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Summary We present and analyze three powerful long-term historiciitréine electrificatioof energyby free-fuel sources.
These trends point towards a futirevhich energis affordable, abundant and efficiently deployed; with majaneico geo-
political, and environmental bendbtiumanity.

Abstract We present and analyze three powerful long-term historiclitremergy, particularly electrical enagwyellasthe
opportunities and challenges associated wattttbids. The first trend is from a world containing a divefgihergy currencies

to one whose predominant currenisyelectricity, driveby H O H F WranspoktaBilityy exchangeability, and steadily decreasing
cost. Thesecondrendis from electricity generated from a diverdityourceso electricity generated predominabgiyree-fuel
sources, drivehy their steadily decreasing cost and long-term abundarsstrdiies necessitate a just-emerging third trend:
from a gridin which electricitys transported uni-directionally, tradecear-static prices, and consumed under direct human
control;to a gridin which electricitis transportedi-directionally, tradeat dynamic prices, and consumed under human-tailored
artificial agential control. Tetrends point towards a futurewhich energis not costly, scaraa inefficiently deployed, but
insteadis affordable, abundant and efficiently deployed; with majoongicp geo-political, and environmental bengfits
humanity.

Keywords Energy generation, energy storage, environment, fossil fuemgotpoticy and funding.

Discussion Points

x Concern over climate change often leadgessimistic vieod a futuren which energy witle costly and scarce; careful
considerationf the electrificationf energy through free-fuel sources leads instaadptimistic vievof a futuren which
energy wilbe affordable and abundant.

x Affordability and abundanoéfree-fuel electricigt low penetratiois no longerin doubt;it isat high penetration that the
uncertainty and challenges lie.

X Wecanbe optimistic about the many energy/information options avdedi@daptive grid that could accommodate free-fuel
electricity sources that fluctuiatepace and time, thougke do not know whichof these options witleimportantin the
future.
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make the over-arching case that tder@ot appeato be
1 Introduction fundamental reasons these trends migitbntinue into the
long-term futureWe also emphasize that our perspedsive
Consumptiorof energyat ever-increasing rates has been keynot intendedto be normative (advocating for policy that
to K X P D Qrhprbvemenin qualityof life. The human body  favors or disfavors these long-term trends), butbe
itself only consumes ~100 W. But, enharmednodern descriptive (pointing out historical trends and their
technology, the global average human consumes ~2.5 kwompatibiliy with long-term and fundamental considerations).
about twenty-five times more, and the average U.S. resident

consumes ~10.3 kW, about 100 times #nore. 2 Electnﬁcaﬂon Of Energy
In much conventional thinking, however, energy

consumptioris coupledto significant negative environmental ~The first long-term trends from a world containing a
externalities. Continued increasesthe rate of energy  diversityof energy ‘currenciesito one whose predominant
consumption thus can seem problematic, and the resultingfirrencys electrical energy.

perspectiveis one of energy scarcity. Though such a In the U.S., the electricity fraatiof end-use energy
perspectiveis a powerful motivator for increased energy consumption was zein 1882, when commercial electricity
efficiency, which enables humtndo more with less energy, generation started with a hydroelectric power gilidgara
continued increaseés the global averagk X P Dapsdute Falls and a coal-powered plantNew York City but has
rate of energy consumptioare necessary for significant steadily and continuously grown over the 186tyears,
continued improvemerit quality of life. Said differently, reaching ~8% in 2016.4 Worldwide, the fractiois slightly
absenoécontinued increases woblkelat leastasproblematic less (20-25%), bus nonetheless growing faster than the

for humanity. fractionof any other fornof end-use energy consumptias,
In this paperywe examine three major |0ng_term treimds iIIustratedby the historical chaxf Figure 1 basedn data

energy and particularly electricity, trends which offer a morsom the United Kingdom (UK.

optimistic perspectivepne of energy abundance amd This trendis certainly not overn loose analogio the

significantincreasesthe rateof energy consumption aind national monetary currencies that poasnoméxchange,

K X P D QqualityeMife. A first major trené from a world electricity uniquely haspr will soon have, all the
trading energyn a diversityof energy " F X U U HtQ BrieH V (characteristics most important for a currency that powers
whose predominant currenisyelectrical energy. A second energgxchangéthereis no needto invent a new and better
major trendis from electrical energy generated from aenergy currency. The characteristfcelectricity, discussed
diversity of sources to electrical energy generated belowin comparisorto the only other possible contender for
predominantlypy free-fuelusources sucaissolar and wind.  such a near-perfécurrency, natural gasethatit be easily

A third major trendis from a gridin which electricitys transportale, easily exchangeable into other fafrenergy,
transported uni-directionally, tradeédrelatively) static prices and low-cost.

and consumed under direct human cortivad, flexible grid

in which electricitys transportedbi-directionally, tradedt
(relatively) dynamic prices, and consumed under human
tailored agential control. 3 HausmarW. J., Hertner P., and Wilkikks ~ * O R &8ld2t@fication:

; [tinational enterprise and international fingwitee historyof
We present, analyze, and discusse thends,as well as mu ) S
opportunities and challenges arising when following thesI og%?nd powed87& HCambridge University Press, UK,
trendsto their logical conclusions: a futurevhich energis 4 From the U.S. Energy Information Administration, the percentage
affordable, abundant, and consqnmdnuch greater amountsyf primay energy consumedr electricityin 2016was ~40% (U.S.
than ever before. Early appreciatafnthese trends can Department of Energy, 20186,
accelerate them, along with the adeérdan energy future  https://www.eia.gov/energyexplained/index.cim?page=us_energy h

whichis not problematic, but instead pervasively positive. =~ omg. Subtracting from this the primary energy wasted during

We emphasize that our perspeciivehis paperis long- generation (~62%f electricityis generated from hydrocarboeis
term and fundamentaire these trends compatible with ~37% efficiency) and transmission/distribution (at approximately

. . . 95% efficiency), gives ~30%of actual end-use electricity
fundamental considerations thet¢valid ovethe long term? consumption.

Our purposeis not to discount al_so-ext_remely-|mp0rtant 5 Figure basedn Fouquet, R.,’Long run demandor energy
short-term andessfundamental considerations, but singly  services: income and price elastiaities 200 \ H D URévigwof
Environmental Economics arieolicy 8(2) (2014)186207.Heat,
power and light: revolutions energy services. Edward Elgar
1ln 2015,world primary energy consumption was ~18 TW, world Publishing, with additioly R Fouquet.

population was ~7.B, henceworld per capita energy consumption 6 Rosenberg, Nathan. "The rolgf electricity in industrial
was ~2.5 kW/personJS energy consumption was ~3.3 TU§ development.” The Energy Journal (1998): 7-24.

population was ~321M, hence U.Sercapita energy consumption 71t is not,of course, gerfecturrency, and there will certalydy
was~10.3 kW/person. nichebut important applications for which chemical fuels will
2Kelly, M.J., 2016. Lessons from technology develofumenergy continueto be necessary, particularly applications,asrobket and
and sustainability. MRS Energy & Sustainability-A Review JBournal, jet engines, requiring concentrated and portable power.
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Figure 1: Historical trendsin the percentagesof various energ
N WE E vwohsemedby end usersn the United Kingdom. Electricit
the most functional of the energy currencieshas commanded
continuously increasing percentage. Note thad, the extent that the
electricity is generated using onef the other fuels (coal, petroleur
natural and town gas), the total primary consumption (not jusy end
users)of those other fuelss higher than indicated.
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2.1 Transportability
A first important characterist€ an energy currendy that

it be conveniently transportable all the way from point-of-

creation to pointof-use, over long-haul’ W U X lihésu
transmitting massive amouotgpoweraswellaspoint-of-use

" O DneWiu lines transmitting much smaller amourits
power.

For electricity, stat-theart long-haul transporis via
high-voltageDC transmission linegit a voltageof 380kV
and athermal-sag-limited curreoit ~9kA, a dual-conductor
2B.3cmdiameter line can transport ~3GW¥ electrical
powerg This amounbf poweris enormous? the equivalent
of several utility-scale power plants.

