Pushing a LEAST COST
INTEGRATION of
GREEN ELECTRICIT
into the
EUROPEAN GRID

M, () ',

-
b
N

Cl
Dﬁ Power

AN

\gﬁgﬁf




$% &'

# #

$ %
$ )+,
- $
$% # &
$
/ 0 1 2
3 1 21
4 15 6 # 2(
( 7 +), &
r9( 7 +), 8 o+
2% - - ((
$---(C - ((
$ #
' ; 2 K % < = <
< . <N &K < % & *1
4 / 1/ .1 ? 16 022
= |/ # /
4 @ ? #
A
A ? @ ' B 2
2 $ 2 )




$% &'

+(+

+(

+&

(+

(&

&&

& (

AS (CCCCeCeeeeeeerrCrerrcrerrrrmrmrmrumrrrreedc
(e e

@@- = (CCceecececeeeeeceeeceeececececrerececeCerc e
HE 7= @ 72 7 @ (et
+( ( 2 = (CcececececrercececeereceeeceeeceeerrT
H @& 9 9 (CCceecececececcecececrececececee
+( ( = O rrre@@@a@a@a@u

! (CCCCCeeeeererrererere e o,

broo# # (e
> . # (CCccrececececeececececeeecececerccereerrrmrrmrCCCd
% & 7= @ ((((CCCcececceceeeceeeecceceeeecreceeeecrereeemau

# # - ((CCCCCeeererereTrer ettt
2 #U# # - ((CCCcereeeeecreeececececececacacece=
(" N (CCCCececececeeerCrercrererTeeeaamummae+
c¢c " -2 (et
(&0 # ' (CCrecececerececececeececececeereeeere@@)
/ #00# ((CCCCrreeeeCeeeeemmrr e s
0o+ 2 4 # " # D4 " E((((CCCcCcCceeCceeceececececeeete 8
oc * - (CCCCCreerrerrerrereTeereeee e
0@ 2 0 " # (((CCCCCerererereeeeeeeeeaaamamrmu e,
2 # A ((CCCCCCCCCC e
(¢ " (CCCCrececececerecececeecceeeceecreceerrrumue
(C " #1 # #.0# D1 E((Ccccccededdedss
! #U# # - (CCCCCceeeeerrerrTreeees
(CCeecececereceeececeerecececeerceeerar @@
el #2204 (e s
& (+ 1 # "2 # ((CCCCcececeeeececececeececece +
& (1 # * #1107 (Ccecececececececececeec +
& (& "2 #5 > (T -
2 - 4 (@@
&+ - F (Ccececececrecerececeereceecerceeerr e
&(& ? > # # (((CCCcCceeeeececeeeecreceeerTeTm e

&(&(& #0 A2 (((CCeeeeerrrrrar




[ # #

$% &'
& @ CCC@@@e:
& (+ 4 "G (CCeceeeececeececeececeeceCereceou«
& ( > . (CCCeCeeceeeececeeceeereer oo
& (& " # @ ((CCececeeceeceecerecreCeCer oo
& (" # # 27 @ ((CCceeceececeeceeceececeCeeCeaceo
&(0) 3 3@ # 22 "t # (e
&) 2 ;A ? 4 (CCceeeeceeeececeececeeeeCeeeeCeeeCerecC@u«@
&) (+ 2 t? (CCCCreceeeeceeeereCereCerCrrT o
&) ( 2 H # (CCCCeereeeereeeereCereCerTe oo
&) (& 2 @ 2 Al (e o +
& A 7 @ 2 Al ((CCCecceeeceececeeeecere o +
&, ! # 4 4 2 (e
& > ! H ! to# 4 (CCceceereceeeecereceee o &
/ #1 H # # - ((CCCeeeeceeeecerecerecer oo
+ > .# (CceceececeeceeceececeeceecereCoCrrerQ Q@@
(+(+ P # A2 * / #2 1
(+H 42 e ! #@ ! # A" ((CCeccececececeeceud
« # - ((CCCCCCeeeeceeeeeereCere @ +
(1 2 #! (e
cC / # 2 ((Cereeceeeceecere QT +
( (& @ # (e,

(¢ % (CCCCCqeeecccececececrecrererTerrarrrrrreceoc
(0 " # ((CCCCccecececececrecrerrrre e

(¢ A2 " 1 #2 DV E(((CCcccccceecceceecececeeececececea
(¢ % (CCceceeeceeecececeereceecereceeereCeCemd &
¢/ b2 (Ccecececeerececececeerececececreceeerar e &
(@ H #" # A" 1 ((CCCCceceeeeeeeereeececececececaeaamd (e &
(& # - 2 (et
&+ 2 2 (CCcceececececerecececerececececrceeerr e
& " - (e
&& " # I (CCCCCCCCCCCCCrerrrrrereauuaaaac
(& @ # (CCeecececerecececeecrececececreCeeerCeCmonT
& A2 " 1 #2 DB s

& > G C@@@a@a@ua
& 5 22 2 ((CCeccererereceeereeeeereeeeeerauumamummrrecte
(& 2 (CCCCeererrrrererererererereeeCeeeeeaammr@ +




[ # #

$% &’
(&(8 (CCeeecececeeeceeecerececececerecececrccCc e
5 !/ (CCCCereeeereeerrCrccrreCereeeeeeee e
((+ 5 - (e
cc " # (CCeeecececereceeececeereeececeerecereerarerC @

(& A"/ (e

(¢ > #((CCCCcecececerecececeecreceeerrrm @@ ue
! 2 ((CCCCCeeeeececeeereererrrT s




$% &'

+$" 22
$" 22

) $
,$" 22
$>
$>
8%>
& $>
&+$>
& $>

H* OH*

A"/

H O OH O OH OH®

L #
4 14@ ?
2
# #
# !
" !
" !
# !
12 #
# # o
@ #
J.% ! #
%- 1
! @
92
@ 92 sK+ %
11
! #
2
2
2
2
22
! - # 2
/% - )L -
/ % - L -
/1% - &L -
! % L -
/ % I )L -
! % I &L -

?

(&

8+

8&
8&

8)




* O O OH O H O H®

* O O O OH OH R

H* O OH O H

$% &
3 I'#

B ! = (CCCCeeeereerrererererrreeee (e

' 3 @@- ! oo# T 2 (((CCCeeeeeerTrerr s

"H# &S 2 ! 7 (CCrecececeereceeececeececececececceceoe

" # $+ /1% /% ' * ? 2 1 !

