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W h at  i f  t h e  E n e r g y  I n f r as t r u c t u r e  
w e r e  D e s i g n e d  li k e  t h e  I n t e r n e t ?

• E n e r g y :  the l i m i t e d  r e s o u r c e  o f  t h e  2 1 s t  C e n t u r y
• N e e d e d :  I n f o r m a t i o n  A g e  a p p r o a c h  t o t h e  
M a c h i n e  A g e  i n f r a s t r u c t u r e

• L o w e r  c o s t ,  m o r e  i n c r e m e n t a l  d e p l o y m e n t ,  
s u i t a b l e  f o r  d e v e l o p i n g  e c o n o m i e s

• E n h a n c e d  r e l i a b i l i t y  a n d  r e s i l i e n c e  t o  w i d e -a r e a  
o u t a g e s ,  s u c h  a s  a f t e r  n a t u r a l  d i s a s t e r s

• P a c k eti z ed  E n er g y :  d i s c r e t e  u n i t s  o f  e n e r g y  
l o c a l l y  g e n e r a t e d ,  s t o r e d ,  a n d  f o r w a r d e d  t o  
w h e r e  i t  i s  n e e d e d ;  e n a b l i n g  a  m a r k e t  f o r  e n e r g y  
e x c h a n g e
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Generation

T rans m is s ion

D is trib u tion

Legacy Energy Infrastructure
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P ri nci p l es fo r a
N ew  Energy Infrastructure

• L e s s o n s  f r o m  t h e  I n t e r n e t
– End-t o -e nd P r i nc i p l e : p u s h  i nt e lli g e nc e  t o t h e  e dg e s
– N a r r o w  W a i s t  M o de l : h i de  di v e r s i t y of  u nde r ly i ng  
t e c h nolog y  

– O v e r lay  ne w  s e r v i c e s  on e x i s t i ng  i nf r as t r u c t u r e
– I nc r e m e nt al de p loy m e nt  t o ac h i e v e  s c ale
– “S t or ag e ” b r e ak s  s y nc h r oni z at i on b e t w e e n e nd-p oi nt s

– I nt e l l i g e nt  P o w e r  S w i t c h : a p lu g -and-p lay  e ne r g y  
i nf r as t r u c t u r e  b u i ldi ng  b loc k
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C ri ti cal  B et:  Energy S to rage
• B r e a k s  s y n c h r o n i z a t i o n o f  t r a d i t i o n a l  
e n e r g y  g e n e r a t i o n ,  t r a n s m i s s i o n ,  
d i s t r i b u t i o n  s y s t e m

• E n a b l e s  G r i d  O v e r l a y :  i n d e p e n d e n c e  a n d  
r e s i l i e n c e

• C o m p e l l i n g  e c o n o m i c s :  p a y  f o r  a v e r a g e  
l o a d ,  n o t  p e a k
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Energy S to rage:  B atteri es

M i k e  H e ,  F r e d  J i a n g
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Energy S to rage:  B atteri es

M i k e  H e ,  F r e d  J i a n g



8  S e t h  S a n d e r s

E l e c t r i c a l d i s t r i b u t i o n
i n t e r f a c e

S t i r l i n g  E n g i n e  /
H e a t  P u m p

H o t  T h e r m a l
S t o r a g e

Energy S to rage:
S o l ar-T h erm al

• B at t e r i e s not  i de al f or  e ne r g y  s t or ag e  at  h om e -s c ale
• S olar -t h e r m al of f e r s  an at t r ac t i v e  alt e r nat i v e
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Intel l i gent P o w er S w i tch
• I n ter c o n n ec ts  l o a d  t o p o w e r  s h a r i n g  i n f r a s t r u c t u r e
• B u n d l es c o m m u n i c a t i o n s  w i t h  e n e r g y  
i n t e r c o n n e c t i o n  -- P o w e r C o m m  i n t e r f a c e

• E n a b l e s i n tel l i g en t e n e r g y  e x c h a n g e
• O p t i o n a l l y  i n c o r p o r a t e s  e n e r g y  g en er a ti o n a n d  
s to r a g e
– S c ale -dow n t o i ndi v i du al loads , e . g . , li g h t  b u lb , 
r e f r i g e r at or