For fossil fuels, long-haul transport can ladsat very high
rates. For natural gas, a stditheart pressurized2inch-
diameter pipeline can transport ~500 millfg¥day of
natural gag&.Usingan energy contendf 1.055 MJ/f} and
86,400s/day gives an effective transport aite6GW of
natural gas S R Z K ¢bmparabléo electricity transport. For
coal,one 50foot-long rail car carries ~120 tayfscoal with
an energy contenof ~8.14MWh/ton at a speedof ~55
miles/h. Thus, the transport raté coal “ SR Z lis 3,700
GW11The time-averaged rageof course much lower, e.g. a
factor of ~1,00Q if rail car utilization duty factos

8 Estimates derived frofm KiesslingP. Nefzger, J.F. Nolasco, and

U. Kaintzyk. Overhead power lines: planning, design, construction.
Springer, 2014.

9 Estimates derived from U.S. Energy Information Agéicl,R X W
U.S. Natural Ga8 L S H QUL 8 B&partmemtf Energy, 2008).

106 GW ~ (500 milliorft¥/day) /~(\1.055MJ/ﬂ2/ (86,400s/day).

11 5,700GW ~ (120 tons)A8.14 MWh/ton) A55 miles/h)A5,280
feet/mile) / (50 feet).
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considered, bus nonetheless a high effective transport rate
ofcoal " SRZHU p

In other words, the carrying capacitiestateof-theart
long-haul electricity, natural gas and coal transport have
similar orderef magnitude. The sarsstrue for their costs,
which alscare approximately the same ordérmagnitude.
Note, though,that their costs all have different capital,
operating and environmental (social) compoféstsany
particular use case will depéndetailon geography, power
carrying capacity, and trunk-line lerigtlgeneral, trunk lines
thatarelonger favor coal, trunk lines thatintermediatén
length favor natural gas, while trunk lines dnashorter
favor electriciti?

These transport rates and costs for fossil frel$or
"W U Xiiigdlqnly, howevertypically from poinof-originto
an electricity generating plaAt point-of-use, " O DPVHWV H U
fossil fuel transpoiis much less economical and convenient
than is electricity transport.oF electricity, simplé4-gauge
two-strand residential wire can transport kit a capital
costof less than $030/foot.14 For natural gas, standargi’z
diameter corrugated stainless steel tubing (CSST) can also
transport ~1.4&«W!S5 but at a capital cosf ~$1.50/foot® 2 a
similar power carrying capacity but attouhigher capital
cost as well as with much less convenient installation
procedures. For coal, thés@o convenient methoaf point-
of-use” O P\HWMidhsport.

In other words, electricity, mose than other potential
energy currencies suels natural gas and cods, easily,
flexibly and cheaptyansportable over trunk linaswell as
‘last-metepwirest718

12Qudalov, Alexandre, LesBlLave, Muhamad Reza, and Michael
P.Bahrman'A methodfor a comparisoof bulk energy transport
systems." (2009)6197625.

13Bergerson, Joule A., and LeBtdrave. "Shouldetransport coal,
gaspr electricity: Cost, efficiency, and environmental implications.”
(2005)59055910.

14 Prices from various typical vendmigmazon.com.

151.4kW ~ (50ft3/h) A1.055 MJI/R) / A s/h). Carrying

capacity estimatd 50ft3/h isfrom Gastite and FlashShield CSST
carrying capacity tables:
https://www.gastite.com/downloads/pdfs/gastite_sizing_tables_nat
ural_gas.pdf

16 Prices from various typical vendmramazon.com.

17 Note that this doasot mean that electricity transpisttheap
relativeto the cosbf generation. The levelized aafstlectricity
transport (transmission plus distributise)rrently ~43%of the

total cost (including generation). See USgnergy Information
Administration,” ) D F \kfiettikg ElectriciyBULFHYV L
https://www.eia.gov/energyexplained/index.cfm?page=electricity_fa
ctors_affecting_pricethis percentage might even incrizatbe
future,if generation costs continwedecreasasdiscusseih

Section 2.3.

18 Similar arguments migig made with respett other chemical
fuels, but these will depemadetails. Perhaps the most interesting
case woulbe hydrogen, anil wouldbe interestingo



https://www.gastite.com/downloads/pdfs/gastite_sizing_tables_natural_gas.pdf
https://www.gastite.com/downloads/pdfs/gastite_sizing_tables_natural_gas.pdf
https://www.eia.gov/energyexplained/index.cfm?page=electricity_factors_affecting_prices
https://www.eia.gov/energyexplained/index.cfm?page=electricity_factors_affecting_prices
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2.2 Exchangeability

A second important characterigtfcan energy currendg
that it be exchangeable efficiently andlexibly sized units
into whatever final formof energy the end-use dictates:
mechanical, thermal, photonic, electro-chemicaleven
electricabf different voltage, frequenayphase.

With respectto efficiency, because electrical energy
form of potential energy, with zero entrépyt can be
transformed with ned®0%efficiency into any other forof

energy without suffering from the Carnot efficiency losse:

(usually >50%) associated with the convediaiermal
energy into potential enerdg. practice, with its inherent

compatibility with electromagnetic and semiconductor

technologies, electrical energy lmatransformed easily and
with high efficiency into all the above-mentioned fains
energy.An exceptionis into chemical energy, which often
requires thermal activatiasf complex andnonselective
chemial reaction pathways and outcomes.

With respecto flexibly sized units, the importance has long

been notedf the availabilitpf electromechanical powet Q
T1UDFW Lferi@Q Bi@dnmal @Gnitof any required size and
in a form that dichot involvethe wasteful generatiaf a

large quantitpf power when all that was required were small;

or intermittent doseg® Such fractionalized power permitted
in the early20" century a reorganizatioh work processes
that freed factory layouts from the congsaimposedby
belts and shafts that were previously neéadlenansfer
mechanical powet.
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Figure2: (a) (Top) Longerm (18002014) inflation-adjusted absolutéJK
and U.S. consumer prices per kVBhdifferent energy currencies vers
time using purchase power parity for the conversaflJK Penceto U.S
Cents. Inspectiorof the figure shows a general trendf a longterm

In contrast, transport anduse " |lUDFWL R]Qimi@-}ls] H (decreasing costf mostof the energy currencies, including electricity.

of other kindsof energy 2 natural gas, coal, mechanical,
thermal 2 Is much less convenient. Particularly when end us

requires intermediate conversion into heat, asichemical
to thermalto mechanical energya a heat engine, usé
fractionalized quatiBsof energyis not economical because
of inefficiencies causeldy poor size-scalingf various
quantities including heat los%es.

2.3 Low Cost

A third important characterist€anenergy currengythat
it be low cost. This characterisgespecially critical because
energyis universally important, and mus¢ universally
accessiblagoss albf human society.

The long-term cost trends for electrigite illustratedin

(Bottom) Shorterterm (1960-2014) inflation-adjusted U.S. consul
pricesof different energy currencies versus time (expressed015U.S
Cents). The shorter-term pric# electricityhasbeen decreasing where
that of other energy currenciesasbeen increasing.

historical consumer prices$ the major historical energy
currencies: electrical energy, heating oil, gasoline,
natural/town gas.

The top Figure 2(a) shows the longer-term (1800-2014)
historical evolutionf the pricesof those energy currencies.
The figure includes (i) historical data hacd®00from the
UK, and (ii) data bacto 1960 from the \&. Although
taxation ratetn the UK and the U.Saredifferent (ancare
reflectedin the figure), the evolutioof the pricesof the
different energy currenciesthe two countries remarkably

and

Figures 2(a) and (b), which show the inflation-adjustegonsistent. Eactf the energy currencies, upon introduction,

19 Thisisnotto say that electromsa wire have zero entropy.
Electrondn a wire occupy a distributiohenergystates ando have

underwent an initial decreas@rice. Electricityasthe most
recent, underwent the most recent initial dedrepsee.

The bottom Figure 2(b) shows a shorter-term (1960-2014)

entropy. But they occupy the same energy distributions whether thehistorical evolutiowf the pricesof energy currencies based

wireisata potential ener@f 100Vor OV. Thus, theré no change
the entropyf the electronasthey discharge through a load from a
higherto a lower voltage.

20 Rosenberg, Nathan. "The rolef electricity in
development.” The Energy Journal (1998): 7-24.
21Du Boff, R.B.,1979.Electric powein American manufacturing,
18891958. Ayer Company Pub.

