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1. Introduction 
About a year and a half ago I posted the Paper described and linked below: 

Advances in Battery Energy Storage: Several recent advancements in flow batteries 
had been made that lend hope to an expansion in their role of augmenting renewables. 
The paper linked below explored these advancements. 

https://www.energycentral.com/c/cp/advances-battery-energy-storage  

Recently I read an article that explored different categories of long-term storage. This is 
where flow batteries compete. Over a few weeks I collected sources and ideas about the 
title technologies. Over time my collection grew to a size sufficient for an interesting 
paper, and thus this post. 

Before I dive into the title subject, I need to define that subject. Currently, the nine-
hundred pound gorilla in the battery energy storage systems is lithium-chemistry. 
Current battery energy storage systems (BESS) based on lithium-ion (Li-Ion) batteries 
totally dominate this market. Flow batteries tried to compete, but could not. Li-Ion BESS 
show absolutely no sign of slowing down, and their prices continue to accelerate 
downward, driven by economies of scale from another 900-lb beast – the expanding 
electric vehicle market. 

The way to deal with a 900-lb gorillas is to go where they are not. LiIon BESS have a 
weakness: they have really good economics as long as their discharge period (at their 
rated output) is no more than four-hours. Substantially longer durations (at least for now) 
may provide market-space for other solutions. This solution might be some of the long-
term storage technologies we review in this paper. 

This paper will describe long-term storage technologies, some economic considerations, 
and recent developments. 

2. Why Long-Term Storage, and Where 
I would give long-term storage, at best, a 50% chance of being able to compete in 
California in the future. This because our weather is really weird compared to regions in 
the U.S. Midwest and East. First of all we have lots of sunny days. The average for most 
of the state is 250 to nearly 300 days a year of sunny and partially sunny weather. This 
means we have lots of solar power, and this continues to grow rapidly. The other thing is 
that it is very dry.  

The seasonal peak period for most of the U.S. is summer. Ditto California, but with a 
difference. The time of peak load is in the late afternoon to early evening. However 
because of our arid atmosphere, as the sun sinks into the Pacific, our temperature drops 
rapidly. The further inland you go (where it is much hotter in the mid-afternoon and the 
air is dryer) the faster it drops. On most days when the temperature touches 100°F, it will 
be in the 70s by 9:00 or 10:00PM. 

For instance, as I’m writing this we are starting a three day National Weather Service 
Heat Advisory in Livermore, CA (where I live). Tomorrow (Tuesday, May 26) and the 

https://www.energycentral.com/c/cp/advances-battery-energy-storage
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following day are both forecast to be at or above 100°F. The table below lists the 
forecast peak temperatures and the temperatures at 9:00 and 10:00PM.  

Day Peak Temp Peak Time 9:00PM Temp 10:00PM Temp 

Tue, May 26 102°F 3:00PM 81°F 78°F 

Wed, May 27 100°F 3:00PM 78°F 74°F 

This weather means that a 4-hour peak capacity run-time is OK for BESS. This will allow 
its output to provide energy well past the peak demand time (typically 7:00PM to 8:00PM 
per CAISO), making it a reasonable add-on to solar. In the summer, solar drops to 50% 
around 7:00PM, meaning storage will need to start supplementing it a couple of hours 
earlier (but not at peak output). However we still need some type of generation for late 
night to pre-dawn morning, even though the average load is very low then. 

We have many gas-fired combined-cycle power plants that currently provide much of the 
late night generation (beyond the output capabilities of our nuclear, hydro and wind). 
Thus there may be a role for long-term storage (beyond our existing large pumped-
storage facilities) in the future. The other alternative is to convert the combined-cycle 
plants to negative emissions technology (NET).  

California has very aggressive greenhouse gas (GHG) reduction targets. That is to 
achieve carbon neutrality by 2045. There is little doubt that NET will be required to do 
this. Although there are several methods for negative emissions technology, one is 
burning plant-derived fuels and sequestering the resulting GHG. For example, using bio-
methane to fire existing cogeneration generators, and then geologically sequestering the 
resulting CO2. As I’ve explored in past posts, California has plenty of bio-mass due to a 
third 900-lb creature: our huge agricultural sector1. This bio-mass is easily converted to 
bio-methane using anaerobic digestion2 , and after purification this biomethane can be 
transferred using our existing natural gas (a.k.a. methane) transmission system. As I 
also explored in an earlier post, potential sequestration sites are widely available in our 
state.3 

Other U.S. regions with normal weather (read: high humidity and hot nights in the 
summer) require large amounts of base-load generation. As they push their power mix to 
achieve net zero GHG, and at the same time lose natural gas-fired and some nuclear 
generation, intermittent renewables plus long-term storage will need to take up the slack. 

