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“Lashing	out	the	action,	returning	the	reaction	
Weak	are	ripped	and	torn	away	
Hypnotizing	power,	crushing	all	that	cower	
Battery	is	here	to	stay”

--Metallica,	Battery
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Source:	National	Energy	Education	Development	Project	

Grid	101:	Generation,	Transmission,	Distribution



Source:	Wikipedia

The	Distribution	Grid	is	More	Complicated



Public	Utilities,	Private	Utilities,	and	IPPs

Source:	Energy.gov



The	Transmission	Grid



In	Many	Areas,	ISOs	and	RTOs	Run	the	Grid

Source:	isorto.orgSource:	energy.gov

• ISO:	Independent	System	Operator
• RTO:	Regional	Transmission	Organizations					 (…	but	they’re	basically	the	same	thing)



RTOs	and	ISOs	Also	Administer	Power	Markets



Power	Markets

• Retail	Electricity	Market:	
♦ Gives	customers	some	choice	in	generation	(but	not	T&D)
♦ Still	don’t	typically	reflect	real-time	wholesale	prices

• Wholesale	Electricity	Markets:	
♦ Day-Ahead	(Financial)	
♦ Real-Time	(Physical)

• Capacity	Market:	
♦ Typically	three	years	ahead
♦ Facilitates	long-term	capital	investment

• Ancillary	Services	Market:	
♦ Frequency	regulation,	Voltage	control,	Reserve	capacity



Energy	Storage	Technologies



Energy	Storage	Technologies

Source:	usgreentechnology.com



Grid-Scale	Battery	of	the	Future?

Source:	greentechmedia.com



The	Energy	Storage	Market

As	of	2018:
• ~0.7	GW	storage	deployment
• ~53	GW	solar	deployment
• ~1100	GW	total	electricity	generation	capacity	



A	Quarter-by-Quarter	Look



Regulations	Matter!

Quirks	of	Energy	Storage:

• Relatively	new	technology
• Both	consumes	and	delivers	power
• Can	be	deployed	both	in	front	and	behind	the	meter	
• Many	services	it	can	provide	are	not	easily	monetizable

-- Clean	Energy	Group,	August	2015	Report	

Value	stacking	is	key!



FERC	Order	841:	A	Watershed	Moment?

Source:	ferc.gov



Current	Application	#1:	Backup	Power

• Currently	makes	up	most	of	residential	market
• But…	fuel	generators	are	cheaper	and	longer	duration
• In	residential	market,	daily-use	applications	more	promising



Current	Application	#2:	Demand	Charge	Reduction

• Also	known	as	“peak	shaving”	
• Currently	makes	up	most	of	commercial	market
• Mostly	deployed	in	CA	due	to	SGIP	program	subsidies



Example

Source:	cenergypower.com



Current	Application	#3:	Frequency	Regulation

• Grid	frequency	must	be kept	at	60	Hz

• Supply/Demand	mismatch	causes	deviations:
♦ Demand	>	Supply	→	Frequency	decreases
♦ Demand	<	Supply	→	Frequency	increases

Currently	makes	up	most	of	utility	market

Batteries	have	fast	response
But	limited	duration



Case	Study:	Frequency	Regulation	in	PJM

2011:	FERC	Order	755	establishes	pay-for-performance	guidelines
(quicker	responding	resources	should	get	paid	more)

2012:	PJM	Introduces	new	rate	structure	that	incentivizes	storage
•	FR	signal	is	split	into	a	slow-response	(RegA)	and	
fast-response(Reg-D)	signals	at	different	rates

•	Only	100	kW	minimum	capacity
•	15	min	average
energy	neutrality

<<Cost	and	reliability	problems>>

2015:	PJM	decreases	RegD value
2017:	PJM	replaces	neutrality	with

“conditional	neutrality”				

<<Market	for	new	FR	dries	up>>



Emerging	Application	#1:	T&D	Upgrade	Deferral

• Storage	strategically	deployed
at	“hot	spots”	can	reduce	the	
load	on	congested	T&D	lines	

• This	can	extend	the	life	of	existing	equipment	or	defer	
the	need	to	build	new	equipment	to	meet	growing	demand

Source:	Navigant	research• Key	advantage:	flexibility



Emerging	Application	#2:	Time	of	Use	Optimization

Residential	and	Commercial:	Demand	Response
• Financial	incentives	for	reducing	peak	usage
• Voluntary	or	automatic	control	systems
• Requires	dynamic	rate	structures

Grid-Scale:	Energy	Arbitrage
• Charge	when	prices	low,	discharge	when	prices	high
• Problem:	Round-trip	efficiency	losses

Source:	energystorageconsultants.com



Emerging	Application	#3:	
On-Site	and	Distributed	Energy

Assorted	Thoughts:
• Over	1	million	solar	rooftop	installations	in	the	US
• Half	of	commercial	&	industrial	solar	installations
include	solar

• Net	Energy	Metering	(rules	allowing	electricity	to	be	sold	
back	to	the	grid)	could	be	an	interesting	wrench

• Utilities	are	concerned	about	partial	grid	defection	spirals



Virtual	Power	Plants



Prescott	Valley	Project,	Arizona

• Solar	plus	Storage	in	2900	homes
• 11.6	MW,	32	MWh
• Special	deal	with	local	utility:	batteries	will	be	used	to	help				
with	load	shifting	and	reducing	peak	use	of	grid	energy

• Expected	to	lead	to	decommissioning	of	a	coal	peaker plant



Emerging	Application	#4:	Peaking	Capacity

Example:	Aliso	Canyon	Gas	Leak
• Worst	natural	gas	leak	in	US	history
• Gas	supply	interruption	to	peaking	plants
• Response:	100	MW	of	storage	
deployed	in	6	months



Emerging	Application	#5:	Renewables	Integration



Intermittency	of	Wind	and	Solar



Challenges	of	Increased	Renewable	Generation

Source:	caiso.gov

• Capacity	smoothing
• Grid	stability	(especially	managing	frequency	decline)
• Undesirable	ramping	and	peaking		(the	“duck	curve”)



Solar	First	Hurts,	Then	Helps	Storage



Discussion
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