22 PetersonR. B. "Size limitdor regenerative heat engines."
Microscale thermophysical engineetjng. 2 (1998)121131.

industrial

on date&® made availablby the U.S. Energy Information
Administration (EIA). Inspectiorof the figure reveals
opposite trends$n the evolutionof the pricesof electrical

energy versusf other formsof energy. While the inflation-

23U.S. Energy Information Administration, Short-Term Energy
Outlook (Release Date October 11, 2017).
https://www.eia.gov/outlooks/steo/realprices/



https://www.eia.gov/outlooks/steo/realprices/
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adjusted pricef natural gas, gasoline, and heating oil hasourcesare by no means synonymous wWithUHQHZDEOH|
generally been constamtincreasing, the pried electricity sourcesasthese include sources for which faalot free:

has decreaséyg 40%over the lagiOyears. e.g., biomaser biofuels whose production and transgort
At the present timehe priceof electridyy is approximately ~ Mustbe purchased. The reaswaemphasize herel U-HXiH O p
three times the priagf natural gas. This makes sengbe sourcess becausegsdiscussed below, the prafeelectricity

context of non-free-fuel electricity generation: electrisity from these sourcess limited mainlyby the harvesting
currently predominantly generatgcurning natural gas; the technology, noby the priceof the fuel, thereby providing a

efficiency of utility-scale conversion from maiugas to fundamental advantage and potettialecrease radicalty
electricityis about 1/3; thus, the pricgf electricity came price.
expectedo be about & thatof natural gas per umif energy Indeed, free-fuel electricity generation has been increasing

content?* However,in the longer termas discussed below, very rapidly during th<_a past two decades. The left panels
electricity predominantly generated from free-fuel sources wiligure 3 show a sixty-five-year histofy annual U.S.

enable even lower electricity prices. Tihuthe contexiof electricity generated from all sources, including free-fuel

non-free-fuel electricity generation, the mficdectricity will sources, along with the total annual U.S. electricity generated.
atmosbe about ¥ the priceof natural gadn the contexof Wind electricity has been doubling every two years, an

free-fuel electricity generation the potelectricityis likely exponential growth rate, arprojectedto exceed hydro-

to become much lower. electricity within a few yea&¥sSimilarly, solar electricity has

Moreover, the’ H | | H F pridewfrelectricity for many uses been doubling every year, an even higher exponential growth

is not3x that of C-chemistry-based fuels. For example, thefate that might enabie ultimatelyto exceed both hydro-

conversion efficien@f the energin C-chemistry-based fuels electricity and Win(.j'.zg Althoggh not shovyrin_ _Figure 3. .
to mechanical energy (e.qn, transpoW D W InR@alV geothermal electrigigeneration also has significant potential,

combustion enginég typically¥a, making the effective price partlcularly with de?F’ (Olam) HQKD QHRVKHUPDO
of electricity for transportation ~¥% the prafegasoliné: Or, technolog|e9n the horizor¥ _ )
for example, the conversio the energyn C-chemistry- These rapid growth ratageconsistent with recent data
based fuel® thermal energy (e.g., for spaceater heating) glectrlc!ty generation capacity a_ddetde US.As |Ilustratgd
is, using modern gas furnacesoilers, about 0.9, while the in the right panelsf Figure3, a highe2016new generation
coefficient of performance for heat pumps which use capacity is anticipated for free-fuel thanonfree-fuel
electricityto transfer thermal energy approximately 3 ~ generation sources4%of new generation capacity adued
(albeit under moderate temperature conditions), making th@016was from free-fuel sources, dominaiesblar (9.5 GW)
“HI1H F WiteYoH glectricity for heating about 0.9 = 0.9 and wind (6.5 GW); while only 3686 new generation
(3/3) the priceof natural gasn other words, the pricef capacity addedh 2016 was from non-free-fuel sources,
electricityis generally already comparéfhtet lower than the ~ dominatedy natural gag GW)3*
price of C-chemistry-based fuels per unit energy delivered Of course, these new generation capacity additiortsemay
the desired form. influencedoy government subsidies and incentives. And the
absolute amoumtf electricity generated from free fuels (11%)

3 Free-Fuel-ification of Electricity

Th d | t trenid f lectrical we do not include the cosif the “ U L J koWh¥ gurface aresver
€ secon ong-ierm tre rom electrical €nergy \inich or within which the fuelfiow or canbe harvested, costs

generatedby a diversityof sourcesto electrical energy \vhich apply equally free and non-free fuels.

generated predominantly free-fuelsaurces. Whatlo we 27 Note thatwedo not include here the cast transporof

meanby ~ | U-HXHHIOyrces? Free-fuel souroélectricity electricity after generati@sthisis the same regardlegsvhether

are sources for whicho fuel needdo be purchased: e.g., generatiois from non-free-fuebr free-fuel sources.

wind, water, solar (WWS) and geothetBlit free-fuel 28 Note that,in the UK, wind electricity generation already exceeds
hydro-electricitypy a factorof seven. BEIS, 2017, Dige$tUnited
Kingdom Energy Statistics. HMSO. London.
24 The price shoulde somewhat higher dt@othernon-fuel https://www.gov.uk/government/statistics/renewable-souodes-
capital and operating costs associated with electricity generation fraamergy-chapter-6-digesitinited-kingdom-energy-statistics-dukes
natural gas, but also somewhat lower because the wholesafle price 2° From a simple projection from 2010-2@H&might anticipate

natural gag electric power utilitieslower than thab retail the crossover occurriingthe ~2020 time frame.

consumers, and some electricity geneiafi@m lower cost (coal, 30 Tester, J.W., Anderson, B.J., Batchelor, A.S., Blackwell, D.D.,
nuclear) sources. DiPippo, R., Drake, E., Garnish, J., Livesay, B., Moore, M.C.,
250r atmost the same. Vehicle-scale geneattimechanical Nichols,K. and Petty, S., 2006. The funfrgeothermal energy:
energy from fossil fuels has roughly ¥4 efficiency. Utility-scale Impactof enhanced geothermal systems (BG8)e United States
generatiomf electricity from fossil fuels has roughly 1/3 efficiency; inthe 21st century. Massachusetts Institute of Technology, 209.
coupled with ¥:-efficient local storafelectrical energy and 31USEnergy Information Administration:

conversiorio mechanical energy, gives, again roughly % efficiency. http://www.eia.gov/todayinenergy/detail.cfm?id=2545t

26 Air flow, wateflow and solar radiation aret * | X HiDtklgusense comparisomewcapacity additions from free-fuel wind sources
that they caibe burned. Nevertheless, they are the sadirerergy 2036 in Germany were @W (on shore), and 0@W (off-shore).

in WWS, and thus cée considered | X HiDa/huoader sense. Also, Source: <https://www.wind-energie.de/themen/statistiken



https://www.gov.uk/government/statistics/renewable-sources-of-energy-chapter-6-digest-of-united-kingdom-energy-statistics-dukes
https://www.gov.uk/government/statistics/renewable-sources-of-energy-chapter-6-digest-of-united-kingdom-energy-statistics-dukes
http://www.eia.gov/todayinenergy/detail.cfm?id=25432
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Figure3: (Left) Historical developmemtf the generatiorof electric energyn the

Year
U.S.pon linear (top)and logarithmic (bottom) scale$n the US, theinnual

electric energy generatetly wind energyis expectedto exceed hydro-electric energy a few years. (Right) Historical developmenft new electricity
generating capacity, both total (tophd broken outby free-fuel (middleland non{ree-fuel (bottom) sources.

is still small compared that from non-free-fuels (89%). But
exponential-growth curvese powerful, and eveif their

operating (Opex) costss well as capital (Capex) costé
harvesting technologies amortized over their lifetimes. Note,

growth slows (ai$ inevitably must), current trends suggest asince LCOE calculations and projections generally contain

long-term futurén which electricitis dominatedy free-fuel
sources. Still, for this trenid continue, the pricesf
electricity from free-fuel sources must (1) contindecrease
and, if electricity itselfs to become the dominant energy
currency, free-fuel sources mustb@pbundant enougto
fulfill the vast majasitthe Z R U @reérgy need®Ve discuss
these two topics neixt Sections.2 and 32

3.1 Steadily Decreasing’Low-3HQHWUDW L
Costof Free-Fuel Electricity

Regarding the priaef electricity generated from free-fuel
sourceswefirst discuss thdow-S H Q H W ¢b& WHeR @31
of generating the electricity then addting the gridat low
(<50%) penetrationWediscuss later (in Sectibthe " K L-J K
penetratR Qcpstof generating the electricity when adding
to the gridat high (>50%) penetration, which v higher
becauseof the needto mitigate lumpiness of electricity
generatioin time and space.

The historical trends for the low-penetration obstolar
and wind electricityare illustratedin Figure 4. To make

significant uncertainties, including discount and interest rates,
weplot the LCOEs from a numbef literature sourcés.

32The data showinm Figure 4 are compiled frdtfiliterature

sources and included archival journal articles, technical cenferenc
presentationsiswellaspublished corporate abkb Government

data.

Archival literature sources: 2012-Lantz-(NREL)-Past and Future
BOQ)uNind Energy; 2013-Islam-(Ren-Sus-Engy-Rev) Progress and
recent trendsf wind energy technolo@)13Ueckerdt-(Energy)-
System LCOE What are the casdtgariable renewabl@814
Ouyang-(Energy-Policy)-LC@Erenewable energies and required
subsidiet China; 201Breyer(JJAP)-North-East Asian Super
Grid--Renewable energy mix and economics.

