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Lessons from the 2009 Recovery Act 



• 2005 ARPA-E recommended in “Rising Above the Gathering Storm”

• ARPA-E was authorized (allows a program to be established) in 2007

• Recovery Act of 2009, which provided $400 M/2 years.

• First Budget request in 2011 was for $ 300M







Installed solar capacity (GW)

Installed wind capacity (GW)

Source: Energy 
Information  
Administration





• ARPA-E

• The Smart Grid Investment Grant. (Authorized in 2007.)

• Loan Program (authorized in 2005)
Many successful wind and solar installations
Solyndra ($535M loss), Abound ($68M loss)

• ATVTM (Advanced Technology Vehicle Manufacturing) 

Ford ($6B),
Nissan ($1.45B Leaf and battery manufacturing in the U.S.)
Tesla ($465 M),
Fisker went bankrupt ($138 M loss) 



OMB assigns a credit risk of default. (e.g. If the risk is 20%, that fraction of the loan 
is set aside as allocated (spent) funds. “self-pay” means the loan applicant pays for 
the “loan insurance.” All of fossil, nuclear and 



Smart Grid Investment 
Grant Program

(Authorized in 2007.)











Phasor Measurement Units added by the Recovery Act









Loan Guarantee Program (authorized in 2005)
The U.S. government assumes the risk of loan default. The default risk is mostly 
determined by OMB, and “credit subsidy (loan insurance) is paid to the U.S. Treasury. In 
the original bill, the loan applicant pays the credit subsidy, and all fossil and nuclear 
loans are paid by the applicant. In the Recovery Act, $6B of credit subsidy funds was 
appropriated to cover up to $60 B in loan guaranteees. The insurance against assigned 
risk of the loan is paid to Treasury. All fossil and nuclear loan “credit subsides” were 
paid by the loan applicant.    

Many successful wind and solar installations were financed by the DOE loan 
program. In 2011, LPO > $4.6 B to support the first 5 utility-scale solar PV facilities 
larger than 100 MW.  A Financial Institution Partnership Program (FIPP) worked with 
the DOE and commercial banks (John Hancock, Bank of America, Citigroup).

By 2015 there were over 12,000 MW of solar PV capacity installed at utility scale. 

Loan program success 
Ford ($5.9B, final payment due by June, 2022)
Nissan ($1.45B Leaf manufactured in the U.S.)
Tesla ($465 M)

Loan program failures 
Solyndra ($535M loss), Abound ($68M loss)
Fisker ($138 M), VPG ($45 M)



Biggest current risk: Off-take agreements of wind and solar projects 
with Pacific Gas & Electric (PG&E) and Southern California Edison 
(SCE). 





Source: “Leveraging the DOE Loan Program.” ENERGY FUTURES INITIATIVE





Calculated Savings to Investment Ratio (SIR) in an Oak Ridge National Lab (ORNL) study 
assumes escalating energy prices, a weighted average lifetime for installed measures of 
about 20 years, and a discount rate of 2.7%. 

The ORNL study shows that when you add in the costs and the benefits for the health 
and safety (or non-energy) measures, that the total SIR increase from 1.4 to 4 



The enrollment phase, which lasted through February 2012. 

• 9,000 personal phone calls and 2,720 home visits

• Field staff helped individuals assemble documentation and complete paperwork. In 
some cases, field staff provided transportation to and from the program agency offices.

• In total, the encouragement and enrollment efforts cost approximately $450,000, which 
amounts to $50 per targeted household and over $1,000 per weatherized household.

Footnote: “On the one hand, our encouragement costs may have been higher than 
necessary. To our knowledge, ours was the first encouragement program for WAP, 
and we learned from our initial experiences how to refine our intervention. On the 
other hand, the costs in Table I do not reflect the time the research team devoted to 
overseeing the encouragement effort.”

“Do Energy Efficiency Investments Deliver? Evidence from the Weatherization Assistance Program, 
Meredith L. Fowlie, Michael Greenstone, Catherine Wolfram, Quarterly Journal of Economics 
(2018), 1597–1644. doi:10.1093/qje/qjy005.



