Informal Commentary on:  Grid Energy Storage 

< http://energy.gov/sites/prod/files/2013/12/f5/Grid%20Energy%20Storage%20December%202013.pdf > 

PREAMBLE

Detailed commentary on Grid Energy Storage will be deferred until the latter part of this critique in order to point out what may be a regretable omission
.  Specifically and simplistically, energy storage may be crudely divided into two domains:  
"
Stored energy less than roughly  25  megawatthours. 

"
Stored energy greater than roughly  250  megawatthours.  

The former is the focus of the Grid Energy Storage and is appropriate for undergirding the quality of grid power, including waveform quality, waveform frequency, and waveform peak-peak voltage.  The latter domain assumes transcendent importance in a post-carbon world where one must confront the Intermittency Challenge and match capricious demand with episodic renewable generation.  Trying to deal with intermittency in a post-carbon world armed only with Grid Energy Storage is sort of like endeavoring to play hockey with only one skate.  Senator Wyden, with five children and the prospect of many grandchildren, will doubtless want to assure a smooth and seamless transition from the Age of Fossil Fuel to the Age of Renewable Energy.  Therefore, the remainder of this Preamble will focus on a few topics which he may desire to contemplate more frequently.

Right now, countries belonging to the Organization for Economic Cooperation and Development (OECD) account for roughly  1/6  of the World’s population and  1/2  of its electricity consumption; the per capita draw is roughly 1000 watts.  Non-OECD countries have the other  5/6 of the population and consume the other  1/2  of the generated electricity.  A resident of the OECD consumes five times as much electricity as someone outside the OECD.  People outside the OECD want better lives and better lives associate strongly with higher electricity consumption.  Countries like China and India want to catch up and are working really, really hard.  All the non-OECD has to do is grow its electricity generation 5% faster than the OECD, and it will catch up by mid-century (2050).  Successful catch-up will leave the World with around 10 billion people, each clamoring for an average electricity consumption of at least 1000 watts.  Generating that much electricity from fossil fuel will require the equivalent of 160 billion barrels of petroleum every single year.  Except that the Ultimately Recoverable Resource (URR) of petroleum bequeathed to Mankind by Nature is thought to be around 3200 billion barrels, and a lot of this will have been used up before 2050
.  This is where two centuries of (roughly) exponential growth of both population and per capita fossil fuel use have delivered us.   


Since Obama became president, there have been several major studies of the World’s fossil fuel resource.  Though of varying focus and methodology,  they all agree that fossil supplies will be getting dicey in  60±30 years.  If you don’t believe me, check with Professor David Rutledge of Cal Tech:  his date for painful constriction of fossil fuel supply is 2070.  2070 is when roughly Senator Wyden’s grandchildren will be thinking of retirement; and, the world around, life will be pretty grim if mankind has not successfully transitioned to renewable energy.  

Whatever else it may be, the generation of renewable energy is confidently expected to be episodic.  The sun rises predictably, but some days there is cloud cover; and the wind is rather less dependable.  This is where massive electricity storage comes in:  it accumulates in times of plenty and disburses in times of scarcity.  If it is adequate, everyday activity as we expect it can go on.  Otherwise, everyday activity stops!  Diurnal variations in generation must be smoothed.  The consequences of a fortnight period of cloudy weather and calm wind must be ameliorated.  

Electrification was the most important technological advance of the Twentieth Century.  As it occurred, my parents adjusted.  As it occurred, the infrastructure, which made life without electricity tolerable, evanesced.  Until today, if the power dies, my refrigerator/freezer warms up while my natural gas heating system quits ‒ its controls require line power.  In a post carbon world, everything stops (including electrolytic generation of hydrogen) if the there is a prolonged suspension of generation due to sabotage, natural disaster, technical incompetence, or an untoward period of cloud and calm.  Only massive electricity storage can avert this.  And the technology for this remains unproven:  fantasized, yes; conceptualized, yes; available off the shelf, no; debugged, no; tested by torture, no; trustworthy and dependable, inshallah! 