Non-archival literature sources: Michael Liebreich / Bloomberg
New Energy Finance (2018)p://cleantechnica.com/wid-energy-
facts/ andhttp://c1cleantechnicacom.wpengine.netdna-
cdn.com/files/2013/05/Icoe-wind-power.jddS DoE (2012)
https://commons.wikimedia.org/wiki/File:US_wind_power LCOE

vs_wind_speed_in_2012.png#@eantechnica:
<http://cleantechnica.com/wind-energy-facts/> and associated
figure; Lazardttp://cleantechnica.com/2014/10/20/wind-energy-

comparison with end-use consumer prices for other sourceststow-heartland-institut¢/Andrew Burger _
of electricityywe plot calculated and projected levelized costshtte:/www.triplepundit.com/2015/04/deepwater-wind-breaks-

of electricity (LCOE} basically a life-cycle cost that includes

ground-offshore-wind-power-projectRENA



http://cleantechnica.com/wind-energy-facts/
http://cleantechnica.com/wind-energy-facts/
http://c1cleantechnicacom.wpengine.netdna-cdn.com/files/2013/05/lcoe-wind-power.jpg
http://c1cleantechnicacom.wpengine.netdna-cdn.com/files/2013/05/lcoe-wind-power.jpg
https://commons.wikimedia.org/wiki/File:US_wind_power_LCOE_vs_wind_speed_in_2012.png#file
https://commons.wikimedia.org/wiki/File:US_wind_power_LCOE_vs_wind_speed_in_2012.png#file
http://cleantechnica.com/2014/10/20/wind-energy-costs-low-heartland-institute/
http://cleantechnica.com/2014/10/20/wind-energy-costs-low-heartland-institute/
http://www.triplepundit.com/2015/04/deepwater-wind-breaks-ground-offshore-wind-power-project/
http://www.triplepundit.com/2015/04/deepwater-wind-breaks-ground-offshore-wind-power-project/
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Figure4: Levelized Costsf Electricity (LCOE), both actaald projections
for solarand wind, compiled from various sources. Average Selling F
(ASPs)n the U.S. are also indicatedpin 1980to 2009, basedon data
published by Lazard (2014), the LCOE for solar photovoltaics exce
300 US$/MWh, as indicated by the horizontal orangebar at the top.
LCOEs are beset with uncertainties that include future interags and
payments that are pardf the capital expenses (Capexh contrast,ASB
do not include such uncertainties. Accordingly, the (estimated) s@ad
the (precise ASR canbe (substantially) different. Furtherare, given thal
the LCOE includes uncertainties, there are inevitably differeanemngs
the LCOE values originatifgom multiple literature sources. The
differences are consistent with the spreafidata displayedn the figure.

Inspectiorof Figure 4 reveals that the LCQE$oth solar

and wind electricitgre decreasing rapidly, suggesting room

for continued decrease. Tlgsnot the case for non-free-
fossil-fuel electricity. An important reason forighfisundin
the fact that for non-free-fuel electricity, the majogven
dominant cosof the electricityis the fuel itself. Indeed, a

<http://costing.irena.org/charts/wind.aspx> and
http://costing.irena.org/media/5923/es2.jdRENA / X&Y
Partners <http://www.thisisxy.com/pt/node/60> and
http://costing.irena.org/media/5923/es2.jd@ieter Jan Jordaens
http://www.slideshare.net/pieterjanjordaens/guest-speaker-
presentatiom-seminar-offshore-wind-energy-ugent-R0tsthe-
importancesf-test-and-monitoring-solutiottsincrease-resilience-
and-mitigate-ristor-offshore-wind-turbine-systen@eantechnica:
Internet siténttp://cleantechnica.com/wind-energy-factsawrence
Berkeley National Laboratory
<http://newscenter.lbl.gov/2015/09/30/pricef-solar-energy+
the-united-states-has-falterb%C2%A2kwton-average/>ard
http://1t2src2grpd01c037d42usfb.wpengine.netdna-cdn.com/wp-
content/uploads/sites/2/2015/09/graph.png
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detailed analysig the historical developmeoit the LCOE

of coal-fired power plants has shown that thedfdstel is

the single largest (40-60%) expé&hsad, since coal and
natural gaarecomparably priced (see Figure 2(a)), even with
the recent fracking-enabled decremsdse costof natural
gas’*fuel is the dominant expense for all fossil-fuel based
power plants.

In contrast, for free-fuel electricity, inste&dhe costof
fuel,it will be the capital investmeint harvesting technology
that is the dominant expendeThese may have their own
fundamental cost limits, but damanticipatedo be subject
to relentless technology improvement rather tharthe
geopolitics and scaraitf/fuel.

Indeed, if technology improvementn the electricity
generation sidies anything like thabn the electricity usage
side, the room for further cost reductizoonsiderable. The
dominant cosof virtually all energy services (lighting, heating,
cooling, transportation$ not for the capital expeneé the
appliance itself (Capex) but for the operating expérise
fuel (Opex).In other words, relentless improvemeints
technology drive down appliance costs until #reyno
longer dominantn general lighting, for example, traditional
incandescent, fluorescent and high-intensity-discharge lamps
and fixtures (thé D S S O LrBpfeBdiituapproximately 138
the costof lighting, while electricity (thel X H@presents
approximately 2/3% Rapidly evolving solid-state lightiag
heading for a very similar cost structure, even while adding
many new performance feat\rés.

In other words, since technology advance rather than fuel
"PLQLI@gdgmes cost determinative, theresignificant
room for continued decredsghe cosbf free-fuel electricity.
Thus, the impending transitiimfree-fuel generation sources
" E U H hdl Mhkage between the prafeelectricity and the
price of the fossil fuels that historically have been tesed
generate electricifss mentionedn Section 2.3, in the recent
past the pricef electricity (per kWh generated) has been 3
thatof fossil fuels (per kWh energy content), since fossil fuels
have been the dominant electricity generation method.

33J.J. McNerney,Doyne Farmer,na J.E. Trancik. "Historical

costsof coal-fired electricity and implicatiforsthe future." Energy
Policy39,n0.6 (2011)30423054.

34Mason, C.F., Muehlenbachs, L.A. and Olmstead, S.M., 2015. The
economic®f shale gas development. Annu. Rev. Resour. Econ.,
7(1), pp.269-289.

35 Note that the capital expensiethe harvesting technology will
includean embodied energy componeitwhichin the near term a
major fraction wilbe dueto non-free fuels. See, e.g., Smil, V., 2016.
What | see when | see amavturbine [Numbers Don't Lie]. IEEE
Spectrum, 53(3), pp.27-

36J.Y. Tsao anB. Waide. "The world's appetite light: empirical
data and trends spanning three centuries and six continemiss' Leu
6,n0.4 (2010)259281.

37 J)Y. Tsao, M.H. Crawford, M.E. Coltrin, A.J. Fischer, D.D.
Koleske, G.S. Subramania, G.T. Wang, J.J. Wierer, and R.k. Karlice
"Toward Smart and Ultifficient Solidgtate Lighting." Advanced
Optical Materialg, no. 9 (2014): 809-836.

38 U.S. Departmendf Energy (2017). Solid-State Lighting R&D
Plan.


http://costing.irena.org/media/5923/es2.jpg
http://costing.irena.org/media/5923/es2.jpg
http://www.slideshare.net/pieterjanjordaens/guest-speaker-presentation-at-seminar-offshore-wind-energy-ugent-june-2015-the-importance-of-test-and-monitoring-solutions-to-increase-resilience-and-mitigate-risk-for-offshore-wind-turbine-systems
http://www.slideshare.net/pieterjanjordaens/guest-speaker-presentation-at-seminar-offshore-wind-energy-ugent-june-2015-the-importance-of-test-and-monitoring-solutions-to-increase-resilience-and-mitigate-risk-for-offshore-wind-turbine-systems
http://www.slideshare.net/pieterjanjordaens/guest-speaker-presentation-at-seminar-offshore-wind-energy-ugent-june-2015-the-importance-of-test-and-monitoring-solutions-to-increase-resilience-and-mitigate-risk-for-offshore-wind-turbine-systems
http://www.slideshare.net/pieterjanjordaens/guest-speaker-presentation-at-seminar-offshore-wind-energy-ugent-june-2015-the-importance-of-test-and-monitoring-solutions-to-increase-resilience-and-mitigate-risk-for-offshore-wind-turbine-systems
http://cleantechnica.com/wind-energy-facts/
http://1t2src2grpd01c037d42usfb.wpengine.netdna-cdn.com/wp-content/uploads/sites/2/2015/09/graph.png
http://1t2src2grpd01c037d42usfb.wpengine.netdna-cdn.com/wp-content/uploads/sites/2/2015/09/graph.png
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Looking forward, the pricgf electricity can and presumably and thus the solar resource seems roughly p(Q0gear) /
will be less than Bthatof fossil fuels, perhaps much less, (1.8 hours) times larger than current human needs.