+88 - ((((CCCceceeececececccceceeececcerecececearTerr @+

)$ 2 1% ZAN ((CCCeauuu s
8" 2 L3 2x 2 CCCCCCCqrQrrQrrrrrC
$" 2 '/ DM E4 > "2 (e s
$" 2 LM *2 2 - # A (C(CCCCCCCCereee«coms
8" 2 I H 2 9' - > (@@
+$" 2 L # @' - > D # = (@
H S 2 # 2 10 # ooy 2 - R (G
+ $4 2 4 #0# T2 (e s
+&$" 2 A # 2 ! ' - #0# T 2 ((CC e
#8200 A# 2 0 22 (et
H$" 2 | (e
+H$" 2 #.2 0 " A (CCCCCCUeeee e
+$ * @ # A ! "k #2 4 («es
+$ #@A # 2 D #E! "w ol #2 4 «
+8% * @ # A ! 2 - 4 e
$ #@A # 2 D #E! 2 - 4 (« &
+$ * @ # A ! @
4 (e,
$ #@A # 2 D #E! @
4 (e
& * @ # A ! 2 A2
4 (e
$ #@A # 2 D #E! 2 A2
4 (CCCCrCeCcCrCrrruumrr @«
)$ G ? ! #00 % - (e
B # @ R (-
SA N ! S (s
$SA N ! S (e




[ # #

$% &'
'# 8% 22 # L+ & @ ! @ ((CCcCceeeeceece
H &S ~+ ((CCCCCcerrrreeeeececececececeaerrrmummrrrrmmrade
CH &S (Ccecececerecececerececececrecerr
H &S & ((CCCCececececeeeerrrrrrrrrrrmrmmrurmrrrae
CH&8S # ! # 2 ((CCCreCeererereceeeeeeceececeeeae
H &S -2 (CCrececececerececececreceeececrerTerrrmruQrTeCmde
H&%  # (CCCCCrrerrerrerereeeeeceeeeumrmrmmre @ -
‘H&S 2 (CCreceeeceeecececerecerecerereceerrTurreau@) -
H#&S 2 bz # ((CCCCeceeecececeeecereceerecereerr e
H &% 22 # (CCCCCCececececeeeeerrrrrTrrrmrmrd
"#  &8$A # (CCrececececeeeececeeerecececeereer @
' # $ ! 29 1 # (Cceceececececeececececeecdccc +
BEE # (CCCCCrrerrrerereeeeeeecececececeeart

L # $A" (CCccrececececeececececeecececeeereeerr oo &
H &S # I G (CCCCececececereerrrrreeeeaurmrru

' # $- - & % (((CCCCCececeecceceCrereecrereeeeeaaame
H# )3 ! 2 #@  (((CCCeceeccerecececeere @ »
"# 8" 22 ! $- @ # ((((CCCeeeeeeececececeeerrrree

' # $ 22 ! $! @# ! 2 - (ccecececec

' # $- - # (e
"# 8% - 2 @7 # - (e e -
H ) S # #10 # (CCececececerecececerececececcececeecceeea@qe -
‘H# )+ 22 LAY/ $- @ #  (((CCCCcCcCeeeeceecceccececeaecaes
t#) SAY 2 ! @ ((CCCCereeecececeeeerrrcs
CH)E&SAY 2 ! @ ((CCCeceeceecececerecececerrc s
#) 8> # oL - # # - ((CCCcCceceecececcccecececes
tH#))$> # ! L - # # - ((CCcCeeeecececececcececcesy
H#), %> # I &L - # # - ((CCcceeecececececcecececes,
# )8 @ # (((CCCCqeeecececececeeerrrrrrrrmmmrumrrras,
o) S22 o # (s




# #
$% &'
| = # !
D E- ) L2 - #22 |
22 1 ? A ! # (4
-2 @ @ 2 #o2
@ ? i 5*+)
! 2 # 1 2 -2 #
D "* E- 1 - ¢ #(
2 @ ? G @ - . #
2 ) - # &b &H
- @ _ 12
.0 4 D "t E 57 * (& el
B B! 2 * 2 - ?
(
$
9 L%
|l*# #
I @ # #
#
! #
@ 2?2 12 2 #2
-9 2 2 ( #
-2 G " ? 2 - - ! (
2 = ! = - H #
Lo #2 =
4 2 @ ? # 1$
BT " it I 5 1
] # "k D - ! #
9 I # A
i # # # 2 "*# l
- A"/ D2 2 #2 E2 #

@




+&

. #

*1
Do

K

22




$% &'

[
<
=
(]
[
O
L
S
o]
o
o

Dynamics & basic interactions of Cost & technical constraints for Effects of market & regulatory
RES-E with the grid, switchable RES-E grid integration mechanisms on cost of
loads & DSM & storage RES-E integration

WP1, Month 1-8 WP2, Month 4-12 WP4, Month 7-18

Cost & technical opportunities for
storage integration

- T - Recommendations
ek AT G ) Development of the integrated Development of the for optimal dynamic

WP3, Month 1-10 dynamic formal framework computer model least cost RES-E

GreenNet integration policies

Potential & Valuation of new WP8, Month 4-15 WP, Month 7-21 WP10, Month 21-24

Demand Side Applications

WP5, Month 4-15

Scenarios on the conventional European
electricity market

WP6, Month 6-14

Assessment of several issues for selected
Associated EU Member States

WP7, Month 1-15

International conference &

L LA L WP12, Month 12 dissemination workshops

WP11, Month 24

Project Management WP13, Month 1-24

2 = 2= @ | % ?2 | 22 ? _$
48 # -) "% ! o )
2= @ '% + 2 ? Lo
# - # 1 - ? # # @ 5
@ ? ! @ ! @ " #
N "* # a
/ + - " %
= @ '% @ 1
! # Lo # %
2 ? # (
+ - 0 1! )
2
= @ '% & @ 1
! # ! # # " #

PROJECT END




**+

2=

@

' %

++

(

$% &'
# # "%
! 2 " @ ?
22 1 #
2 2 21
' $ # &
1 2 - 2
- 12 22
#
@ 2 !
@2 - @E? #2
2 @ P # 1
(
& 89 #)
% +1 1&1)1, D "*
1 # 2 # 2 #
E!
P 2 1 1" @ 0
# # # |
# 2 12 1 2 - 27
# # ?
2 ! 2
#
2 2 ?
#1l @ ! 2 ? 2
# 2 @G @
# %
22 ! 2
# oo # IR
# # 2
# !
| | | =
2 - 5% -




' %

+&
1 #

2

o N

2'2'(

1 @ 2
(

*
I

!

#

22

% Q+1 1&1)1

IR
?-
- % -
!
2 #
@ 2
(
Lo -
!
-
! !
(
! #
# 2 !




$% &'

(#)
2 # 12 - #1# - ? -

# 2 1 # - G # 2

@ # 2 # 2 #2 ! !
2 (! 12 # 2 @ G #
2 2 G 2 l# 2 ?
# o o# # @ - ! 42 1 2
@ ! - # 2 2 22
&( ?2 @ - I 2 1 -
2 . ? # 2 . @ 2 # #
! 2 #o# # DO E2 # - 1-
2 2 - # - 2 # (
# - 2 # 1 27 - n ]
- - ## - - 2 @
2 # ( 1 @ 2 Lo 2- 1 1-
# - @ [ 1 1 -
1 # # # o # 9 #
2 ( 1 56 - " # I #

G - 2- 2 2 22 # 2
I - 12 - - @ 2 2 1 I

| | # ( I - - ? 2 @ @
? @ 2 2 @ 2 Lo (

% 9 22 | # 2 ## @ 12

I 2 I (' 2
22 2?2 | # 7= @ #$

? # 2 # #

2 21 2 @ - # C
I # # @ | 12 #
C
1@ # L. 2 # D "EC

2 @ 2 @ I 5 (

/ 1 21 *n @ # 21 # @ @
2 1 ? ? # # o @#
= @ 2 # ( #o# 1 #2 !