“Do Energy Efficiency Investments Deliver? Evidence from the Weatherization Assistance Program, 
Meredith L. Fowlie, Michael Greenstone, Catherine Wolfram, Quarterly Journal of Economics 
(2018), 1597–1644. doi:10.1093/qje/qjy005.



Appliance standards have also been a frequent target of 
some free-market economists. 
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R. van Buskirk, C. Kantner, B. Gerke and S. Chu, Environ. Res. Lett. 9 114010 (2014)

The effect of appliance standards on total cost and purchase price

Refrigerator cost declines by 28% for each doubling 
of production. Energy saved in the U.S. each year is 
more than 270 TWh = 30 nuclear reactors operating 

at 1 GW 24 hours a day, 365 days a year.
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Clean electricity at 1.5¢/kWh may become a 
reality in 10-20 years at the best sites in the world. 

This opens up new opportunities in energy 
storage and electrochemistry.  



“Semi-quantitative summary of the maximum duration storage vs. fraction of variable 
renewable energy generation for the U.S.”

“Long-Duration Electricity Storage Applications, Economics, and Technologies,” Paul 
Albertus, Joseph Manser, Scott Litzelman, Joule 4, 21 - 32 (2020)
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Former APRA-E program managers for the DAYS program 

Below ~ 25% 
wind and solar 
penetration, 
energy storage is 
not economical.



Power and Energy Capital Costs assuming 𝑅! = 25$/𝑘𝑊ℎ

Natural gas stored in the US in below-ground storage and pipelines 
(4x1012 cubic feet = 1,200 TWh = 2-month supply of US electricity)



Thermodynamics & Cost Limits

H20 = H2 + ½ O2 ; ΔG = 237.2 kJ/mol = 32.4 kWh/kg-H2

$/kg-H2

Carbon-free Energy Cost ($/MWh)

Thermodynamic 
limit

At 1.5 ¢ / kWh, the energy cost is only half the cost of producing H2.

Current
technology





catalyst

Anode (oxidation):  2 OH−(aq) → ½ O2 (gas) + H2O (liq.) +2e−
Cathode (reduction):   H2O (liq.) + 2e− → H2 (gas)+ 2 OH−(aq)

Electrolysis of water

Anode (oxidation):   2 H2O (liq.) → O2 (gas)+ 4 H+(aq) + 4e-

Cathode (reduction):  2 H+ (liq) + 2e- → H2 (gas) 

The catalytic threshold ~ 1.4 volts, 
Current electrolyzers run at ~ 2.2 volts









For widespread use of hydrogen for transportation or 
heating a pipeline distribution system will be needed 









Duration Addition to electricitY Storage (DAYS)

LCOS cost (0.05 $/kWh-cycle) assumed 50% of renewable energy is directly 
used and 50% is cycled through the storage system. This price is competitive 
with electricity generated by future combined cycle natural gas plants (which are 
in the range of 0.041 to 0.074 $/kWh). 

With 90% flowing through the storage asset, the combined LCOE would still be 
competitive at 0.07 $/kWh. 



Conversion	of	electrical	energy	directly	into	heat	is	100%	energy	efficient	but	
creates	unnecessary	entropy.	The	measure	of	energy	that	is	useful	for	conversion	
into	mechanical	work	is	defined	by	the	“exergy”	of	the	thermodynamic	system.	

The	goal is	to	minimize	the	creation	on	unnecessary	entropy.	The	conversion	of	
electricity	to	mechanical	motion/work,	𝑊 = 𝑭 ⋅ Δx,	can	be	~	99%	efficient.

S-Gen 2000P Air-pressurized cooling replaces hydrogen cooled generators



Variable frequency drives increase the range where they are energy efficient. The 
downside of high-power variable speed motors is the reliability of power electronics 



Source: “Efficiency improvement 
opportunities for ceiling fans,”  Nihar
et al., Energy Efficiency (2015) 8:37–
50 DOI 10.1007/s12053-014-9274-6.  

While  Secretary of Energy, we 
commissions a study on fan efficiency 
and worked with India to establish 
ceiling fan efficiency standards ( ~ 6% 
of electricity consumption in India in 
2000).

Many inexpensive AC induction motors are < 50% efficient. 



