security for perishable items, 
and saves more than 4 million gallons 
of water each year. (Photo taken from the 
Executive Summary of the New York State Climate


eere.energy.gov


• Sierra Nevada Brewery (CA, 1 MW) 
Executive Summary of the New York State Climate 
Action Plan Interim Report)