2 |
2 # 2 ! ?2 2 ( 2 1 #
" 92 1 3 a4 +1 2 2 .-
! 1 22 1)1 #




$% &'
-2 # # 2 - 1 @#1
] 0 2 -
(
#1 - # | # # 9 @ # !
2 1 @ ! 2 1 ( !
# | - ! 2 |
D *# ? * 2 B? 2 * D * 2 ((
# * 242 # x 2 # 1 - 1?
2 G 2 ! @ # ! 1
( # 1 oM - 1 2 1 #
2 # o 2 22 2 1 # # *
@ '# 12 12 - @ ( L2
2 #2 ? @ 2 ! @ (
1 ! # 2 # 2 27 2 1
@ 2 - # 2 @ 1
2 9 " # # 2 (
- @ ! ! !
(
* + |
= @ ! - . # @ 1
2 ! # ! # 2 # 2
" # ( - $
@ - ! G ! 9 # I # #
9 | "o ( @_ $
. 2 I 2 @ ! ? I
# #C
- 2 2 1 # 2 #2 9 1 "
# Cc
- ! @ 2 2 # 9 |
" ! # # (
2 ! @ ! # 2
2 ! ( 2 @ 127
I C
@ P # ! ! # N
# Ol @ * 2 * I (




D #

2

1# 1 G # 2 2 92 2
1 - @1! I 2 ?
2 ! ! I - 1- @
L ! 2 92 2 2 (" 9?7 #
2 ! C - @ *1 @ #
# ! @ 2 I 2
? D9
@2 = 2 2 E
# ( ? @ [
2 * 2 H. # D - Bl 2
E 2 # D K 4 12
2 #1 ? 2 #
2 2 2 - -
@1L1# 1? !
2 @2 Q 2 @ @
1 | %A - #
1 # @
( ! 22
2 2?2 @ I
@@- ! # # # D" E
1 ? # 1
# #1 #1 @# 27
! - # 2
1- ! # 1 - @1
- 2 (4 #
? # o]
@ -2
Peonr - ? ! !
? @ 2(
? - # ! @ ( 2
- " ( ? @ # 1
! # - 2 2 # @
# - 2 #
( ? +#@ 22 !
( 1 ?
- 21 2 - #
# # - 2 ?( !




$% &'
Electricity Storage
A
Direct Storage Indirect Storage
Magnetic Electrical M echanical Chemical
\ 4 A 4 A \ 4
Supercapacitors Superconducting Pumped Hydro Batteries
Magnetic Energy Compressed Air Hydrogen/Fuel Cell
Storage (SMES) Hydrogen storage system
( /+ 6 6 !
) *+ ##
!
" $ 0 =
# 2
" |
+%B) /% +2 B& 2 *3 )* )L *+
4 # ) %* () % * 3 # L +) *
2 D4 "E
2 # # + .%*+ % ) * 2 2 8)L S&
# DI "E
# +. %*+ % (+ = "2 S L ) *+
# 2 m ""E
T+) . % + 42 2 )*8)L S+
# I %* % *+ 3 # ))* )L S)
). %*& % +) *+) 2 "2 8 *8)L S
? #@ 22 ! 2 ! # # # |
@ 2 #1 @ 1$2 2 1 12 12
- ! 9 - #




v # #
$% &'
) I+ ## & &6
U # D "E
- UH 2 ™ >E
UM *> 2 [IM>E
U 3
%
UH @ # 3 * M 34E
u" 2™ D "E
u * 2 2D E
N
o |u *0 D / OE
i Us 2 BE
H
© ~ U 2
3 o
U *4 DM14 ; | #E
# & 0& 2
uro 2 # #
# DI "E
@ u *pP ;3 #" 2 #
# # DI "E
u" 9 D ' E 2
/| 2?2 D/'E
- U 4 D4 E
# %
U3 - *
_ uo # *
- 2
# # 9 #( I
/ 12 @ ? H #1 #1
;22 - " o @ - 22 @°? -1 :
? - 9+ 2 ?
1 +* 0V 0 ! #1
; @ C# - .1 ;
i 2
11 * v "2 #1
; ? Cc/ - .1 ;
" ! ( ¥ ?
2 2 C Y5V 42




2 # # 1 [
- # ! # (
# 2 1 2
! ( 2
? B R 2 Q@
! ? @ ? (
? | |
@
- ? B #
2 2 . -
0 # ! B # 1- ?
# ? @ ?
# 2 @
# # 21- !
!
2 ? | _
# ? 7 1
2 1 # ? Q # (
* 1 @7 @ ? ! 2
2 I @ 2 (0- @1
? # * 2 21 2*
? @ 1 @# !
# - ? & - ? @ 2
| T A @ 22 @?
1 # 2
) + #
6 6 #
# >
0>2
3 *4 ? ? 0 (
* 0 6 0 +(
2 2
. H 0D /OE 0 6 0 +(
0
2% > %4 2 (
3 2 3 39 9 (
M *4 M 6 0 +(+
M > 2 M > 2 M > +(
2 9

NS

++



$% &'

((+H+ 3 4 > D?" E
7 >
3 ¢ ? @7 + 2 # 2
! ) 2 1 ( 1
# 9 !
" # & ? # # # #
4 # (3 * 2 @ @ # 72 #
5 LE 9 @ - ? # - # 2
? 1 2 | -
! 2 @ @ !
2 ! -7 1! 92 1 @
8 L%
-2 [ * 2 I @@
* 2 ( 2 @ I * 2
22 G - " #
# (H 347 2 22 9
2 I - ! ? 1-
# # @ # I- 1 2
2 1. (% H34? 2 =
# # # 27? - 1 I-
2 G
-
. — + —
Flow of electrons - Flow of electrons
<
3 3 £ >
o a A o
(%2] o o
g Flow of anions N 8 Flow of anions N
A D E— 1) 2 — | 3
g £ & 4
g 8 5 i
o Flow of cations o I Flow of cations [a]
2| 55| E s|«— | 2
5 : <
ELECTROLYTE ELECTROLYTE
Diluted H2SO4 Diluted H2S04
DISCHARGE CHARGE
( + # % )
3 1(D E% . . #" +B3 4 2 ( ! H "
! ? 22 1 4 XA # @
A 1 (2 1A(D +ER # " # B #1 # 7
/ - " 1+ $ *+ (
3 1 (D E% . . #Z " +B3 4 " 2 ( ! H™"
! 2 22 1 4 XA # % @

@ !