Global operational electricity storage power capacity by technology, mid-2017
(IRENA 2017 Report of Energy Storage)

96% of energy storage world-wide is pumped-
storage in 2017. Round-trip efficiencies 70% - 85% 
efficient.

New hydropower projects take twice as long to 
permit as other energy sources including solar, 
wind, or natural gas projects, and time is money.





2013

380 GW 
by 2020

China



27.4 GW

40 GW by 
2020

China

Adjustable-speed pump-turbines have been used since the early 1990s in Japan 
and the late 1990s in Europe. Another advantage of adjustable speed
units is the increase in overall unit efficiency: the turbine can be operated at its 
optimum efficiency level under all head conditions and power demand needs.



The size of the machinery of hydro power is massive.





Pump turbine 
runner

Variable speed 
generator





Global pumped hydro atlas
http://re100.eng.anu.edu.au/global/

http://re100.eng.anu.edu.au/global/


Eagle Mountain Project (Riverside County California)



California Public Utilities Commission approved on March 26, 2020 

Calls for 1 gigawatt of “pumped storage, or other long-duration 
storage with similar attributes” by 2026. Anticipates 11 gigawatts 
of utility-scale solar by 2030, nearly 3 gigawatts of wind

Assumptions of net present value (discount rate) and 
lifetime of investment are critical for longer term-projects.





Storage Cost and Performance Characterization Report. K Mongird et al., PNNL (2019)





Cylindrical Container -Hemispherical Top –Open Bottom

Leverage Existing Deep-Sea Exploration for Oil and Gas



Compressed Air Energy Storage (CAES)

What is “new?”  Add adiabatic energy 
storage: Air compressed to ~70 bar would 
heat up to around 900K. 

Multistage air compressors use inter- and 
after-coolers to reduce discharge 
temperatures to 149/177°C and cavern 
injection air temperature reduced to 
43/49°C. T Heat storage used to re-heat 
expanding gas



Mitsubishi Hitachi and Magnum Development announced development to store to 
store ~ 1 GWh of energy. The project will also combine renewable hydrogen, 
compressed air storage, large-scale flow batteries, and solid oxide fuel cells

Isothermal Compressed Air Energy compression and expansion could improve 
round-trip efficiency and lower capital costs. Isothermal CAES requires heat to be 
removed and added continuously, but in principle it can be 100% efficient.  

Heat transfer is proportional to the Δ𝑇× surface area . Large Δ𝑇 generates excess 
entropy. A large surface area adds to capital costs. Possible solutions have been 
proposed based upon reciprocating machinery. One method is to spray fine droplets 
of water inside the piston during compression. The high heat capacity of water keeps 
the temperature approximately constant within the piston – the water is removed and 
either discarded or stored and the cycle repeats.



“Repurposing Mines as Alternative Storage Reservoirs
Recently, the concept of using repurposing abandoned mines as alternative locations for one or 
both storage reservoirs has been considered. The use of an open pit mine, such as the abandoned 
iron ore mine pits in Southern California proposed for the Eagle Mountain Pumped project, in 
concept is a viable alternative, and is similar to using a manmade reservoir. There is no 
incremental environmental impact and the upper and lower reservoirs (the abandoned open pit 
quarries) are existing and simply hydraulically connected.

Locating one or both of the reservoirs in underground mines, however, has significant concerns 
and challenges. Typical underground mining results in small passages looking like an ant farm in 
cross section and are not suitable as is for a lower reservoir configuration. Quite simply, the pump-
turbines would be starved of water in the pump mode. The underground excavation and material 
costs, construction risk, and time required for underground excavation and construction necessary 
for the volume of water and elevation difference make the economics of such a project 
questionable. These underground sites have been evaluated due to the perceived lack of availability 
of potential surface reservoirs and the potential for reduced environmental impacts. There are no 
operating pumped storage projects worldwide that utilize an underground reservoir.”



Renewable energy at ~ $15 /MWh (1.5 ¢/kWh) will be cheaper than natural gas.
1 million (MM) Btu of energy = 293 kWh 
1.5 ¢/kWh = $4.39/MM Btu.