The challenge for 2050 is that each of 10 billion people will want an average of 1000 watts, all the time.  To get a comprehensible grip on this electricity supply challenge, divide those people into 10,000 cohorts (“minigrids”?) of 1,000,000 people each.  Each cohort will then need an electricity “granary” of roughly:  
"
1 GW average power output
"
2 GW peak power output 
"
100 GWh = 100 million kilowatt-hours of storage.  One- or two-day major outages are more common than you might think, and the public will want protection even from “Category 5” events.  
By 2050, the United States alone could require 400-500 such facilities:  and the cost of each could be  15 G$ (~150 $ per kWh)  for underground pumped hydo, give or take a factor of two.  The capital cost to the United States for its electricity storage threatens to be on the order of half of one year’s GDP.  


A fly in this ointment is that electricity storage on this scale is terra incognita.  Storing electricity on this scale is rather like mice plotting to hang a bell around the neck of a predatory cat:  how might it be done, and who will take the risk?  

Specifically, battery storage facilities now extant and successful are over a thousand-fold smaller than  100 GWh ; and, they are rather more costly than  150 $ per kWh.  Massive flow batteries sound attractive, but are “under development” and have not yet been proved out.  Compressed air energy storage that does not work in tandem with natural gas combustion is still on the drawing boards and has yet to survive full scale field tests.  Standard pumped storage hydro is tried and true, but finding suitable sites for the reservoirs is frequently cited as an epic problem.  Underground pumped hydro obviates the siting problem (in theory) but has never been field tested.  

Moving from a few MWh of storage to many score GWh will be a major challenge.  Prudently precautionary considerations would lead many to tackle it at once, and vigorously.  
CRITIQUE

Acknowedgements  


The Reviewer notes that Senator Wyden is said to have been trying for years to get a statement on energy storage out of the DOE.  He therefore views with surprise that all but one of the core team behind this report seem to be in-house DOE persons and wonders whether the report might be subject to attack on grounds that there may be outside the box and outside DOE points of view that were overlooked.  Senator Wyden’s interests might have been better served by his subcommittee empanelling an external committee of potentially iconoclastic energy gurus:  Nathan Lewis and David Rutledge, both of Cal Tech, spring at once to mind; but there are lots of others in the country.
Executive Summary  

The Reviewer agrees that “energy storage can play a significant role” in meeting forthcoming challenges, but missed mention of what significant storage might cost or how big “significant” might be.

Energy storage is properly measured in joules not watts.  The Reviewer well understands that specifying “watts” when energy is measured in joules may be an effort to describe how much supplementary power draw might be needed to assure the quality of the gross supply of line power.  He doubts, however, that the either the Public or a majority of the Senate committee that requested the report will understand this.  A prerequisite to appreciating the difference, especially where battery storage may be involved, is the Ragone plot; however, none were presented in this report, nor was the name Ragone so much as mentioned.  

The Reviewer views with reservations the “four challenges” discussed at the bottom of p. 4.  First, “cost competitive” should not be judged by current market prices but by the ones that will prevail when the storage is desperately needed.  Massive electricity storage is not something that can be bought off the lot like new cars; and it will be available in time of need only if built years in advance.  Like carrier strike groups, it is mostly a damned waste of money; but when desperately needed, it is priceless.  Second, “validated reliability & safety” can exist only if the storage is built well in advance and tested many years under good circumstances and bad.  After all, the spectacular overheating events produced by lithium ion and sodium sulfur batteries were not discovered early on.  Third, “equitable regulatory environment” can probably be achieved, but perhaps “equable” would have been a better adjective.  However, neither suffices unless the rules are simple and red tape minimal.  Fourth, “industry acceptance” is not necessarily necessary because national security is the overriding purpose of massive electricity storage:  a stable supply of electricity is fully as essential to national well being as our eleven carrier strike groups.  

The phrase on p. 5 “storage can be a critical component” seems a remarkable understatement considering that episodic generation is a property of most renewable sources, that the lack of a robustly developed electricity storage infrastructure well known to be the “Achilles’ heel” of renewable energy
, and that the Age of Fossil Fuels seems destined for phase-out in only  60±30 y .  The Referee does not understand why “unsubsidized” is specified when it seems obvious that massive electricity will probably not be an attractive investment until such time as fossil fuels kite upwards in price and there is no time left to build the enormous bulk of invaluable storage then needed.  