&0

% 61

K




$% &'
A@ 2 "
3 * 2 1 ! 1 @2 22 12 1
# 272 1@ # 2 | # o
2 ( @ ? ! @ 22
# o ) @ - 2 22 1 21
- oM # # 2 2 22 #
. 2 # - @ (- -
- m ! ! @ + 1% 1% 1
! D# E I % + | % 4 2 (> @ -
? 22 ! 2 ! L1 !
-2 * #1 e ) + @
? # 2 ? # 11 G #1 #
2 L2 (H 34 # - 2
+8 1 # - # (4801 % &)/ % -
! # @ # . 2 *

( 3+*<9 =3<9 ( % ) #
/4@ #
2 @ # ! * 2 ! # $
- @ ? 12 ? C
- @ # 2 # C
@ ? ! #* # C
@ # # #o '@ LC
@ @ # @ # B HT
@ - (
A $---( ( #@#@ - Y ? (2

+&



$% &'

/A @ #
2 @ # ! * ?
@ - I D *+
G # 2 ! D?
@ 2 #
@ # C
?
1? #
@ # @ @ 2
@ 2 2
@ 2 2
2 !
#2 ! 1
2 122 !
9 0
@ 2 12
3 ? :
2 2
( (+( >
# >
3 * ? 1 .
I ? # I
2 2D E .
D OE
¥ oo# @
*2 ? @
@
2 I ? # @2
2
A@ 2 ”
4 # # | % H 2
#Il! -
2 - #1
@ # #! 2 A@ #
1 @
2 @@ ]
# * #

! #
@ # ? 28}
+)2 .% K
!
2 1 !
9 2
@ 2 .12
( 2 2
#
# # #C
!
@? 2 |
( -
D/O0OH4 @2
# @
G 2
2 272
2 9
# @ *
(
= 4 . 7
# #
? - +)* 2
? 1 @ #1
' G (ll !
L ! 2 .




$% &'

4 @ #
2 @ # ? !
@ # - C
# @
? * ?
? # @ G (
A @ #
2 @ # ! ? !
@ - # C
G ! 19 2 D
@ # 2 C
# ! ?@&° C
? N 2 N O
# # ? 2 !
? 2 K
@@ @ @ #
! #(
@ 2 2
2 @ 2 2 [ ?
I 2 1 2 2
2 $
#2 ! C
[ !
( (+H& 2# D "E>
7 >
I O# -2
D "E?
2 G ( G 1
2 1& *&) ° 1-
# [ # !
27 @
[ # ? 1 ?
-? ? I* # (4
# @ ? # 2 @ #1?
( @ # 2
! @1 92 1

+)






$% &'
@ 2 2
2* ? @@ 2 @ 2 - #
##
(#H 3 2% >
# >
2 ? 1 2* ? #
# 2 1? @ ? ? # ! 2
% ? ! @ 2 2 @
1 22 R # Q ( ? 2* -
# P2 2 1 9 *?
2 9 1 # 2?2 1 @2
? # @ 2 # # 2 ?
2 1 * (
e o chatge
v
T
e of discharge
+
Li* on discharge
fin.? rd(e: Li* on charge Cathody
Electrolytes
( 5+ # #% )
/4 @ 2 "
N ? 2% 9 #
? ? 2 1" 11 27 I #
1 I 2?2 (% #0011 # - #
# n - ? 2 - 2
? 1 @ # ( - @1 @7
2 ? # - # # , % ( !
# @ #! 3 2 1 2 * 2
21 22 | %* @ (
/ 4 @ #
2 @ # ! 2* ? ! #




$% &'

@ - 2 #(

2 @ # ! 2% 2 ! #
$
@ ! ( P ! 2 *
2 13- - 272 - #( 13
- # # B ! G C
@ 2 9 9 @ 2 ! 2 2 2
C
@ 2 2
@ 2 2 ! 2 ? 1 P ! 2
2 @ ! ( 2 $
9 @ 1 22 2 12 2 ? C
P ! 2 (
/M >
/I *2 2 2 # 1 @ 2
@ ? - 9 ? 1 2 9#
2 (4 272 1 1 @? @ # 2 2%
2 # 2% 1 2% p * | # (" 2 2 2 !
R 1 2 I P o* 2 - # ( p =
2 # I 1P ?
2 1 2 12 ( # Il 2 ?
2 272 - 9# # (4! 9 # ? @
9 - 1 9 @ # M
- r2M 9 ( (
# 2 2 x 2 @ R~ Q 1 ?2




$% &'

Adr Cathode

A
RS

Zinc .I"mOdIU (Fuel}

@I,{md

\-\.
\ /
. 0} ! 2H?O Haem o
% -,

Single Cell

Zn + 40H = Zn{OH), >+ 2e

Zn(OH)> = Zn0 + 20H + HO x Air Cathode
Y
2Zn+ 0, = 2Zn0 b Separator
( T+ # 9 o 2& ( : 47
A@ 2
Pt 2 2 @ 12 2
@ ? I 1 22
c # %! ; 1?2 #(M = 2 -2 #
] ? 2°? | 2 I 2 ) D4 '@
’) - 5 IIE @ (
/. 4@ #
2 @ # '2 * 2 1 # $
@ # # C
@! # @ # C
@ 2 ? # - C
@ # Il @ C
@ -

2 @ # 12 «* 2 1 4
27 x 19 D 4o
2 - =9
@ 2 - C
@ @ !'C
? | C
@ 2 # c
@ [ 1 2 9 5 o o " (

+8



M
H

((#

*? 2

2

M

*2

2




SM>

# 2% # (!
@ ? 9
+8 @ 7 27?
. % .% 2 !
-V ) . %) . %
6 - 2
@ 2 1 2 ? @
1?7 # ? M>> #
Ip * 2 - ? !
# C
# - # 2 ! #
@ 2 C
2?2 - - C
# # D
B
! # C
# -
2 2 (
3 D $---(P?? #( 2E

@ 7
12 * -

5((

I %
+88+( A
- @

A

%

2

(
5"4

1

2




$% &
A #
2 @ # P2 -7 ' #
@ @ - n C
G # b2
p # # # D 2 ? 2 @
H
@ 2 2
@ 2 2 1P %2 1.2 !
2 1 #2 1 (
((( 2.9 - DiE
>
§ P *? 2
-2 8( A
# ?
#
Posithve electrode: WV} + e <—> W)
Hagaiiiva Slecinios VNl <= Vi) & -
Ovarall WPV -+ W) =—== W) <+ W)
—=if=..
( ;+ # > # " @(
A @ n”
H > . Il 9 1- 27 !
5 D @ b7 ) 2
D@H 2 E 2@
? 0 (4) %) % H>- 7 *
8 2 ? @ 127 2 " (




"6 /(42 - ) % [ %H > 21 ! /
5 15"41 # (! - @
11 - 2 @ 2 ! # o
@ 2 ! # ( H >
22 # 1 2 B" 2 2 B
? I 0?2 +/% (
/4@ #
2 @ # '@ 2* 9l - ? ! #
? | % P @ 2 # C
I # C
#? - - C
. ! # # D 19 #
=9
# - # C
- 2 2 C
-2 BJ( .%°E
/A @ #
2 @ # '@ 2* 9! - ? ! #
$
@ # C
G 2 27 9 C
# 12 2 (
@ 2 2
2 @ 2 2 ' @ 2* 97 ! #
2 2 $
2 33) 2 1 2 1 1
? # @ 2 C
# G ! 2 12 ? # - D#( G
G ! ! 2 x? B
? # 2 @ ? C
# # # ?2 # 2 # (
4 | 2 H> 2 ?2 2 - *J)L 12
. D 1" 1 101 # | 2 *
? ++(
*H> 2 B---(@” - (2




$%

(( (& > 2 D">E> * g /
# >
? 2 D">E # @! - ? - B+ 2
- 2 # | 9
( 1 9 # ? - -2
# (
' @ # ! c+)H o ? # 21 .
1? ? 1 # (
- 27?7 2 D >E 1 2
D "E ( 12
# ?# 1 ! ! !
#o# ! 2 (
# # G 2 ! # @
2 ! 21 # (3 ! 1 >1 -
? ? - 2 27 12 ? -
9 # ? - - (% # ?# 1 -
2 # 2 ! ?
| | ( 2 (
? -2 ! - G G 2 I # -
2 # (
i!lutmlylt i i Iﬂﬂunlylt
tank
Electrode lon-selactive
membrane
= ﬁ
EHectrolyte
o | Ry ome
( * <t # " 6 (! (08 °2
((( A@ 2
@ 2 ! # # ? 2 ? # D - !
% # EL- + % 2 ! 47? - - "
" % - #* 2 21 D/ %+ 1%
? # # Q3 > | - 56 2 +/ %+ /%
++ 1 ((D88BER @ 2 4 2 'H 2 9 3 * > !