The cost of natural gas varies between $2.50 - $8.00 /MM Btu (See chart below)

If there is a carbon price of $60/tonne, the cost of using natural gas and emitting it 
adds ~ $9.60/ MM Btu. (High-efficiency plants will still cost > $7/ MM Btu) The cost 
of carbon capture, sequestration and monitoring will likely be $40 - $60/tonne of CO2

Natural gas power plants emit an average of 550 grams CO2 per kWh 
= 0.16 tonnes CO2/MM Btu 



Utility-scale  thermal energy storage



https://www.energy.gov/sites/prod/files/2016/06/f32/QTR2015-4R-Supercritical-Carbon-Dioxide-Brayton%20Cycle.pdf

Can we use surplus 
renewable energy to 
heat a thermal mass? 

High temperature 
thermal mass 

https://www.energy.gov/sites/prod/files/2016/06/f32/QTR2015-4R-Supercritical-Carbon-Dioxide-Brayton%20Cycle.pdf


Exhaust heat from the 
turbine is used to reheat 
the compressed turbine

Principle: add heat at 
the highest average 𝑇!
guided by the Carnot 
efficiency: 𝜂 = "!#""

"!

Low-temperature 
fluid is compressed 
and re-heated



(a) (b)



https://www.energy.gov/sites/prod/files/2016/06/f32/QTR2015-4R-Supercritical-Carbon-Dioxide-Brayton%20Cycle.pdf

A Brayton generator with high and low temperature recuperators.

https://www.energy.gov/sites/prod/files/2016/06/f32/QTR2015-4R-Supercritical-Carbon-Dioxide-Brayton%20Cycle.pdf


Storage Cost and Performance Characterization Report. K Mongird et al., PNNL (2019)













GE H-class turbine (inlet temperature 1600 C and combined cycle efficiency 63%

Rankine cycleBrayton cycle



Thermodynamic Analysis of High-Temperature Carnot Battery Concepts, Wolf-
Dieter Steinmann, Henning Jockenhöfer, and Dan Bauer, Energy Technol. 2020, 
8, 1900895







Pumped thermal grid storage with heat exchange
Robert B. Laughlin, J. Renewable Sustainable Energy 9, 044103 (2017);

Brayton 
cycle 

turbine

For 𝜂" , = 0.9, 𝜂# = 0.93,
𝜂$#%&' = 1 − ()!"#$

)%*)&

+
,'
− 𝜂#

-. /
/*+

If ⁄𝑇01 𝑇0 = ⁄𝑇+1 𝑇+ = 𝜉, and the turbine 
and compressor is perfectly adiabatic 
and the heat exchangers are very large, 
the heat storage engine 𝜂$#%&' = 1

Laughlin uses 4 thermal storage 
volumes and the electrical energy is 
used to move heat analogous to 
mechanically pumping water. 

𝑇$ = 180 K
𝑝$ = 1×10%𝑃𝑎

𝑇$& = 300 K
𝑝$ = 1×10%𝑃𝑎

𝑇$& = 823 K
𝑝! = 3.6×10'𝑃𝑎

𝑇$ = 495 K
𝑝( = 1×10'𝑃𝑎

A Brayton turbine uses electrical energy 
to move energy stored at thermal 
reservoir 𝑇+to a reservoir at 𝑇+1.The 
same turbine is boosted by allowing heat 
at 𝑇01 flow to 𝑇0. Heat exchangers are 
used as energy recuperators.







Dependence of the roundtrip efficiency for the PTES variants on the 
isentropic efficiency of the engines; temperature difference of 10 K
assumed for all heat transfer processes.

CHEST = Compressed Heat Energy Storage 





Steam has been historically used as the 
working fluid in a turbine generator. 

CO2 is a better.  



A fluid near its critical point has a density, 
closer to the density of a liquid than of a gas. 
With the CO2 near the critical pressure at the 
point of entrance to the compressor, its 
density will be relatively high and the power 
requirement for compression will be lower. 



Turbines work at ~ 90% adiabatic efficiency.