the price of free-fuel electricity generation contint@s However, harvestingf solar electricitpn a global scale
decrease. would alter the earth-sun radiation balance, hence would not
Irrespectiveof these considerations, and keepingiind be global-warming-neutral. Thd D UMhH sdrface albedo,

that LCOEis a calculated cost, the true tdghe viabilityof the fractionof the solar power incideon the earth Vand
free-fuel generation sourdeshe actual price paid for the surface thabn averagés reflectedis j,.~ 0.26. Harvesting
electrical energy, i.e. the average selling price (ASP) forof solar energyn land thus meanen average replacing
MWh. Inspectiorof Figure 4 reveals that the ASPs (in the surfacef such intermediate albedo with surfadesear-

US) of both solar and wind electricity have been decreasingero albedo, thereby reducing tHeD U WedfalValbedo. A
steadilyare now of the order US$25-40/MWHRand hence reduced albedo implies a higher absorpfisolar poweby

are more than competitive with the cadt non-free-fuel the earth, and thus implies a higher earth temperature
sources. One might even expect solar and wind electricityecessarp re-radiate that solar power and restore the earth-
prices ultimatelyo approach thosef free-fuel-based hydro- sun radiation balante.

electricity, at present the lowest cost generally available Based on well-established treatment§ the earth-sun

electricity! radiation balancé8 the degreeto which the HDUWK -V
. .. temperature mufte higherasa consequenc# the artificial
3.2 Abundance lelt tO Free‘Fuel E|eCtr|CIty human harvestir@ So|ar power Cdn'egiven as:
is More Than a Century Away
Regarding the maximum abundaofcelectricity generated diDiYBq_ il A o L iBivro 1)
from free-fuel sources, wind and solar energy condnieed ipiveo Thavi8BIvVES

believedo be capableof supplyingK X P D Qcongumytion

of electricity well into the next century. For wind alone, SOM@) to an order-unity correction factori.(f, ¥S/S,), the
estimatesreashighas5x o_f all glo_bal energy consurmied fractional increasie the H D Utdfiperature (. 24T o) i
2007*#2though these estimataee likely high because they gne fourth the artificially harvested solar powerd,) that
do not, among other things, account for incomplete {ne fractional increasethe H D Utethigendture would enable
replenishmenof energy into the windt high harvesting (5 pe radiated, itselfs a fractionof the blackbody power
ratest3444s radiatedby the earth into spacéP.(,) in the absena&f
Perhaps more importantly, for solar, the limieseven artificially harvested solar power. The various terrtie
higher. Indeed, superficially the supgflysolar electricity  correction factom Equation (Lre the H D Ulsivitk siuface
seems nearly unlimited: the sun deliteethe earthin 1.8 albedo ), %° the solar harvesting efficiency¢50 the

hours the energy consunigcall humanityn the yea01246 proportional changi planetary albedo per charigdand

39 Data from the International Energy Agency (IEA).
40 Hydropower LCOEs came as low as 12$/MWh. See, e.g.,
International Renewable Energy Agency (IRENA) Renewablé’ Additional effects due a spatial redistributiaf energy from

Energy Technologies Cost Analysis Series ValuPwaer Sector, whereit is harvestd (say, desert aretsvheret usused (say, urban
Issue 3/5,” +\G UR S RA1AU n areas) are also possible. See, e.g., Hu, A,, Levis, SG Meétan,

41 X. Lu, M.B. McElroy, and. Kiviluoma. "Global potential for W.,Washington, W.M., Oleson, K.W., van Ruijven, B.M.lded
wind-generated electricity.” Proceedmfigse National Acadenof Strand, W.G2016.mpactof solar panelan global climate. Nature
Science$06,n0.27(2009)1093310938. Climate Change, 6(3), pp.290-294.

42 Archer, Cristina L., and Mazk Jacobson. "Evaluatiaf global 48 See, e.glecture notesfrom Professor Hud?ing Huang of
wind power." Journabf Geophysical Research: Atmospheres Arizona State University.

110.D12 (2005). 49For the land surface albee use jang~ 0.26, after Wild, M.,

43 Miller, Lee M., and Axel Kleidon. "Wind speed redudiions Folini, D., Hakuba, M.Z., Schar, C., Seneviratne, S.l., Kat@éas., Ru
large-scale wind turbine deployments lower turbine efficiencies andD., Ammann, C., Wood, E.F. and Kdnig-Langlo, G., 2015. The
setlow generation limits." Proceedinf§she National Acadenof energy balanawerland and ocearenassessment bassudirect
Science$13,n0.48(2016)1357013575. observations and CMIP5 climate models. Climate Dynamics, 44(11-
44 Dupont, Elise, Rembrandt Koppelaar, and Hervé Jeanmart. 12), pp.3393429.

"Global available wind energy with physical and energyoreturn 50 The less-than-unity solar harvesting efficiegfagcounts for the
investment constraints." Applied Ene299(2018)322338. fact that the harvested solar radiatiorbei#ss than the solar
45Wallace).M., andP.V. Hobbs. "Atmospheric Scienget radiation absorbeldy the efficiencef the harvesting proceEar
Introduction." (1977). harvestingiasolar photovoltaicse use efficiencies targetsd

46 Analysis follows thah J.Y. TsaoN. Lewis, andG. Crabtree, current researchn the order¥- 0.5. See, e.g., Leite, Marina S.,

"6 R®AQY" (US Departmendf Energy, 2006), using (a) a solar RobynL. Woo, Jeremi. Munday, Williar®. Hong, Shoghig
power incidenbn the earthof 89,300 TW, and (b)2012global Mesropian, Dani€}. Law, and Harrj. Atwater. "Towardan
energy consumption ras&549.3 Quads/yr = 18 BW (US Energy optimized all lattice-matched InAlAs/InGaAsP/InGaAs
Information Agency, , Q W H U @ReW\y ®u@dblO  p(May11, multijunction solar cell with efficiency> 50%." Applied Physics
2016)). Letters102,no0. 3 (2013): 033901.


http://www.public.asu.edu/~hhuang38/mae578_lecture_04.pdf
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Figure5: World consumptiorof artificial power. Data (orange circles, af
V. Smil, ‘Energy transitions: history, requirements, prospegtdBC-CLI(
2010) are estimatesover the past two centuries; projection into tt
future (dashed blue linejs basedon afit to the past v S p GE&d.4n
2170, Zpu v]Sfld artificial power consumption projects be ~0.6
PW, whichis the point at which the & S Zejnperature rise,if this
consumption were totally from solar power absorbleylthe earthdue to
artificial harvesting @ W), wouldno longerbe negligible.

surface albed®)! and the ratio between the solar étithe
top of the atmosphere and the land surfa¢&(,)52

Using the numerical values lisiadthe endnotes, the
correction factor becomesj,{f, ¥S/S.) ~ 0.46. The
guantitative implicatiois that,if we wishto limit the HD U W K
temperature rise a negligible... £~ 0.2 Kon a basef
T.atn~ 288K, then artificially harvested solar power would
needto belimitedto ... 3,~ 600 TW on a basef P,,,~ 100
PW. Thisis about30u larger than the power consunisd
humanityin 2012If one projects the paldOyearof energy
consumptioffinto the futureasillustratedin Figure5, this
consumption wouldat be reached until the ye2t70,about
150years frormow, andis thus consistent with a future
which humanity can largdlg fueledby solar electricigf.t

51 The factoff, ~ 0.48 account®r the fact that changisland

surface albedo resintslightly smaller chandelanetary (topf

the atmosphere) albedo da@bsorption and reflectidoy the
atmosphere. See, e.g., Lenton, T.M. and Vaughan, N.E., 2009. Th
radiative forcing potentiaf different climate geoengineering

options. Atmospheric Chemistry and Physics, 9(15), pp.5539-5561.
52 The factor&/ Ssu) accountgor the fact that solar harvestiagf

the solar flwatthe surfacef the earthu~ 184W/m2) while the
planetary albedsthe reflectancef the solar fluatthe topof the
atmosphereg,~ 341W/m2). See, e.g., Trenberth, K.E., Fasullo, J.T.
and Kiehl, J., 2009. Earth's global energy budget. Riiltbén
American Meteorological Society, 90(3), pp.311-323.
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is, however, certainhot infinite. Dependingn the growth

rate of K X P D Qpowar Wieeds, sometime next century
albedo-preserving methods for artificially harvesting solar
power,or alternative sources power, mighbe necessary.