# #Q - w2 21+*+ | 1> #  156(




2 15"4 - ? H 4
> 1 ! 2 # I H41 2
2 #1- -2 ! ! # 2 1
4 # - 2 1 2 1 ?
I - (4 - 42 561
# 1
2 (
/ 4@ #
2 @ # | # " #
? | # 2 - # 272
@ I* # C
@ #72 - - D
! K
@ - ! # # D
8}
# - # C
@ @ ! # (2K
? | # -
2 2 C
@ # I 3 )L E
/ A @ #
2 @ # | # " #
@ ! * 2
# 2 27 12 2 2
@ 2
? @ 2 2 2
# 2 - 2
- 12 ( 2
I- C
! # #(
$ % n &
H? >
41 1 1 @ 2 # o1
2 - #
? (




Cogen

heat




$% &'

4 : D' E
2 /| 27?2 D/'E
4 D4 E
/ ? : ' E
n 9 T DIE
4 ! DI E 2 2 @ [ ! #
- 2 *4 # 2 # #
- (4 @ @ # '?2 #72 12 @ 9 @ 2 1?
@ 2?2 12 1 2 1 P11 1 2?2 - #1
G 2 ! # 9# (
9 # 1 272 : D/'E # 1 22
- ? 22 @ ? 9 +* ( 2 @!
/" 2 #! 2 2 /1A 2 > PL 0 (
9 # D E 2 9 2 ©A 1? ?
I 12 # @ 1 "2 1 * 1 = 1/ ?
" P 09 @ ! # % 22
12 /" # (
4 D4 E @°? @ ? ! 2 + -
22 @ 2?1 - @ - - @- # @ !
2 (4 " / ? # 2 21
2 @ ! # # (
@ 1 # ! #@ 2 ! #H#¢ # - Al #
2 Il # ( 5 #@ 2 ?
2 57 2 ! # ( 27 -
9 # ! 2 2 #e 2
! (
-2 1 - @ 2 4 1 /
(3-* # # N ! JL1 @
@ # ! G # 2 # - #
D% ? H / # # ! +&( ?
D E- 2 ( # " 21 2 51 @ @ #
L # ' g # 2 (
2?2 | # # (' 1 2 # #
# G! 1 @ ? !

¥ D &E’ /" ( ' A ? 12 $3 156(




[ # #
$% &'
2 ? it ’ ? & ,2*
? @ (n # # G l N .
! g | :
2 #
# - I 5
. # # #
2 ’ 2( 2 5"4
@ # o o Y
# 2 ) L% ;@ A
| ) ! ? 21 2
**(
4 @ #
2 # 4 ! $
@ @ # I c
2 1- | ) )
# . L oo , )
# 2
27 - DOE (
A @ #
@ #
? i«
2
@ 2 2 4 ) o |
' # ( 2 !
2 I




$% &'

0

2

22

0

1

11

”

( %

+ 1
) [ %
#( 4"

5"41 | #

2

14 ? 2

# )

1

?

I %

+8  (

+88+( - 2

= /

I %+ (2
4>>14 21

4"A@ 2

5"4

+&

8/ %
#

21 9
! %
A

+&

4

# E%
22

. #

2

@ #

@ #




! # #
$% &'
o Peak ety Rl

Electrcity In

lectricity Out

Hot to Scale

Limestone Cavern

| Exhaust

( *[ +& # & # 4
4 @ #
@ # ! 2 # $
@ 1* # C
@ # ! )L K
A @ #
2 @ # ! 2 # $
- ? # @ 2 1 @ C
@ # 2 92 +() *
? @#
@ 2
2 2 14" # 2
(! 2 [ - 27?
2 | # # 1 - @ ! ! 2°?
1 # 1 @ 2 2
2 2 9 21
G # (
D4 A@ 2
&




$% &'
1 11} #
>
1 2 # @ 1 I
2 ! " o 2 - * D #*
D E@ - 2 2 # 2
? ! # (A I A
@ @ ! g 1 -
41 - 2 - - #2 2 $
2 # ? #C
? @ 2 K
? # 2 C
2 # C
? #C
- 2D 2 ? @
I - - #H
I # ! # ?
! # 1 # !
# 2 2 # 2 (
# ?H#H - #
2 92 2 C G ! # 1- @ @
# o # 2 92 2 ?
# A% I - ? # # 1 # # #
# (
Motor/Generator l l
m' m g —u Electricity
Vacun N i _ PCE +——= In and Ot
Containment [~ =1
YWessel ] | II
D |:| k Wacuum
Swvstem
'
Advanced
Magnetic
Bearing
( x4 # $ # (! #°
i D E4 # # ? ! # 2 ! @
1 2 ! ? (1 12 # I
# / (3 156(




$% &'

$ 6 #
| # ? 27 #2
5 - # ! 561 #
@ (> - 12 5" 4
! 2 # / 9 L# O+
? | # 0/ % !
- ? @#: * 2 * 2
( # 12 9 #
Ho* | % 22
E - 2 = #
2 ?2 - 0+ 2 (
/ 4 @ #

2 @ # - ! #

@ # 1 C

2 D( ( Z9
@ # - D 2 # #
@ # # D% 2 @
@ # ! L E
@ -2

1 ? 2 [ C
@ P 2 #HH#

@ ? #! 2 1
/ A @ #

2 @ # I [ #
@ # D * - 2
@ 2 ! D #

# ! - 2 ?
@ 2 2

@ 2 2 - 2 2 2
# * P 1 2 #

Lo

= D &R # #' - # # "2
% - &> - 1% 2 # 1/ 415"4(
--(? - (2 % Y & !

@ 2
@

09 ( 982
) 2 “(

% - 4

(/%! 2

? ) .

22
?