CO2 near its critical point becomes more incompressible than steam and 
hence, the compression work can be substantially decreased leading to 
high cycle efficiency. In addition, in its supercritical state, CO2 is also 
nearly twice as dense as steam so the turbine can be more compact.





https://spectrum.ieee.org/energy/fossil-fuels/this-power-plant-runs-on-co2
Allam Cycle CO2 + natural gas turbine

Exit 
pressure
= 3MPa

Inlet Pressure = 30 
MPa ~ 296 atm

Compress 
to 8MPa 
and cool

Exhaust heat used 
to reheat CO2

https://spectrum.ieee.org/energy/fossil-fuels/this-power-plant-runs-on-co2


Toshiba 50 MW CO2 
Allam Cycle turbine



New	ideas	in	flow	batteries



Air-Breathing Aqueous Sulfur Flow Battery for Ultralow-Cost Long Duration 
Electrical Storage, Zheng Li … Yet-Ming Chiang, Joule 1, 306–327 (2017)



Air-Breathing Aqueous Sulfur Flow Battery for Ultralow-Cost Long Duration 
Electrical Storage, Zheng Li … Yet-Ming Chiang, Joule 1, 306–327 (2017)

PHS (pumped hydro 
storage)

CAES (compressed 
air energy storage)

VRFB (vanadium 
redox flow battery)
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Summary: There are potentially new energy storage technologies for 
100-hour storage (e.g. heat storage). All are focused on minimizing 
unnecessary entropy generation by mimicking pumped storage  



END



Additional slides



Revenue	over	financial	life	of	project	⟺	total	cost	of	ownership	($/kWh)

Abb. Definition

Δ# Price differential of charging/discharging

𝐶#,% Deliverable installed energy cost 

𝐶#,&' Theoretical installed energy cost (no loss)

𝐶()) Per-cycle cost of efficiency losses

𝐶* Installed power cost

𝐸+ Rated energy of storage block

𝑛, Number of equivalent cycles 

𝑃, Input charging price

𝑃+ Rated power capacity

𝑅* Revenue from capacity payments

𝜂- Discharge efficiency

𝜂./# Round trip efficiency

𝑑 Price differential of charging/discharging

𝐷𝑂𝐷 Deliverable installed energy cost 

𝐹𝑂𝑀 Theoretical installed energy cost (no loss)

𝑃𝑉. Per-cycle cost of efficiency losses

𝑟 Installed power cost

𝑟 Rated energy of storage block

𝑇 Number of equivalent cycles 

𝑇𝐶𝑂 Input charging price

𝑉𝑂𝑀 Rated power capacity

𝐶.( Revenue from capacity payments

𝐿 Discharge efficiency

“Long-Duration Electricity Storage Applications, Economics and Technologies,” P. Albertus, J. Manser, S. Litzelman, Joule 4, 21 - 32 (2020)



Rated power capacity (VOM) = 0.002 $/kWh-cycle
Installed energy cost (FOM) = 1% of installed capital cost (representative of Pumped Storage Hydro)
Input charging price (PC)= 0.025 $/kWh-cycle
Δ) = 0.05 $/kWh-cycle, no storage medium replacements.

Revenue from capacity payments at 𝑅! = $25/𝑘𝑊ℎ and = $25/𝑘𝑊ℎ
“Long-Duration Electricity Storage Applications, Economics and Technologies,” P. Albertus, J. Manser, S. Litzelman, Joule 4, 21 - 32 (2020)



Storage Cost and Performance Characterization Report, K Mongird et al., PNNL (2019)



Test Case 1: Full excavation of two reservoirs is necessary.



DO ENERGY EFFICIENCY INVESTMENTS DELIVER? EVIDENCE 
FROM THE WEATHERIZATION ASSISTANCE PROGRAM 
Meredith Fowlie Michael Greenstone Catherine Wolfram 

NATIONAL BUREAU OF ECONOMIC RESEARCH

National Energy Audit Tool (NEAT) produces an estimate of the energy 
savings and costs associated with different combinations of efficiency 
measures. The present value of energy savings are calculated using a 
discount rate of 3% and an engineering estimate of the lifespan of the 
measures. The WAP program requires that all recommended measures 
return a minimum of $1.00 in incremental savings for every $1.00 
expended in labor and material costs. 