In the table on p. 6, the Authors speak of “targeted scientific investigation”.  The Reviewer fails to see how this differs from “picking winners and losers”, an allegation frequently flung at DOE in times past.  DOE is today definitely targeting batteries as a potential winner, even though batteries have been touted and labored over for the past century without fulfilling their developers’ hopes and dreams
.  Parenthetically, the Reviewer believes (i) that DOE is spending too little on batteries and (ii) that its RD&D program is grossly lopsided.  
1.0  Introduction  

On p. 7, “modernizing the electric grid” is so much “apple pie and motherhood”:  who could object?  What constitutes “modernizing” and who pays for it are different questions entirely.  For example, the Referee believes that a nation-spanning HVDC grid backbone is needed and that its conductors should be sized to balance aluminum refining energy against lifetime resistive loss.  

Further down on p. 7, the Report reveals that California is mandating energy storage described in terms of MW , an output measure of a storehouse that holds MWh.  Although reasoning by analogy can be dangerous, he notes that a recent PBS documentary revealed that on D-Day some of the German defenders on the cliffs retreated not because they were driven out but because they ran out of ammunition.  Storage facilities really should have their capacities stated along with their maximum output capabilities.  

At the bottom of p. 7, the term “power-conditioning value” is used.  Well-conditioned power is certainly highly desirable.  But this should not have been so overwhelmingly the focus of the Report.  When the power fails, the incandescent bulbs in the Reviewers’ home wink out; and they care about little other than rms voltage.  Worse yet, his furnace goes off because it requires line power to operate
.


The statement about “pre-positioning storage on the load side of transmission constraint points” may well be the most important statement in the Report.  This is precisely what is required for successful maintenance of the integrity of an infinite bus-bar, without which modern America will grid to a halt.  

At the bottom of p. 9, the Report speaks of “potential options” when “a restricted set of potential options” might have been a better description.  

At the top of p. 10, there appears the remark, “This report does not address new policy actions, nor does it specify budgets and resources for future activities.”  ‘Tis pity, because Senator Wyden and his entire subcommittee need to understand that meeting our nation’s electricity storage needs between now and 2070 will require (give or take factors of two
) 500 storage modules, each holding 100 GWh and putting out up to  2 GW,  and each costing maybe  15 G$ .  Spread over the next 50 or 60 years, redoing our nation’s electricity system could chew up one entire year of GDP.  
2.0  State of Energy Storage in the US and Abroad  

At the top of p. 16 mention is made of storage systems that “can be designed with a broad portfolio of technologies such as …”; this is probably true, but can they actually be built to meet the criteria of price and reliability previously stated?  The Reviewer believes that each envisioned system should be presented along with minutely detailed descriptions of its claimed technical characteristics ‒ and then sharply interrogated with the blunt questions “Price?” and “Delivery?”.  

In the middle of p. 17, mention is made of “reactive power”.  In the interest of energy efficiency, it is most important that this be controlled, but the Reviewer is unfamiliar with the details of how this might be handled by a real energy store and would appreciate some didactic references on the topic.  Remember, the readers of the Report may not be adepts at power engineering.


At the bottom of p. 17, there occurs the remark “do not handle deep-discharges well”.  This presumably means that an energy “cushion” must be left in the storage container.  The Reader would doubtless welcome references to the primary literature where the deep-discharge resiliences of the several storage modalities are discussed in detail.  


Towards the middle of p. 19, the Reader is introduced to hydrogen-economy concepts.  This promises to be a relatively robust way of storing energy for trans-seasonal load shifting; but, as yet, it is only a promise, though one that seems realistic.  Yes, its turn-around efficiency may not be the greatest; but it could be in the neighborhood of 40%, which is markedly better than being unable to store more energy at all during periods of extreme glut.   

Table 3 lists the storage technology types.  CAES could indeed be described as “established”, but only if one means “diabatic CAES”; whereas the putatively more efficient adiabatic CAES has never been field tested.  Pumped hydro is indeed developed and mature, but only if one means the traditional kind with both reservoirs above ground; and the Authors admit that it could have siting issues and be “geographically limited”.  Underground pumped hydro (upper reservoir on surface, lower reservoir several hundred meters underground) is predicted to be markedly easier to site; but, of course, it has never been field tested.  None of the other technologies have been demonstrated to be both cost effective and scalable to the sizes needed.  
3.0  Grid Scale Energy Storage Applications  


Ancillary services are discussed on p. 22.  The Reviewer believes that the Reader would be better informed if they were categorized as:  (i) control of nominal frequency; (ii) control of waveform; (iii) control of rms voltage; and (iv) control of power factor.  Even with massive electricity storage to draw upon, tight and rapid management of these qualities might not be easy.