For example, the Edft-Vand surface albedo coub#
preservedby balancing the absorbing black solar-cell surfaces
with reflecting white surfaces (sastvhite-colored roofspr

solar power coulde preferentially harvested over the oceans,
whose albedaevery lowss

4 Making the Grid Adaptive

The two trends discussed above aioptimistic scenario:
a worldin which the predominant energy currency, electricity,
is transportable, exchangeable and low-costjnandhich
electricityis predominantly generated from free-fuel sources
with the potential for continuing decreageshe costof
energy and for supplying X P D Qdang/terv energy needs,
possibly for the next century and a half.

However, with respett low-costwe only discussed above
the ‘low-penetratiopicostof free-fuel electricity. TheK L-J K

S HQHW dd3t\g laR® gritically important, big much
higher dudo the costof accommodating the fluctuatiaofs
the supplyof and demand for electricity space and time

"O X P S L QHib\cdspalready existé,course, becausé
demand fluctuations which force the supglyrelatively
expensive S H D Nobved. |But the cost becomes much more
significant with free-fuel electricagsolaror wind electricity
can onlybe generated when swm wind are present, and
supply fluctuationg@addedo demand fluctuations, boit
tiye and space.

The fluctuationsin time are illustratedy the “~'XFN
& X US¥iHl frigure 6(a). To some extent, solar electigcity
synchronous with daily and yearly systematic variations
electricity demand, that is, solar electricity can sombémes
most plentiful when needed most, during mid-day and during
the summer period when air conditiongdesirable. Buas
seenin the "~ 'XF N X U Ythkuremaining variations and
fluctuationsare large and mudie managed. Moreover, the
cost of managing these will increase super linearly with
increasing fractiorof electricity generated from free-fuel
sources§?

Science and H F K Q REpRnhdér fProceedingsPhysicd 38,9-19
(2011).

55 See, e.dl. Reindl andP. Schmaelzlep-chairs, The Inaugural
International Floating Solar Symposiun2@@ctober 2017,
Singapore).
https://www.asiacleanenergysummit.com/assets/Uploads/IFSS-
2017flyer-Oct2426-2017.pdf.

53V. Smil. Energy transitions: history, requirements, prospects. ABG8 Denholm, P.,2 - & R Q @ HBDikkman(. and Jorgenson, J.,

CLIO, 2010.

54 A similar conclusion was reache€. Ahn and N.E.B. Cowern,
“$ QW KU R SlRatd QhiaRge the Zero-Carbon( U DinM.W.
Han, E. Lee, Eds.,” 3 UR F H dfGHe@U¥orea Conferencen

2015.0vergeneration from solar endrggalifornia: Aield guide
to the duck chart. National Renewable Energy Laboratory.

57 Frew, Bethany Aetal. "Flexibility mechanisms and pathwags
highly renewabldS electricity future." Enerd¥1(2016)65-78.


https://www.asiacleanenergysummit.com/assets/Uploads/IFSS-2017-flyer-Oct-24-26-2017.pdf
https://www.asiacleanenergysummit.com/assets/Uploads/IFSS-2017-flyer-Oct-24-26-2017.pdf
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The Duck Curve
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Photovoltaic Solar Resource of the United States
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Figure6: (a) A "duck” curv&illustrating the forecasted hourly mismatah California, from midnighto midnight, between the total demand for electrici
and the anticipated supplyf solar electricityasthe projected penetratiorof solar electricity increases froe013to 2020.During the midday hours, from
10a until 4p, the solar resources high, so demand-minus-supplys lowest (the bellyof the duck). During the early evening hours, fr@&m until 8p,
residential demand spikesut the solar resourcés low, so demand-supplys highest (the heaaf the duck). During the late evenirand early morning
hours, from10p until 9a, demands low and the solar resourcés also low,so demand-minus-supplis moderate (the tailof the duck). Licensed wi
permission from theCdifornia ISO (Independent System Operator). (1) 2 & %w0f the geographic variation of the solar resoumehe U.S. The regiol
of high solar resource (high solar electricity supgiynot generally overlap the regiors high population densitghigh electricity demand). The ap was
createdby (and reproduced here courtesy of) the National Renewable Erdaxlggratory for the U.S. Departmeunit Energy.

The fluctuations spacareillustratecby the " K HP VS
in Figure 6(b). Some regions, sasBalifornia, with plentiful

generation and usen behalf of human needs, muds

financial markets self-orgarspasto mediate the generation

solar resource (high supply) coincide with high populatio@nd us®f goods and services behalfof human needs.

density (high demand). But many regions, siscthe

We are optimistic about two classestechnologies, both

Northeast U.S., have scarcer solar resource (low supply) anécessaryo an adaptive grid. The first claasee energy

high population density (high demand).

Moreover,to these more predictable supply and demand
fluctuationsin time and space must almadded those that
are less predictable, including those wuaccident, waor
terrorism,or even normal uncertaintigs peaceful human
activity.

The solutionto the accommodationf these fluctuations
must lie in an adaptive grid, the comingiad network of

technologies which give the adaptive grid energy source and
sink optiongor the flexible matchingf energy supply and
demand?® The second classe technologies which give the
adaptive grid the abilityo facilitate the energy and
information control and flow require optimally and
dynamically match energy supply and demand.

In this Section 4we briefly discuss these two classes
technologiesVe do not set economior performance targets

energy and information flow that unleashes pricing andor them,sodo not estimate and comparew nearor far

market forcesto optimally and dynamically facilitate the

these technologiesefrom practical application, though such

matchingof energy supply and demand. The third long-termtargets wouleof great intereso develofs?

trend, thenis the grid becoming more adaptive: from aigrid
which electricityis transported uni-directionally, traded

59 Jacobson, Mark Z&tal "Low-cost solutioto the grid reliability

(relatively) static prices, and consumed under direct humadaoblem withl00%penetratiorof intermittent wind, water, and

control; to a grid in which electricityis transportedbi-
directionally, tradedat (relatively) dynamic prices, and
generated and consumed under
control.

Note that whatve mearby “adaptiveigoes beyond whist
conventionally mearity ‘smartp Specificallywe meanto
include the energy sources and sigkellasthe energy flow
(transmission) technologies; amd meanto include the
information-processing ageaswellasthe information flow

technologies. We mean a grid whose energy sources and siEﬁ
self-organizeinto an energy market that mediates energyp

58 B. Roberts, Photovoltaic Solar Resoaftke United States
(National Renewable Energy Laboratory, Och2008).

human-tailored agentia

solar for all purposes.” Proceedinighe National Acadenof
Sciences 112.49 (2015): 15060-15065.

50\We speculaten targets that coulte based on two estimates.

he first estimate woule of the costs associated with variations
in the supplyf and demantbr electricity. Static supply and demand
(in GW) versus levelized cobetlectricity (LCOEN $/kWh) curves
would firstbe constructed, which would determine the LGOE
which supply matches demand. Known variaticngplyor

demandat various time and space scales would imply LCOE
variations necessaoyaccommodate those variations, and thus the
gctive cosif the variationasafunctionof time and space scales.
sSentially, this the cost differential thatH Q HJU E L ould J H p
rofit from.

The second estimate woblklof the degreto which various
technologies can reduce supplgemand variatiora various time
andspace scales. The reductionthe variations implies reductions
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4.1 Energy Source and Sink Options

The first classf technology necessary for the adaptive grid
areenergy sources and sinks which will give the adaptive grid

optionfr the flexible matchingf energy supply and demand.
The most importanbf these are: production overcapacity,
storag,and " F R Q Q HapphaHB g1

Production Overcapacity

One important energy soulisesimply the free-fuel source
of electricity itself. The continuing decrdasthe costof
electricity generated from such sources may allow for
generation-infrastructuoercapacitgt buffers the variation
in fuel availabilityn time and spacén other wordsjn the
limit of cheap electricity; O X P S L&} lelecttipity carbe
alleviatedto some degredy production overcapacity. That
is, the lowest productioogacity canbe matchedto the
highest consumption rate, and when consumption awiges
lower, production came "~ F X U W 3Budb H@Gtalimenis
often viewed negatively, futhe energy sourcesufficiently
inexpensive some amouof curtailmentis economically
optimal6?

Storage

An important energy soure@dsinkis storage, which can
alleviate lumpinesd electricityin time. Though historically
storage has beed O H F WACHhIlIEd Mé&l, \uch progréss
being made.

SAND2017-12043 &-submittedo MRS Energy & Sustainability

Norway provides hydro pow#s complement' HQPDUN -V
wind and* H U P DSplar Yower.