WAP is the nation’s largest residential energy efficiency program and has 
provided more than 7 million low-income households with weatherization 
assistance since its inception in 1976. Recipient households in our study 
received approximately $5,150 worth of home improvements on average, 
with zero out-of-pocket costs. The most common measures included fur
Nace replacement, attic and wall insulation, and infiltration reduction.
Importantly, WAP only pays for energy efficiency measures that pass a 
cost-benefit test, based on ex ante engineering projections, with the aim of 
ensuring that only beneficial investments are undertaken.



For Program Year 2010, 65 percent of homes were site‐built, 15 percent were mobile 
family, and 20 percent were large multi‐family. Applying the above estimates of 
savings per unit to the over 800,000 sites ORNL notes are weatherized with ARRA 
funds over the 2010 to 2013 period implies that there would be an estimated 97 
million MMBtu saved as a result of the ARRA funds in the WAP.41 Taking the 
average of the ORNL savings estimates across site types gives an average savings of 
19.63 MMBtu per site per year. Using the EIA (2009b) summary data on household 
energy consumption and expenditures to estimate average expenditures per MMBtu, 
the energy savings from WAP lead to an average savings of $444 per year per 
weatherized site.

ORNL calculates equivalent emissions reductions from PY 2010 energy savings using 
state specific emissions factors based on state‐specific energy portfolios. With this 
approach they estimate a reduction of 7,382,000 metric tons of carbon. If attributing 
the MMBtu to a reduction in an energy source with an emissions rate of natural gas, 
then this energy savings corresponds to a reduction in CO2 by 403,482 for newly 
weatherized sites in PY 2010. Applying these estimates to all weatherized sites over 
the period 2010 to 2015 implies a reduction of over 5 million metric tons of carbon. 
This calculation is likely an underestimate to the extent that energy savings offset 
energy use from more carbon‐intensive sources (e.g., electricity use from coal‐fired 
generation).



The study was conducted in southeast Michigan. To select the study sample, we first 
identified census blocks that had high rates of home ownership, high rates of natural gas 
heating, and household incomes that would qualify for weatherization assistance… From 
this group we drew a sample of over 30,000 households. Approximately one-quarter of 
these were randomly assigned to an encouragement “treatment.” The remaining “control” 
households were free to apply for WAP but were not contacted or assisted in any way by 
our team.

Encouragement activities ran from March to May 2011. During the encouragement phase, 
field staff made almost 7,000 initial in person house visits, and with 23,500 targeted robo-
calls to raise awareness of the weatherization program and our encouragement campaign.

“Do Energy Efficiency Investments Deliver? Evidence from the Weatherization Assistance Program, 
Meredith L. Fowlie, Michael Greenstone, Catherine Wolfram, Quarterly Journal of Economics 
(2018), 1597–1644. doi:10.1093/qje/qjy005.



Storage Cost and Performance Characterization Report. K Mongird et al., PNNL (2019)







Variable Speed Pump-turbines
Variable speed pump-turbines have been used since the early to mid-1990’s in Japan and late 1990s in
Europe. They are being increasing considered during project development in Europe and Asia due to a
high percentage of renewable energy penetration. In California, three large pumped storage projects in
development are considering variable speed technology almost exclusively due to the growing need for
detrimental reserves at night, enabling greater penetration of variable renewable energy resources.
Although the technology has been in place since the 1990’s, major equipment vendors are continuously
redesigning the equipment to improve performance.
I

n a conventional, single speed pump-turbine, the magnetic field of the stator and the magnetic field of
the rotor always rotate with the same speed and the two are coupled. In a variable speed machine, those
magnetic fields are decoupled. Either the stator field is be decoupled from the grid frequency using a
frequency converter between the grid and the stator winding, or the rotor field is decoupled from the
rotor body by a multi-phase rotor winding fed from a frequency converter which is connected to the rotor.
Table 15 provides a summary comparing the operational characteristics and advantages/disadvantages of
single and variable-speed turbine units for an example project. Actual benefits will vary depending on
specific site characteristics. Because of the multiple advantages, variable-speed units have been discussed
in this report.









High exit pressures require stronger materials while higher 
working densities dramatically decrease the size of the turbine 



Although the CO2 cycle has the lowest maximum 
cycle efficiency, the efficiency curve is relatively 
flat allowing for more stable operation. 