#C




$% &'
' $ %
7 >
2 # # @ ! ! - !
2 # ( # ? @ I 2 - ? - #
2 @ ( 2 # | L# - @
? ? (4 27 ? - - #oo!
2 - 2 2 @ 7 # # 2 (
1 - -1 -2 @ (
| 2 | - ' # + (
Upper
Reservoir
DaytimeFIow/
Power Station i .P-_ﬂ
. A
Wt .
\
AY
%mp shaft linked t§
| turbine shaft {\( ( )
L ower : .») Pump
Reservoir = ' .
Night time Flow
( * 3+ # $ # # #
/4 @ 2 "
22 2 # I 2 -
# ? 2 1 #
( 2 % ! 2 #
1- 2?2 (0 - @ 1-
# @ 2 27 1 ? ? 2 #2 2
1 2 [ I # - 2
# @ 2 (! 2
@1 - @ 12 - - .
? #1 - @ 2 (




$% &'

/ 4@ #
2 @ # ! 2 ! #
@ # 2 1o D#(+ [ %-
A - # 56K
@ # D - K
@ @ # ] 5 *)LE

2 @ # [ 2 [ #
@ # ! C
@ 2 - @ (
@ 2 2
@ 2 2 12 * 2 # |
lo2 - ! ( # @
@# ? # @ ? 2 2 ‘
- (@ 2 2 - # # o#
21 # o @ - ! 1 @ !
2 2 2 (2 !
# ” # | # 2
(
2$ y $ 1/" l
2 # # # # 2 # !
2 2 # # #
2 H # # D/ "E # (
+
# >
" 2 * @ | @'7
( 2 - @ 2 - ? 9
( #
‘9 - . ; @ # ! 2 #
- # H( - 22 1
(4 | # 2 | |
- L # I(4
5 2 2 . (4 @
1 # | (
2 2 2 1 ? -
+ L 9%(




! # o #
$% &'
i
Electrolyte |~ -9t Separator
- T8+
- of [+
Current - B[+ —  Porous
Collector % ~ e-i:—""—-""""—- Carbon
- o Electrode
= oll+
( “4+  #
A@ 2 #
@7 I 2 2 2 ! 1
( 2 @ 2 #
22 ! 2?2 12 x (0 - @1 2 #
& % 7 @ # - ! +() @2 @
# #- 22 @ /[ 9
# 1 1 1t 11y 2 #
o # 1?2 ?
! Fo- 2 @!
G (
/ 4 @ #
2 @ # ! ! # $
@! # # # # ? C
@ # @ (
/ A @ #
2 @ # | ! $
@ - # C
@ # (
2 2
@ 2 2 ! 2 21 (
" 1 @7 ? 2 = 12
1 - # 9 (4 2
2 @1 - @ 2 Q 2 ?2 (

&)



$% &'

+ %, % % %), *
7>
#2 # # # D/ "A # 2 #
! (4 - # o+ 1l 2 - 1 "/
! # 1 2 ! ? 2% 2
2 1 - # 2D "B !'# 2! #
@ 2@ ( 2 ! #2 1-
@ 9 2 I 2 ! # 1-
# 21- 2 - [B) °6E
Helium Vessel
L, (o
: — Power
Refrigeration Switching and
System — Conditioning
Equipment
Superconducting 3
Coils
( * 5+ # # 9 #
@ 2 ”
" @ - # 1- 2?2 | 2
# I - 5"41 ( 2
# 012 - - 2 2 # - ( 1
22 @ "yt G 2 *42 " * - !
& % & 2 # 2 I CA@ # ! -
I 2 @ ? & .%! + (1?
22 @ °? 2 # # D? @&/ % K
49 @ #
2 @ # Py # $
@@ # N DAB) L EC
@ @ # D 1 2 K
! # 2 C
@ P 2 ## C




$% &'

1-

22 ?

@$

##




$% &'
#'& # " $$ 3" #3$ $% & 9%
27 ! [ #
" ?# @ (4 2
"x 17 12 1 ? @ 2
! # ! ( 2 #
2 2 $
"x 2 # 2 C
2 - C
@ C
2 ? D; AE (
I ] - I # - I
? # @ @
2 - = 1 @ 2 ( 2 @ !
I G 2 ] ] ] #@ (




EST Legend
Supercapacitors
Composite Flywheels
Lithium Ion
Compressed Air Storage (CAS)
Zinc-Bromide (ZnBr)

Fuel Cell (PAFC)

*T+ 1 %

Power-Related Cost (€/kW)

6 $ " %9 # &

! # #
$% &'
# 2 ! ? #
( I [ N @ o) (
# * - % 2 - #
( 1# 12 ! #
# 2 1 2 # - @ ? (4
N - # @( # 2 D #B 2 # -
I " ?2 ! ? I (
? ! - #. I 2
# (
$l|£$ 1 , # '
xo # 2 2 ! # #
| @ # | | @ $
2 #1 # 1 C
2 2 # * # C
"9 2 # (
@ ! I 1 12 - 2 *
. ? # ! # " (" # + 1' # + 1
? ) 2 ! 19 # @
? 2 # # ! (
100 — =
Composite
Flywheels
75—
ZnBr
=) 50 —
]
S—
= 25 ]
E 2 Lithium
Foy 20 — O Ion
7]
g 15
Fuel Cell
& o] s - PAFC
a upercapacitors
= 5]
w
2_
1 —]
o | | | | | | | |
50 100 150 200 250 500 750 1000 1500 2000




$% &'

5 hr —

2 hr—

1 hr—

30 min—

10 min—]

1 min—

Discharge Time

30 sec —

10 sec —

1 sec —]

Zinc-Bromide
ZnBr

o

.01

Application Legend

|
.05

Control, I

& O g
Matching Intermittency & Hybrid Ride-Through

Firming Up & Backup

( 4|

8&L

W8 L

)® L

> 2 )L

&* )L

6 $

)8

S++&

+ *

W)

| | | |
.5 1 5 10 25

50
Power Rating (MW)
# 0 2 " %9 # &
" %9 #
) $ L ;
"B #
Vo1 - (5 2 ##
# 9 2 # 2 1 -
1 ( 11
vV 1 - 0 12
# # 11 (2 C2
? | G (
Vo1 # H / @
# - # #1 #
? ?
2 1l 2
2 P ( I @
vV 12 % A C
( G 2
L #
? 1? & * A C
- ( @
# 2 S 2

* Nickel Cadmium batteries are also suitable for this application and are commercially available (e.g. Saft's Sunica line) with
similar performance improvements over lead-acid batteries.
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Energy Duty Cycle Temperature &
Technology Efficiency  Density Lifetime Portability Requirements Related Issues
(Wh/Kg)
Sodium >5yrs Possible w high Can do high Runs at
Sulphur 80-87% 110-170 2500 densities, but - cycling duties w/ 300-350 °C;
(Nas)* Cycles tempis anissue little degradation  Impacts perform.
Lead-Acid 5yrs Not designed for Strong impact on
75-80% 35-45 1200 Not possible high cycling as life; capacity; Eff%;
Cycles with any scale degrading self-disch.
occurs
SMES
Mid-sized to 95% 30-100 30 yrs Not Possible Can cycle as Runs at 269 °C
Large needed.
Regenesys 55-75% 20 15-20 yrs Not Possible w/ Can cycle as Conveniently runs
(BrS)** needed large needed. at room
scale temperature
Fuel Cell N/A, Per 20 yrs; up Yes, one of its Can cycle as 0-80°C; Very high
PEMFC 40-60% fuel to 25000 key advantages needed. or low temp can be
storage hrs in the EV mkt. issue
Nickel 60-83% 1500- Severe cycling Increasing temp.
Cadmium 60 for pp 35 9000C < 1/4 Cycle can  life w/ will lower efficiency
(NiCd) 80%-20% ‘swelling’ & life some, but
dod less than lead-acid

*Lithium(Cycling/portability) would also suit smaller applications or if multiple MW versions become available in the future.
**Both ZnBr and Vanadium VRB systems are suitable in smaller applications where portability in a bigger factor or in the case
that they are scaled up in the future.
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Compressed Air Energy
Systems

Supermagnetic Energy Storage

Hydrogen Fuel Cell Storage
Systems

Supercapacitors

Pumped Storage

Flywheels

CAES were assessed to be very well suited for a number of applications
utilising bulk storage, such as generation and reserve capacity, such as
load levelling and blackstart.