We emphasize that, though much progiselssing madet

IS asyet unclear whether many practical challengedecan
overcome, includinig the long-term the sheer magnitofle
energy storage (anflthe materials used for energy storage)
that maybe necessaryWe note, though, thattorageis but
oneof three options discussed here for the flexible matching
of energy supply and demasd,the magnitudef energy
storage might welbe smaller than currently thought
gecessary.

Connected Appliances

Perhaps the most importantV L Qftrpelectricity is
appliances? broadly defined, thesgethe "DFW X Ehaf RU V U
serve humanityf oneincludes amongst these all residential,
office, industrial and outdoor grid-connected serviceasuch
heating, cooling, lighting, cooking, washing, cloud computing
and data storage, InteroétThings device$ very quickly a
large fractioof all energy demaisgicaptured.

Importantly, allof these grid-connected appliances have
considerable flexibilitg when and how intensely they ban
used: they came load V F KH G Wearmdde cpol air carbe
storedin unused rooms and zoriesa building then vented
to used rooms and zonas needed. The humayehas a
logarithmic respons® light intensity,so lumen levelsn
various rooms and zones a building canbe almost

First, the costf Li-ion rechargeable batteries has decreasegnnoticeably increasen decreasedo accommodateeat

so much that the levelized cost storage (LCOSpHf
electricityat a utility sda is now on the orderof US$0.27-
0.56/kWhézstill higher than the cosf the electricity itself,
but by less than 8x

Second, becausd the many performance advantagfes
electrified transportationan enormous infrastructuref
rechargeable batteries Wwédlcreatedn the coming decades,
which mighbeco-opted for storagef grid electricity.

Third, competitorgo Li-ion batteriesare on the horizon,
including chemical storage baseduel and flow cells, and
on hydrogen.

Fourth, although water and other forwfs mechanical
potential energy storage dependocal geography and will
not be equally available globally, whitigavailablét canbe
quite powerfulas demonstratedy its integration into the
three-nation Norway-Denmark-Germany giid which

in the cosbf those variations dedudadhe first estimate. The
reductionin the cosbf those variations represents the \afitiee
technologies used reduce the variations, and cohkhbeusedo
assess the relative valfithose technologies. Essentially, each
technology has the ability " H Q HWUW E L \at & ¢addihitime and
spatial scale, but muatsoata cost less than the profit available
from the supply and demand variation that give® tise arbitrage
opportunityat that time and spatial scale.

61 Jacobsen, Henrik Klinge,

time fluctuations the priceof electricity.

The keyis that these appliandesconnectedhot justto the
energy grid bub the information grid that will enable their
useto be intelligently managebh the artificial lighting case
mentioned above, a new generatibsmarté3 connecteé#
lightingis enabling exactly this.

4.2 Energy and Information Flow and Control

Given energy sources and sinks which will give the smart
grid options for the flexible matchiof energy supply and
demand, a second clasechnologys also necessary for the
adaptive grid: that which facilitates the energy and information
flow and control requiretb optimally match intermittent
energy supply and demand. Indeeda larger scale, energy
and informationare likely to becomeso profoundly inter-
connectedin the future that the term LQ I R U REEWI. R Q
Q H [ XnMaybe appropriate. Simildo the socalled" ZDWHU
energyQ H [ 35thepimpact wilbe bi-directiona we will need
information tooldo manage electrification and the smart grid;
atthe same time information todisgeneral will increasingly

63 Schubert, E.F. and Kim, J.K., 2005. Solid-state light sources getting
smart. Science, 308(5726), pp.1278-
64Tsao, J.Y., Crawford, M.H., Coltrin, M.E., Fischer, A.J., &olesk

and Sascha Thorsten SchrodeR.D., Subramania, G.S., Wang, G.T., Wierer, J.J. and Karlicek, R.F.

& X UW Daf Odnheln@ié generation: Economic optimality and 2014 Toward Smart and Ultéfficient SolidState Lighting.

L Q F H Q EviéryyHPuliqg9 (2012)663675.
62 azard \levelized Cosif Storage? Version 2.0 (Lazard,
December 2016).

Advanced Optical Materials, 2(9), pp.809-836.
65 U.S. Departmentof Energy, ~ 7 K Water-Energy Nexus:
Challenges and S SR U W Xlihe Y0140 V
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Figure7: Two classesf technologies necessary for making the grid adapgivasto manage the lumpinesa spaceand time of free-fuel electricityOnthe
right, an adaptive electricity grid (middlie pink) facilitates energy flow froritee-fuel energy sources (bottorim blue)to energy sinkand storage option:
(top in yellow).Onthe left, agential artificial intelligences direct the tiad of electricitysoasto arbitrage away price differences creategdemand/suppl
variationin time and space.

consume huge amoumtselectricit§® 2 by some estimates reducedby correlationsn the variations across contiguous
muchas9-51% of all electricitypy 203057 areas$s butis nonetheless signific&hto
EnergyFlow: Long-Distance Electricity Transport . Ehfsgﬁn@;at'mﬁmﬁ n;?]g\éagﬁ)%;f)rsgagog\?;g;ggng
One key aspec fluctuationss that they themselves vary fluctuations,not to mention unleashing the full economic
over ge_ography)n a very '?‘fge geograph|c_al scale, Seas.on"i’JIenefitsof geographic specializatiofhelectricity production
fluctuations dependn hemisphere and latitude, and daily (the sunniest areas specializiraplar electricity, the windiest
fluctuations dependn longitude.On smaller geographical - .. <in  wind electricity). Indeed, though continued
scalesreaitime fluctuations duéo weather (cloudy skies, o v ionan high-voltagdDC transmission technologye
calm air) deperzh local (metert kilometerdo hundredof likely necessargne might argue that such a SuperGsid

kilometers) position. ] already economically vialBl€he challengesre moreat the
Because the fluctuations vary over geography and ov@gstem level: hote maintain reliability evén the presence

the largest possible geographical areas. Very approximatelyeturn to infrastructure investments that cross political

the standard deviationf the fluctuationsin electricity borders.

generatioris % in anarea 4, andif the amplitude and phase

of the fluctuations across contiguous such areas were random,

then the standard deviatioh the fluctuationsn electricity o ., o . .

generation * over larger areas A would scake 3 = Elggm’ ’)Ec?v\cl;rg.yslgren;egzt;gnggl]stzrllgu(tleglév)nzng_generators.

% BA/A) V2. In other words, the fluctuatioms electricity e archer, Cristina L., and MatkJacobson. "Supplying baseload

generation decreass ¥ $ The decreasis sublinear, and  power and reducing transmission requirerbgitserconnecting

wind farms." Journaf Applied Meteorology and Climatology 46.11

(2007)170%1717.

70 MacDonald, Alexander Et,al. "Future cost-competitive

electricity systems and their impadtSCO2 emissions." Nature

66 Schulte, P., Welsch, H., Rexhauser, S., ROlL&nd the Demand Climate Change (2016).

for Energy: Evidence from OECD Countriggnvironmental and 71 Gellings, Clark/."A globe spanning super grid." IEEE Spectrum

Resource Economi68:1192146 52.8 (2015%854.

67 Andrae, Anders SG, and Tomas Edler. "On global electricity usageBlarke, Morten B., and BrynJenkins. "SuperGradt

of communication technology: trentts 2030." Challenges 6.1 SmartGrid: Competing strategies for large-scale integfation

(2015)117157. intermittent renewables?" Enepglicy58 (2013)381390.
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Energy Control: Power Electronics have software agents, smart ageats)egotiateon their

As discussed above, electricity hasinherent intimate  behalf? agents that hawetificial intelligericmme fornTs
compatibility with electromagnetic and semiconductor The agents must learn from past behavioanticipate
technologieslt also comesn various " | R U P Drifagps, future behavior. They must learn the detailed belo&viir
currents, and waveforms (AC, DC). Mediating ke own patchof the networkat what times, for instancis,a
directional flow and interconversioh electricity between given KR XV H KlI&c@icGveliicle (potentially both a fain
formats is the domainof power electronics, the class transport and a temporary energy storage unit)ttkiedya
semiconductor technologies that switches and controls higleadon, or a supply into, the grid? They must also learn the
voltages and high currents. behaviorof other agents thegre likelyto negotiate withat