Toward the middle of p. 26, a “15- to 20-year planning horizon” is mentioned.  This is inadequate.  The challenges facing America include:  (i) historical evidence shows that
 shifting dominant sources of primary energy takes on the order of two generations; (ii) major shortages of fossil fuels are expected in the middle of this century; (iii) the developing world has both rising per capita demand and rising population; and (iv) the proposed technological fixes are a long way from maturity.  

Table 5 on p. 29 rates seven storage technologies on their suitability for twelve different applications.  For no application was pumped hydro listed as “definitely suitable”!  The Reviewer dissents and suggests that pumped storage hydro appears to be the technology of choice for load shifting.  
4.0  Summary of Key Barriers  

Use of the term “cost competitive” on p. 30 obscures the issue of when massive electricity storage should be cost competitive.  At present  such storage is not that important.  In a post carbon energy scenario, whatever it would cost today may seem irrelevant since it will be “priceless”.  The Reviewer can not imagine how the World of 2100 will be able to function without massive electricity storage.   

Operational safety of major storage systems (p. 30) is a concern because several battery facilities have had mysterious fires and because questionable design, maintenance, and inspection led to a dam failure at the Taum Sauk pumped hydo facility
.  

“Regulatory environment” (p. 31, top) is important but may be overly stressed.  The city of Kronstadt in southeastern Austria-Hungary experimented with “privatizing” armed defense and was repeatedly sacked.  Possibly, massive electricity storage should be regarded not as an entrepreneurial endeavor but as national defense expenditure:  we don’t know for sure when it will be needed; and when it is needed, it will be “priceless”.  


The issue of industry acceptance may be less important than expected.  In many parts of the World, power outages are accepted much like the local weather; but only because the locals have no choice.  But if America migrates to renewable primary energy sources, then it must have massive electricity storage or learn to live with intermittency and massive public protest:  viewed in this light, massive storage becomes a sure thing, like it or not
.   
5.0  Energy Storage Strategic Goals

The first paragraph is envisioneering, a destination to be reached rather than a road map to follow.  It’s great reading, but what America needs is an existence proof that it can be achieved.  Remember the envisioneering in the parable of Dives and Lazarus, how even the angels of Heaven were unable to bring the vision to pass.  

In the middle of p. 32, “strategy” is discussed.  To the Reviewer, this should include not only the dream but also how the Authors  would suggest making that dream come true.  


The Report next lists four desirable characteristics for energy storage, and they sound okay to the Reviewer.  But the Reviewer would rather hear details on what sorts of storage we have a prayer of getting in the enormous quantities that will be needed.  Detailed instructions for manufacture and assembly are needed.  The Reviewer freely admits that he does not know how to proceed expeditiously to build it.  

Near the bottom of p. 32, a goal of “cost competitive energy storage technology” is set.  The Reviewer would love for someone to tell him how to achieve it.  Furthermore, he worries that Readers may assume that actualization of these visions is right around the corner, only to wake up a decade hence and learn that little has been accomplished.  


Validated reliability and safety is a sine qua non of the storage system we owe our descendents.  But how does one validate that to which one has no present access. More troubling still is the suspicion that the end users may receive some storage in sealed packages whose contents are proprietary and whose details are unpublished.  It simply wouldn’t do to have hardware with bugs whose etiology is mysterious.   

On p. 33, a list of near-term and long-term performance targets is given.  The Reviewer notes that goals do not necessarily come equipped with roadmaps to success.  With respect to near-term goals, the Reviewer observes that we are not explicitly told where validated performance stands TODAY.  For example, a good pumped hydro system already overfulfills the system efficiency and cycle life goals.  