– S c ale -u p  t o ne i g h b or h oods , r e g i ons , e t c .
• O v e r l a y  o n  t h e  e x i s t i n g  p o w e r  g r i d
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T h e
Grid

Local
G e n e r at i on

Local Load

Grid Tie
I n v ert erLocal

S t or ag e

Energy M ark ets

• T y p i c a l  h o m e  s o l a r  s y s t e m  c o n f i g u r a t i o n
• R u n  m e t e r  b a c k w a r d s
• O p t i o n a l l o c a l  s t o r a g e  f o r  o f f -g r i d  o p e r a t i o n
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E n erg y
I n t erc o n n ec t

Local
G e n e r at i on

Local Load

I P S

Local
S t or ag e I P S

I P S
I P S

I P S
I P S

Energy M ark ets

• H i e r a r c h i c a l  a g g r e g a t e s  o f  l o a d s  a n d  I P S s
• O v e r l a y  o n  e x i s t i n g E n e r g y  G r i d

E n erg y  I n t erc o n n ec t
C o m m u n ic a t io n s  I n t erc o n n ec t
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Energy M ark ets
• C e n t r a l i z e d  v s .  d e c e n t r a l i z e d  m a r k e t s
• “B a n k ” e n e r g y  s u r p l u s e s  c e n t r a l l y  ( e . g . ,  i n  t h e  
G r i d )  o r  w i t h  p e e r s

• A s  l o c a l  e n e r g y  s t o r a g e  i s  d i m i n i s h e d
– I nc r e as e  loc al g e ne r at i on
– R e du c e  loc al load v i a de m and r e s p ons e
– S p e nd t o “w i t h dr aw ” e ne r g y  b ank e d e ls e w h e r e

• P r i c i n g  i n c e n t i v e s
– As  loc al s t or ag e  r e ac h e s  c ap ac i t y , r e du c e  of f e r e d p r i c e  
– As  ap p r oac h e s  z e r o, i nc r e as e  of f e r e d p r i c e
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Datacenters
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Datacenter P o w er
Transformer

M ai n S u p p l y

ATS
Sw i t c h
B o a r d

U P S U P S

STS
P D U

STS
P D U

Panel

Panel

G e n e r a t o r

…

1000 kW

2 00 kW

5 0 kW

Rack

C i r c u i t

2 . 5  kW
X. Fan, W-D  We b e r , L . B ar r o s o , “P o w e r  P r o v i s i o ni ng  f o r  a
War e h o u s e -s i z e d  C o m p u t e r ,” I S C A ’0 7 , S an D i e g o , ( J u ne  2 0 0 7 ) .

• T yp i c al  stru c tu re 1 M W  T i er-2  d atac enter
• R el i ab l e P o w er

– M a i n s  +  G e n e r a t o r
– D u a l  U P S

• U ni ts o f  Ag g reg ati o n
– R a c k  ( 1 0 -8 0  n o d e s )
– P D U  ( 2 0 -6 0  r a c k s )
– F a c i l i t y / D a t a c e n t e r

• E P A,  8 / 0 7 :
– 1 . 5 %  o f  t o t a l  U . S .  e n e r g y  c o n s u m p t i o n
– G r o w i n g  f r o m  6 0  t o  1 0 0  B i l l i o n  k W h  i n  5  y r s
– 4 8 %  o f  t y p i c a l  I T  b u d g e t  s p e n t  o n  e n e r g y
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N am ep l ate v s. A ctual  P eak

X. Fan, W-D  We b e r , L . B ar r o s o , “P o w e r  P r o v i s i o ni ng  f o r  a
War e h o u s e -s i z e d  C o m p u t e r ,” I S C A ’0 7 , S an D i e g o , ( J u ne  2 0 0 7 ) .