Thus the technologies definitely have a future, albeit possibly not in my home state. 

3. Flow Batteries 
Currently the leading technology in deployed flow batteries is Vanadium Redox. A block 
diagram of a typical Vanadium Redox flow battery can be seen below. As you can see, 
the electrolytes (which contain the electro-chemical energy) are held in external tanks, 
thus increasing the energy-capacity (kWh) is simply a matter of increasing the tank-size. 
This makes this design suitable for long-duration applications. 

                                                 
1 California Department of Food and Agriculture, “California Agricultural Production Statistics”, 

https://www.cdfa.ca.gov/statistics/  
2 Biomethane.org, “How Biomethane is Produced”, https://www.biomethane.org.uk/how-biomethane-is-

produced.html  
3 “Verification of Geologic Greenhouse Gas Sequestration”, Nov. 2019 

https://www.energycentral.com/c/cp/verification-geologic-greenhouse-gas-sequestration  

https://www.cdfa.ca.gov/statistics/
https://www.biomethane.org.uk/how-biomethane-is-produced.html
https://www.biomethane.org.uk/how-biomethane-is-produced.html
https://www.energycentral.com/c/cp/verification-geologic-greenhouse-gas-sequestration
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Below are the basic metrics for the Vanadium Redox flow battery. 

 Charge/discharge roundtrip efficiency: 65% to 75% 

 Typical charge/discharge cycle life: 10,000 cycles 

 Present value of installed cost: $5,800 to $6,600 per kW 

 Levelized cost of energy: $260 to $300 per MWh 

Although there have been many designs with different chemistries tried, only a few have 
made it past the prototype stage, and the ones that did could not compete with the 
above design. 

However, there may be a new design that is coming out of the University of Southern 
California that seems to have potential to unseat the above best-of-type technology. The 
design is called an iron sulfate / AQDS flow battery, and a paper describing its design, 
implementation and test results is referenced here.4 

A simple block diagram and reaction description from this paper can be seen below. 

 

                                                 
4 Bo Yang, Advaith Murali, Archith Nirmalchandar, Buddhinie Jayathilake, G. K. Surya Prakash, and S. R. 

Narayanan, Department of Chemistry, Loker Hydrocarbon Research Institute, University of Southern 

California, posted in the Journal of The Electrochemical Society, “A Durable, Inexpensive and Scalable 

Redox Flow Battery Based on Iron Sulfate and Anthraquinone Disulfonic Acid”, 

https://iopscience.iop.org/article/10.1149/1945-7111/ab84f8/pdf  

https://iopscience.iop.org/article/10.1149/1945-7111/ab84f8/pdf
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The main attribute of this design is its extremely low cost, compared with a Vanadium 
Redox flow battery (VRFB). Otherwise it stacks up pretty well based on the developers’ 
descriptions. 

 Charge/discharge roundtrip efficiency: 70% to 75% 

 Typical charge/discharge cycle life: …no measurable change in the capacity of 
these cells over 500 cycles in symmetric cells and no deterioration of active 
material across long periods of cycling. 

 Cost: … Although the thermodynamic cell voltage of 0.62 V is not as high as that 
for the vanadium system, we project an active material cost (including acid), to 
be about $54/kWh for the symmetric cell using acidic solutions of iron sulfate and 
AQDS… In comparison, the materials cost is significantly lower than that of the 
materials cost of state-of-art vanadium systems at $160–180/kWh. We recognize 
that the stack costs will be higher for the Fe-AQDS system because of the lower 
voltage … (however the overall) system cost for Fe-AQDS is projected to be 60% 
of the cost of the VRFB system… 

However, the bottom line on cost is that further development and deployments will be 
required before Fe-AQDS system has a lower cost than the Vanadium Redox flow 
battery. Stay tuned. 

4. Hydro and Pumped Storage 
Hydroelectric generating plants include pumped storage facilities. Most hydroelectric 
plants have some ability to store water at some point in time and let it flow through its 
water turbines/generators at other times. Thus most hydroelectric generators can 
provide some energy storage capacity. However, since most hydroelectric facilities are 
highly constrained as to when and the volume of water that they flow (through the 
turbine/generators and otherwise), this storage/generation capacity may not be a large 
percentage of their overall output, and may not generate exactly when it’s needed. 