SMES are suitable for customer applications where only small capacities
are required, such as power quality systems. For larger sizes SMESs are
also well adapted for transmission and distribution applications, such as
transmission voltage control.

PAFCs with high power density are suitable for RES-E management
applications, such as firming up or back up, and early systems are already
being deployed in such way;

SOFCs with quick resins time are deemed most suitable for generation
and capacity reserve applications, such as standing reserve, but will also
be well suited for many customer power applications

PEMFCs are suitable for transmission and distribution applications,
particularly for deferral of distribution network upgrades;

AFC'’s were considered to be limited for most of the applications
considered.

Supercaps were assessed to be suitable for a wide range of applications,
including RES-E management and customer power, generally for smaller
applications.

Although pumped storage is primarily used for generation & capacity and
arbitrage, it could be used for a number of other applications that support
RES-E

Composite flywheels are the best suited flywheels for customer power
applications reliability and power quality systems.
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) F<+>
Specific Campbell Carr  Taylor et al (2002)*
Application (2000)*°
(Figures to [A study of 3
nearest 100) different 1ISO
Markets]
« Control, Integration
*GC-; & Output Smoothing
B £ Match Intermittency
ﬁ 2 & Ride-Through for
x g Hybrid Generators
= * Firming Up &
Backup
* Quality
@
32
0 .8  «Reliability and
g8 Bridging
e =
S8
2 < * Reducing Peak
O Demand
-  Area Control & 211000/288000/
E Frequency 27000
g Response
8 « Blackstart
g « Rapid or Spinning 558/0/5860
e Reserve
& « Standing or Energy 27000
] Imbalance Reserve Avoidance
S +Balancing
'@ Mech
2 * Load Levelling or 87000 36000/9000/
3 Commodity 34000
Storage
« Stabilisation
@ « Voltage Control
[a) -% (Reactive Power)
l'f g » Transmission
<& Investment Deferral
« Distribution 30000
Investment Deferral
* Hybrid Systems for
Gen Displacement
& Efficiency
o +T&D Loss 0 — 4500
o Avoidance
* Avoiding Peak 9000 - 15000
Offtakes; Trans. Use
of System Benefit
¥ 27 D E > [/ 13#" #
27? ( 1 1 = (6 3
1 (@~ - 1A(10 # 1(D ER #
/ # 1" 37
5"4(
6 . 1 (D ER # # B4
/. _© # 22 B ! #
415" 4(
A .1 1/ 10(DB+88 ER 2 " #
#1 4 # 3 % 156(

# @

Kulkarni (2002)*
PIER Program-
CEC

10000 (firm)

40000 (time shift)
100000 - 200000
4000
8000 - 27000
23000
18000 - 123000
(alt. figure 20000)
44000
1000 - 10000
1000 - 180000
40000
6000 - 18000
63000 1000 - 3000
59000
" # - ./ # 2
1 ! "5%0 - 156(
# 1 4 @ Q "4
I A# 2 #$" (3 1
#3 .1 ®% #Q" !
1% # ' 2%$5 A @
" # Q ” ll4 +88 '/

Dick & Maureira
(1998)*
Ontario Hydro -
CAN
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* Residual Value

) **+

Alternative
Non-Storage
Technologies

® Diesel Engines
(Diesel ICE)

® Gas Engine
(Nat Gas ICE)

® Wind Turbines

® Combustion

Turbines
(Simple or

Open Cycle
GT)

® Microturbines

® Capacitor
Banks
(100, 150 &

200kVar
power ratings)

® Oil Coolers for
Transformers

* Auto

Transformers for
Tap

manipulation

Capacity; *
Efficiency

30kW to 6+MW
30-43%

30kW to 6+MW
30-42%

10kW to 2MW
25%

Supto
1000+MW *
21-40%

30 to 400kW
25-30% *

Flexible
capacities
configurable

1900

+ 30% for other

services

Applications

Rapid Reserve,
T&D facility
deferral, Customer
energy mgmt.,
RES-E mgmt.,
Power quality &
reliability
Standby, peaking
and intermediate
applications *

Based load,
reactive power
voltage control

Rapid Reserve,
Area Control &
Frequency
Response

Rapid Reserve,
Customer energy
mgmt.

Transmission
voltage regulation,
Customer ride-
through or bridging

T&D facility deferral

Transmission
system stability

Advantages

High degree of
market acceptance,
Well-understood
technology,
Relatively low cost

High degree of
market acceptance,
Well-understood
technology,
Relatively low cost

Low operating
costs, reduced
emissions

High degree of
market acceptance,
Well-understood
technology,
Relatively low cost

Emerging market
acceptance, Well-
understood
technology,
Relatively low cost

High degree of
market acceptance,
Well-understood
technology,
Inexpensive,
Rugged
High degree of
market acceptance,
Well-understood
technology
High degree of
market acceptance,
Well-understood
technology

Source: 'Data from DPCA (2003) unless noted otherwise. ® Data from GRI (1999).

#
2
@ °?
#
I
!
?

$
! C
#7? -
284
1?2 ##
# !
22 !

@ !

39000 (microgrid)

Capital Costs

Disadvantages ( kW)
O&M ( /kwh)
not incl. fuel !

Air Emissions (SO 600-1000;

NO, ), Varying fuel 650 *

costs .005-.015
.035*
High maintenance, 250-600 °;
Air Emissions 700-1200
(SO & NO) .007-.020
Not dispatchable, 1000
inflexible and .01
intermittent, high
capital cost
High maintenance, 400-900;
Air Emissions 400"
(SO« & NOx) .004-.010
(02)
High maintenance, 1200-1700;
high temperature 700 *
issues .008-.015
Large size to 500-600 *
achieve needed $25/kVar
capacities,
additional safety
concerns

Environmental
concerns

Generally
expensive, Large
footprint, Long

lead-time to
purchase
27 !
D 2 2
? -
!
- ? 0+ (

))
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Analysis o
Lithium: 333-2500
Nickel: 303-1667
Vanadium redox: 357-10000
Zinc Air: ~100
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Questionnaire e
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@ ! 2 *- ! ' - # G $
A @ bK ,/variancgdfe] + variance[wfe]
EB *F
! 2 ! ##? 2
- L# - ( @
! - # 9 -2 ! @ - -
2 # 2 ! ? ? - # @
? ( (80
) * 4+ /5 ! 3
26 GW wind 4 hourly statistic Value (GW)
Standard Deviation 2.415
Sample Variance 5.833
Minimum -11.716
Maximum 12.906
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fixed amount (1/2 GW binz) output change frequencies