C om p onent
C P U
M em ory
D is k
P C I  S l ots
M oth er B oard
F an
S y s tem  T otal

P eak  P ow er
40  W
9  W
12 W
25  W
25  W
10  W

C ou nt
2
4
1
2
1
1

T otal
8 0  W
3 6  W
12 W
5 0  W
25  W
10  W
213  W

N am ep l ate p eak
145  WM eas u red  P eak

( P ow er-intens iv e w ork l oad )
3 . 5  k W h r/ d ay
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“Do i ng N o th i ng W el l ”
• Sy s t e m s  s i z e d  f o r  p e a k  e n e r g y

– D at ac e nt e r  p e ak -t o-av e r ag e  p r oc e s s i ng
• 3-4 x  f o r  b a t c h  p r o c e s s i n g ,  1 0 -2 0 x  f o r  w e b  a p p l i c a t i o n s
• P r o v i s i o n  f o r  s u b s t a n t i a l l y  l o w e r  a v e r a g e  p o w e r ,  e n e r g y  s t o r a g e  
p r o v i d e s  m a r g i n

• F a c t o r  o f  1 0  p o w e r  r e d u c t i o n
– “Alw ay s  on” as s u m p t i on f or  de s k t op s  and ap p li anc e s

• T y p i c a l l y  i d l e  2 3 h o u r s  a  d a y
• 3 k W h / d a y  → 1  k W h / w e e k
• A n o t h e r  f a c t o r  o f  1 0  p o w e r  r e d u c t i o n

– Ex i s t i ng  e ne r g y  m anag e m e nt  t e c h ni q u e s  c r u de
• 30 -4 0 %  t y p i c a l l y  a c h i e v e d

– T o r e ac h  9 0 -9 9 %  p ow e r  s av i ng s
• F i n e -g r a i n e d  i d l i n g ,  a g g r e s s i v e  s a v i n g s  r e q u i r e s  f a s t  p o w e r  
s h u t d o w n / r e s t o r a t i o n

• R e q u i r e s  p e r v a s i v e  s u p p o r t  i n  s y s t e m s  a n d  a p p l i c a t i o n s ,
n o t  j u s t  h a r d w a r e
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I P S

Datacenter T estb ed
R ac k  U nit

N  S e r v e r s  p e r  R ackD C -D C4 8  V D C

B at t e r y

Intelligent
C o o ling

H V  D C  or  A C
D i s t r i b u t i on  B u s

• R ep l a c e A C  p o w er
s u p p l y  in  s erv ers  w it h  
D C -D C c o n v ert ers  t o  
g en era t e req u ired 
v o l t a g es

• B a t t ery  c a p a c it y  p er 
ra c k  t o  s im p l if y  des ig n  
o f  t h e D C -D C  
c o n v ert er,  c en t ra l iz in g  
t h e c h a rg e c o n t ro l l er 
a n d en erg y  s h a rin g  
f u n c t io n  in  t h e I P S

• D is t rib u t ed D C -D C  
c o n v ert ers  p ro v ide 
reg u l a t io n  a t  t h e l o a d
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Datacenter T estb ed
• K e y  e l e m e n t s :

– B at t e r y  s t or ag e  i n e v e r y  node
– Ev e r y  node  c onne c t s  t o a c om m on i nf r as t r u c t u r e  f or  
p ow e r  and dat a

– D C  P ow e r  D i s t r i b u t i on T i e r :
• D C  d el i v ered  to  c o m p u ti ng  no d es
• B atteri es f o r p eak  shav i ng : p o w er d i stri b u ti o n si z ed  f o r 
av erag e rather than p eak

• B atteri es enab l e p o w er shari ng :  C o m p u tati o nal  no d es c an 
hi b ernate w hi l e b attery p o w er i s av ai l ab l e to  the c o m m u ni ty

– C e nt r ali z e d e ne r g y  e c onom y
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S um m ary and  C o ncl usi o ns
• N e w  s c a l a b l e  i n f r a s t r u c t u r e
• I n t e g r a t e d  e n e r g y  g e n e r a t i o n  a n d  s t o r a g e
• I P S  a n d  P o w e r C o m m  I n t e r f a c e
• E n e r g y  m a r k e t p l a c e
• D e m a n d  r e s p o n s e :  d o i n g  n o t h i n g  w e l l
• T e s t b e d s :  d a t a c e n t e r , v i l l a g e ,  c a m p g r o u n d
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V i l l age/ C o m m uni ty T estb ed
• C o n s u m e r  l o a d s  ( h o u s e s )  w i t h  t h e i r  o w n  
l o c a l  c a p a b i l i t i e s  f o r  g e n e r a t i o n ,  s t o r a g e ,  
a n d  e m b e d d e d  l o a d s