Power electronics based Si is already well developed, What times, for instance, will other ageetikelyto havenot
with much ongoing developmenin wider bandgap ©nough energy anat what other timego have surplus
semiconductors suchs SiC and GaN for higher voltage €nergy?
higher current switchingdn the horizonare ultra-wide- The agents must cooperate and compete with other agents,
bandgap semiconductétsuchas AlGaN/GaN, diamond, and so must have both information about oth&JHQW YV -
and Ga0Os. Among the challengese not onlyto increase negotiating positions (price, production, consumption) and
open-circuit voltages (standing off high voltages when theneta-information about their trustworthiness. Some agents
switch is off) and closed-circuit currents (conducting high will aggregate and negotiate aggregately, letdirzg
currents when the switiion), butto decrease losstsa hierarchically aggregated (modular) archite¢tu&ome
level where thermal dissipation and heat smlanger limit aggregate agents will publish and guarantee their future
sub-system and sgistperformance and design. For example, intentionsto other agent®n various time scales (minutes,
it has been suggested that neighboridddéclass power  hours, days, weeks, months, perhaps even y&aas)
transformer stations, currently school-bus-sized behemothgredictability that other agents may value and pay for. Some
weighing 4,50Rg or more, mighbe replaced with suitcase- agents wilbe simply intermediaries that scour the network

sized switched power converters weighing 450 kg (a looking for inefficiencies that they can arbitrage away and
"V ttionnaVXLWBDVHu profit from: tracking, e.g., commercial, industrial and
Ultimately, semiconductor power electronics may bringnunicipal energy usage and automatically

performance and cost advantageswitching and voltage charging/discharging energy from storageshave peak
conversion throughout the grid, all the way from high-capacitemands®

trunk linesat - of kV (using transistor stacks) low- Interestingly, exactly these kirafsartificially intelligent
capacity local linest -\of V. This trend would onlpe agentarealready being developed for other purpsséisis
acceleratedsthe convenience and flexibibfyDC electricity entirely possible that very little additional investmid be
isincreasingly recognizéd. needed for adaptive-grid agéhts.

Information Control: Agential Artificial Intelligence Information Control: Prices, Markets, and the Public

It is one thingo have the hardware that transports, switcheslnterest
and converts electricity over distances both short anfirong  Mediating agential negotiation kélprices and the markets
to 1000sof km). It is another thingo have the softwarer (both current and futures) that form around those prices.
"V P D UWo/¢dntnal that transport, switching and conversion. Perhaps most important wilé the rules that govern those
Such smarts must enable a market-based matohing markets, rules that must ensure fainoetb®e agents, but also
electricity supply and demarndthereattime negotiationf that represent the public interest. For example, the reliability
the hundred®f millions, even billiongf energy-producing and robustnes®f the network against unintentiornad
and consuming agents (prosumers) that will ultimatelyntentional perturbationis importantto all agents. Policies
comprise the growing Interradt * ( Q H-UKingsu which protect against network failure niespresent, either
Humansof course cannao this negotiation; thejo not viapricingor regulatory signals.
have the necessamaltime smartness. Instead, they must Indeed, manyf the public interest issues present for the
smart grid also arise for other domains sagtwater
distribution, transportation, telecommunication, even financial
networks where large numbefsheterogeneous entities act

73J.Y. Tsads.Chowdhury, M.A. Hollif). Jena, N.M. Johnson,
K.A. Jones, R.J. Kapl&Rajan, C.G. Vate Walle E. Bellotti, C.L.
ChuaR.Collazo, M.E. Coltrin, J.A. Cooper, K.R. EvarSraham,

T.A. Grotjohn, E.R. HelleK. Higashiwaki, M.S. Islam, P.W. 76 RamchurnS.D., Vytelingum, P., Rogers, A., & JennMgR.
Juodawlkis, M.A. Khan, A.D. Koehler, J.H. Leach, U.K. Miskita, (2012). Putting the 'smarts' into the smart grid: a grand cHallenge
Nemanich, R.C.N. Pilawa-Podgurski, J.B. SBeSiyar, M.J. artificial intelligence. Communicatiohthe ACM, 55(486-97.

Tadjer, A.FWitulski,M. Wraback, J.A. Simmois OWUDZLGH 77Simon, H.A., 13 The sciencex the artificialMIT press.
Bandgap Semiconductors: Research Opportunities iirlO O H Q J H&L. Brazell,” $ U W lirtelkgemz& the futuod the electricity

Advanced Electronic Materials 2@1.8600501. V H F Washbine Clarke Smart Energy blog, 2pri2016).
74 Quote attributedb formerUS Departmenbf Energy (DOE) 79 Russell, Stuart, Daniel Dewey, and Max Tegmark. "Research
Secretary Steve Chu. prioritiesfor robust and beneficial artificial intelligenéé.Magazine

75 (G LV R&eMye, The Economist (Octob2/2013). 36,n0.4 (2015)105114.
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and interact. Hence, thesgotentialto borrow technologies  diversification will help reduce energy-based concentoditions
across these domains and also address broader issues tied-political power and vulnerabil®y,likely reducing
affect the sustainabiliof such systems a unified manner: incentives toward global conflict and &and will alsde
cybersecurity; the ethmfsdelegating human decision making more conduciveto local infrastructure and behavioral

to artificialy intelligent systems; the u®é insurance adaptation, thus reducing the w$kocking economies into
mechanism# guarantee various levefseliability; and the  non-optimal energy-usage pathvfaySome diversification
possible existenoaf natural transmission and distribution might also take place along a market dimemsietectricity
monopolies (utilities). producers, consumers and arbitragers all become information-

To best design policies that protect the public intérest, rich actors and market participants. However, such
be importantto design simulation systems that can accuratelgliversification might not lead a reductionin corporate
represent both the grid and the behawbrprosumersin power concentratidfilnstead, corporate power might simply
orderto predict the emergent propertiéshe system under a  shift from energy-resource corporatiotts technology
rangeof different conditions (for example, weather patternscorporations whose economasscale enable thetm more
or social activities) and worst-case scenarios (generators failRficiently manage particular pieas the energy and
or circuits tripping Perhapswe have the opportunitw information producer/consumer/arbitrager network.
constructan energy marketplace that learns from, goes Environmentally, the benefitare associated with the
beyondurrent financial marketpladegprotecting the public  cleanlinessf free-fuel-based electricity. The cleanliséss
interest. Note, though, that electricity markets are verpart direct,in that free-fuel sources have minimal local
different from (and more challenging than) other madrkets externalities compared fossil fuel source&il and gas
that they have theequrementof absolute andeattime exploration and production, e.g., has been responsible for
supply/demand balancing. twenty percenbtf all nonhazardous waste proedin the

Finally,we note that energy marketea complexmix of USBB) The cleanlineds also indirectin that very littleC O,
highly regulated public and private interssts, redesigiof is producedas a by-product, and thus will haveo or
the price and market U X Ctivhil/ aigents us® negotiate  hegligible impacin climate.
amongst themselves the adaptive grid will nbie trivial.

They will require overcoming significant institutional andg Acknow|edgment5
public policy inertia.
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5 Conclusions

We have discusseth this article three major trends:
electrificationof energy, free-fuel-ificatiai electricity, and
making the electrical grid adaptoveandle the lumpines$
electricity supply and demandspace and time. Thougbt
without many significant practical challenges, there &ppear
be no fundamental technological barriershe continuation
of these trends into the futufenot justin the U.S., whose Renewable Energy\ V W Hidehhological Forecasting
data was used illustrate the trends, but worldwide and thus and Social Chan63:2732283
for all of humanity. The result woulte no less than a  %*vandeVen, D.J. and Fouqu&, (2017)1 + L V \EReudy PEce

; ; ; ; Shocks and their Changing Effextishe (F R Q REnergy
remakingof K X P D Qdn¥Ydy Yandscape irtoe in which EConomics2 204216,

energyis affordable, abundant, and efficiently deployed acrosg, Caselli, F., Morell). and RohneiD. (2015) 7 KGEographyf

allof human society. Interstate ResourceD U Quarterly Journaf Economics 130(1)
The primary benefit woultk economic: a continuatiaf 267315.

the increasé economic productivity and weatthhuman 85 FouquetR. (2016)1 3 apkindenca Energy Systems and

society80. 81 But thereare also important secondary geo- Economic’HY H O R S\Natdi@ Bhergy 1(85098.
political and environmental benefits. 86\Wethusdo not anticipate a decreasé¢he government-

G liticall h th ti tant b fit .”influencing that such concentratiohsorporate power are prone
eo-politically, perhaps the most important benelit Willy, e 4 it has been estimated that the global extraction, distribution

stem from the diversificatiaof energy econdm * S R ZH U [yng consumptioaf fossil fuels currently receives $4.6 trittion
along a geographic dimensias,free-fuel resources (e.g., direct and indirect subsidies. See CBadarry, I., Sears, and

solar, windare much more evenly distributed geographically ShangB. (2015) How large are global energy subdidies?

than non-free-fuel (e.g., fossil-fuel) resoufeslhe Working Paper WP/15/105. International Monetary Fund.
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