Further down on p. 33 we learn that the goal for system capital cost of storage is  150 $ kWh‒1 .  It would have been nice to see a table of present day costs of where we stand now.  For each storage technology, we should have been told:  

A.
The current state of the art.  
B.
Where we need to be in 2050 and why we need to be there.  

C.
How, specifically we can make the transition A→B.  

D.  The levels to which Senator Wyden should be pushing RD&D expenditures. 


With respect to Table 6, the Reviewer insists that Hope is not a Strategy.  The Public deserves to be told how these laudable goals can be accomplished.  
The Public deserves to be told where the resources will come from.  


At the bottom there is the rallying cry “deployment of 5 GW of new grid storage by 2025 is an achievable objective”.  Perhaps the Authors meant “5 GW of new supporting power”?  
6.0  Implementation of Goals  

Table 7 is impressive and clearly assigns responsibilities.  The Reviewer, however, is left without a detailed road map of how to solve the century-old need for long-lived but gradual-fail batteries of high (volumetric) energy density.  Nevertheless, the Reviewer considers the problem to be of such importance that the Government should launch forthwith a program to achieve this goal by mid-century:  initially  5 G$ y‒1  should suffice if cannily disbursed; more will be needed if and when a breakthrough occurs.    

Toward the bottom of p. 41, there occurs the comment, “the group has a target of a five-fold increase in the energy stored in today’s batteries at one-fifth the cost”.  The Reviewer suspects that if present battery technology could have supported such an advance, the advance would long since have been achieved.  Radically new technology would seem to be required.  A century of tweaking lead-acid technology simply hasn’t provided the breakthrough desired.  
7.0  Actions Specific to Technology Development  

This section highlights what the Reviewer considers to be a shortcoming of the Report:  namely, electrochemical electricity storage is given the lion’s share of the discussion, while other tried and true storage technologies (e.g., pumped storage hydro) are touched upon only lightly.  

The first complete paragraph on p. 47 deserves to be expanded and highlighted.  Often overlooked is the notion that storage is a system composed of three essential parts:  (i) an energy “reservoir”, (ii) needful power electronics, and (iii) Balance of System.   


Towards the bottom of p. 47 is the phrase “demonstrations in the near future”.  Always remember that the “near future” is nonetheless still in the future.  The recent history of CAES installation in the United States clearly demonstrates the distinction between scheduled and completed.  

Footnote 43 referred Readers to Grid Energy Storage:  Challenges and Research Needs.  Googling this title turned up only two hits, both of which turned out to be this Report.  Referring the Reader to references that are not readily available is distinctly unhelpful.
8.0  Goals and Actions Specific to Analysis 

With respect to the first paragraph of this section, the Reviewer notes that analytical modeling is to be used.  How is one to know that simplified models adequately map complex reality?  It would have been reassuring to have been told what new and thrilling predictions were have been first made and then verified experimentally.  That is, discuss the marvelous fruits of analytic endeavor in the the energy storage area.  
9.0  Energy Storage Technology Standardization and Balance of Report

On p. 58, the HEATS program is described.  The Reviewer agrees that effective thermal storage could have a major positive impact on America’s energy posture, especially for trans-seasonal heating/cooling strategies.  

Appendix B, as distributed in pdf files via the Internet, was semi-unintelligible.  Even when the pages were blown up, the printing was blurry.   

� The modifying phrase “may be” is used since the Reviewer does not know the detailed instructions given to the drafters of this report.  


� The URRs of coal and natural gas are thought to be of the same magnitude as that of petroleum.


� Lee BS & Gushee DE, Electricity storage: The Achilles’ heel of renewable energy, Chemical Engineering Progress, 104, S29–S32 (2008).





� For example, Edison tried and failed:  e.g., � HYPERLINK "http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=1293606" �http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=1293606� .


� The Reviewer suspects, but does not know, that the gas supply depends upon electrically driven pumps that are none too finicky about line frequency and waveform.  


� It’s hard to be accurate when the technology required has yet to be developed and validated.  Just look at the missile defense program and the joint strike fighter program.  


� Cf. Fouquet, Energy Policy 38, 6586-6596 (2010).


� The Reviewer is mildly uneasy because he has yet to see a detailed report getting at the root causes of the battery fires.  Such a report does exist for the Taum Sauk incident.  


� “Any port in a storm!”
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