• P o w e r  e x c h a n g e  a s e i t h e r  A C  o r  D C
• L a r g e  s c a l e  I P S s  a s s o c i a t e d  w i t h  a  h o m e
• S m a l l  s c a l e  I P S s  a s s o c i a t e d  w i t h  p r i m i t i v e  
l o a d s  w i t h i n  t h e  h o m e ,  e . g . ,  a p p l i a n c e s
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V i l l age/ C o m m uni ty T estb ed
• K e y  a t t r i b u t e s :

– H i g h  V olt ag e  D C  b ac k b one  i nt e r c onne c t
– V i llag e -le v e l c onne c t i on t o AC  g r i d
– V i llag e  e nc om p as s e s  g e ne r at i on, s t or ag e , “h ou s i ng ”
and g r i d c onne c t i on e le m e nt s

– L oc al e ne r g y  e x c h ang e  e nab le d b y  i nf or m at i on f low  
w i t h i n v i llag e  and t o b ac k b one

– H ou s i ng  u ni t s  i nc lu de  g e ne r at i on, s t or ag e  and b ot h  
D C  and AC  loads

– B i di r e c t i onal e ne r g y  f low s .
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C am p gro und / R ap i d  
Dep l o ym ent T estb ed

• S n a p  t o g e t h e r  e n e r g y  i n f r a s t r u c t u r e  
c o m p l e t e l y  i n d e p e n d e n t  o f  e x i s t i n g  g r i d

• K e y  a t t r i b u t e s :
– A u t o n o m o u s  o p e r a t i o n  i n d e p e n d e n t  f r o m  a  
c e n t r a l  g r i d

– I P S p a c k a g i n g  s u i t a b l e  f o r  d i v e r s e  g e n e r a t i o n ,  
s t o r a g e ,  a n d  l o a d s

– Si z e  a n d  s c a l e  e a s i l y  t r a n s p o r t e d  i n t o  t h e  f i e l d
– P e e r -t o -p e e r  e n e r g y  e c o n o m y
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LoCal A r c h i t e c t u r e :
G e n e r at i on , S t or ag e ,  D i s t r i b u t i on

Wide-A r ea  G r id

S h a r in g / L o c a l  D is t r ib u t io n

S t o r a g e
G en er a t io n C o n s u m p t io n D em a n d

R edu c t io n

S t o r a g e
G en er a t io n C o n s u m p t io n D em a n d

R edu c t io n

S t o r a g e
G en er a t io n C o n s u m p t io n D em a n d

R edu c t io n

QuickTime™ and aTIFF (Uncompressed) decompressorare needed to see this picture.

QuickTime™ and aTIFF (Uncompressed) decompressorare needed to see this picture.

QuickTime™ and aTIFF (Uncompressed) decompressorare needed to see this picture.
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Legacy Energy Infrastructure



25

Intelligent 
P o w er  S w itc h

( I P S )

E n e r g y  N e t w o r k

P o w e r C o m m  
I n t e r f a c e

E ne r g y
S t o r ag e

P o w e r
G e ne r at i o n

H o s t  L o ad

Intelligent 
P o w er  S w itc h

(IPS)
Energy
S t o ra ge

Intelligent 
P o w er  S w itc h

(IPS)
Energy
S t o ra ge
Energy
S t o ra ge

Intelligent 
P o w er  S w itc h

(IPS)
Energy
S t o r a ge

Intelligent 
P o w er  S w itc h

(IPS)
Energy
S t o r a ge
Energy
S t o r a ge

Intelligent 
P o w er  S w itc h

(IPS)
Energy
S t o r a ge

Intelligent 
P o w er  S w itc h

(IPS)
Energy
S t o r a ge
Energy
S t o r a ge

Intelligent 
P o w er  S w itc h

(IPS)
Energy
S t o ra ge

Intelligent 
P o w er  S w itc h

(IPS)
Energy
S t o ra ge
Energy
S t o ra ge

Host LoadHost Load

e n e r g y  f l o w s
i n f o r m a t i o n  f l o w s

Intel l i gent P o w er S w i tch

• P ow e r C om m  I nt e r f ac e : N e t w or k  +  P ow e r  c onne c t or
• S c ale  D ow n, S c ale O u t
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P um p ed  S to rage
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C o m p ressed  A i r
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T h erm al  Energy S to rage