Since California has a huge amount of hydroelectric generation (over 16,000 MW total 
peak-capacity), if even a small percentage of this can be optionally scheduled, it 
represents a large amount of power. However dedicated pumped storage facilities can 
optimally schedule their storage and generation. 5 

                                                 
5 Collin Doughty, Linda Kelly, John Mathias, California Energy Commission, “Bulk Energy Storage in 

California”, CEC-200-2016 -006, July 2016, https://ww2.energy.ca.gov/2016publications/CEC-200-2016-

006/CEC-200-2016-006.pdf  

https://ww2.energy.ca.gov/2016publications/CEC-200-2016-006/CEC-200-2016-006.pdf
https://ww2.energy.ca.gov/2016publications/CEC-200-2016-006/CEC-200-2016-006.pdf
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A typical dedicated pumped storage facility uses pumps and generators to move water 
between an upper and lower reservoir.  

There are two large dedicated pumped storage facilities in California described below: 

 Helms Pumped Storage Plant: Owner – Pacific Gas & Electric (PG&E), Capacity 
- 1,212 MW peak, commissioned in 1984 (figure below) 6 

 Castaic Pumped Storage Plant: Owner - Los Angeles Department of Water & 
Power (LADWP), Capacity - 1,682 MW peak, commissioned in 1978 

 

It should be noted that above two facilities are each near a major cluster of PV 
generation projects. Helms is in Fresno County, which has over 2,000 MW of these 
projects, and Castaic is near Kern County, which has over 6,000 MW of these projects. 

There are also a number small-to-medium sized of pumped storage facilities in California 
that are associated with irrigation, water transmission and other (conventional) 
hydroelectric projects. These range from less than 8 MW (Senator Wash Pumping-
Generating plant) to 424 MW (Gianelli Power Plant). Although these do pump water to 
storage (and later use it for generation), they are constrained as to when and how much 
they can store, however they do provide reasonably effective long-term capacity. 

There are also a few medium and large pumped storage facilities that seem to be stuck 
in the planning stage. Considering how really expensive these facilities are to build, I 
would guess the developers and investors are on hold waiting to see if Li-Ion or flow 
batteries continue to improve their economics for long-term storage. 

                                                 
6 Manho Yeung, PG&E, “Helms Pumped Storage Plant”, via Wikipedia, 2008, 

https://web.archive.org/web/20120102061650/http://www.nwcouncil.org/energy/Wind/meetings/2008/10/

ManhoYeung.pdf  

https://web.archive.org/web/20120102061650/http:/www.nwcouncil.org/energy/Wind/meetings/2008/10/ManhoYeung.pdf
https://web.archive.org/web/20120102061650/http:/www.nwcouncil.org/energy/Wind/meetings/2008/10/ManhoYeung.pdf
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5. Other Long-term Storage Methods 
This will be a very short section, as the methods described below suffer from worse 
efficiency and economic issues than pumped storage. 

Compressed air energy storage (CAES) is similar to pumped storage, except the 
medium is that is pumped (compressed) is air rather than water, and it stored in highly 
permeable underground formations (depleted oil formations work) or caverns. In order to 
have anything approaching reasonable efficiency, there must be an associated thermal 
storage system to store the heat from the air as it is compressed. As the air is removed 
from underground (and expands and cools), reheat it with this storage before it goes 
through the turbine/generator. These end up being very expensive systems, and there 
are a limited number of suitable sites. This is probably why only two of these systems 
have been built (world-wide), and they were built before reasonably priced BESS 
existed. 

Advanced Rail Energy Storage (ARES): A company (linked below) is promoting this 
solution. It uses existing electrified rail technologies. The principal is simple – a series of 
heavily weighted electric trains (figure below) travels up an inclined track to store the 
energy, and travels back down the track to “discharge”. 

https://www.aresnorthamerica.com/  

 

The advantage for ARES is that it’s largely off-the-shelf technology, and thus it is only 
modestly expensive and low-risk. The disadvantage is that there will be more 
maintenance than a typical BESS. ARES has built a single small pilot, but it has not 
been deployed. 

Per reference 5 above: ARES is facing difficulties in obtaining financing for a 
demonstration project. Uncertainties surrounding an unproven technology, along with 
other barriers that affect bulk storage projects in general, provide challenges to this 
technology moving forward. In addition, the land-use and permitting requirements that 
would be necessary to scale this technology up to larger sizes are additional 
impediments. 

Hydrogen Energy Storage System: A combination of an electrolyzer, hydrogen 
storage and either a fuel cell or combustion turbine gen set can form a green hydrogen 
energy storage system. This system uses mostly off-the-shelf technology (read: low risk) 
and could store very large amounts of energy (read: very long run-times). However 
efficiency will be very low, and system cost will be very high. The earlier paper linked 
below (section 3) explores these systems in more detail. 

https://www.energycentral.com/c/cp/hydrogen-futures-part-2  

https://www.aresnorthamerica.com/
https://www.energycentral.com/c/cp/hydrogen-futures-part-2