1,400 4=
1,000 ]
8004 4
BO04 - --ba i
T SIS SIS S S N A
T =00
= H
e T e S e T
PR IR R N S N S
LI T e SR CEELERE AR EEg
D_
44 4342 4190 9 & 7 6 5 -4 3 2 4 01 2 3 4 5 & 7 8 9 1011 12 13
output change (G for ranges: value + 172 G
( /4+( B ) 3 /5 !
' # ) - 12 2 A # 2 -
# ! - ! D @ I B++
% + % ? - P 2 ? @ ? '# H
( (B(& 4 / # @
2 @ 2 * @
22 @ ! G ? 2 @ 2 27 ? - #
2 - # @ @ ? # ] 2 2 # I G
? @ # 27 (" 2 - 2 ?
? - # @1? - 2
# ( @ 1 @ ! # A"/ @ # # @
? 2 # | ! 2 - @ @ 2
- 2 . # @ # @ G Fo(
) *3+& 6
Storage Rating No. standard deviations Maximum Total Reserve
(standing reserve) of spinning reserve spinning reserve
None 3.5 8453 MW 8453 MW
2000 MW 2.3 5555 MW 7555 MW
3000 MW 2 4830 MW 7830 MW
4000 MW 15 3623 MW 7623 MW
5000 MW 1.2 2898 MW 7898 MW
4 ? 12 ? +1 # @ @ @ &
@ ! - ! # P I #
? 2 ] @(
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18 Dec net (demand-wind) 39 GW, 4 hr forecast
60000 -
50000 /N /M
40000 A
=3 w \ ——actual
5 30000 —7
= —forecast
© 20000
10000
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18 Dec net (demand-wind) 13 GW,4 hr forecast
60000
50000 ~7 N
2 40000 - \
=3 —actual
« 30000
g — forecast
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Time Actual
period Demand
1 28 GW
2 28 GW
3 28 GW
4 28 GW
5 28 GW
6 28 GW
7 28 GW
8 28 GW
9 28 GW
10 28 GW

@#

Actual
Wind

3 GW
3GW
3 GW
3 GW
3 GW
3GW
3 GW
3GW
3 GW
3 GW

Actual
net

25 GW
25 GW
25 GW
25 GW
25 GW
25 GW
25 GW
25 GW
25 GW
25 GW

22 2
! @
? - KIl(s
@
@D -
?7 @ 2
22 1 2
2 22 (
2 - _
B ( @
# @ @ ?1
‘ # ( -
s K +( 2
# @ I | K+1
? @ ? #
Forecast Forecast Forecast
demand wind net
28 GW 1GW 27 GW
28 GW 2 GW 26 GW
28 GW o0 GW 28 GW
28 GW 4 GW 24 GW
28 GW 1GW 27 GW
28 GW 5GW 23 GW
28 GW 6 GW 22 GW
28 GW 2 GW 26 GW
28 GW 4 GW 24 GW
28 GW 5GW 23 GW

Imbalance

2GW
1GW
3 GW
-1 GW
2 GW
-2 GW
-3 GW
1GW
-1 GW
-2 GW
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) *B+ ## " 6 Q@# sG* )y /1
Time Reserve Total Imbalance  Reserve Total Imbalance
. | =3 committed | =1 committed
period
1 1GW 28 GW 3GW 0 GW 27 GW 2 GW
2 2 GW 28 GW 3GW 1GW 27 GW 2 GW
3 0 GW 28 GW 3GW 0 GW 28 GW 3GW
4 3GW 27 GW 2 GW 1GW 25 GW o0 GW
5 1GW 28 GW 3GW 0 GW 27 GW 2 GW
6 3GW 26 GW 1GwW 1GW 24 GW -1 GW
7 3GW 25 GW 0 GW 1GW 23 GW -2 GW
8 2 GW 28 GW 3GW 1GW 27 GW 2 GW
9 3 GW 27 GW 2 GW 1GW 25 GW 0 GW
10 3GW 26 GW 1GW 1GW 24 GW -1 GW
Reserve for Balancing example
28 -
27 -
§ 26 —e— Actual net
e —x— Forecast net
5 25 -
= —a— 1 std. resene
8. 24 1 —a— 3 std. resene
23
22 T T T T T T T T T 1
1 2 3 4 5 6 7 8 9 10
time period
( [+ ## * 6 6
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250 250 250 250 store
( - /
$ 1 97 2 20 & /% ! @ ? -
. 2 2 2 . 2 22 2?2 # @ (0- @
2 # /I % !- - ? # # (
300 300 | (300 | {300 + store
( / +
;e 4
I ! 27 ? D E #
12 #t@ ? 2 I 1! 92 D # G ? -E
- 2 I ) 1% )& L ' & % )(+L C
2 # ! %! - T % (
3 9 2 # ! % - - o
3 [ %! - 9
3 94 @ .- 2 # ! %! - (
3 9y 2 # ! Tl %! 2 2 2 ? # (
3 s e R - 292 2 (
3 # - # 2 2 2 ? # (
3 # ! I ? - 29 2 (
) T+
Efficiency Thermal energy (MW) Electrical energy (MW) £/MWh
50% 1300 650 20

25% 2600 650 40
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] System operation

Select ]Germﬁny

- Germany

Wind onshore
wathout storage/load management | with storage/load managemeant I
System operation costs

Swslen capacily cosis

High scenario ¢ Yes & No

with capacity credit l 7 EMWh
without capacity credit I 12 €/MwWh

_ﬂ |Wind onshore

Balancing cosis

High scenario ¢ Yes & No

Value | 33 &Mwh

f | Cancel
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Generator type Nuclear capacity Moderate flexibility Flexible CCGT
(GW) CCGT capacity (GW) capacity
Low flexibility 8.4 26 >25.6
Medium flexibility 8.4 26 >25.6
CCGT only 0 >60
High flexibility 0 >60
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peak max wind Storage rating Storage size (GWh) Storage
demand (GW) (GW) (GW) efficiency
56.79 20 0, 2, 6, 10, 16, 20 rating * 10 hours 80%
1 *
56.79 26 0, 2, 6, 10, 16, 20 rating * 10 hours 80%
1 *
56.79 30 0, 2, 6, 10, 16, 20 rating * 10 hours 80%
56.79 36 0, 2, 6, 10, 16, 20 rating * 10 hours 80%
1 *
56.79 40 0, 2, 6, 10, 16, 20 rating * 10 hours 80%
1 *
56.79 46 0, 2, 6, 10, 16, 20 rating * 10 hours 80%
1 *
56.79 50 0, 2, 6, 10, 16, 20 rating * 10 hours 80%
56.79 56 0, 2, 6, 10, 16, 20 rating * 10 hours 80%
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Peak Max wind DSM number of devices Hourly control period
demand (GW) (GW) load reduction (GW)
56.79 20 0, 200, 600, 1000, 1600, 2000 2,6, 10, 16, 20
56.79 26 0, 200, 600, 1000, 1600, 2000 2,6, 10, 16, 20
56.79 30 0, 200, 600, 1000, 1600, 2000 2,6, 10, 16, 20
56.79 36 0, 200, 600, 1000, 1600, 2000 2,6, 10, 16, 20
56.79 40 0, 200, 600, 1000, 1600, 2000 2,6, 10, 16, 20
56.79 46 0, 200, 600, 1000, 1600, 2000 2,6, 10, 16, 20
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Date/ time

13 Aug: 01:00
13 Aug: 02:00
13 Aug: 03:00
13 Aug: 04:00

(

92

2
#

#

demand
(MwW)

22305
21847.5

21067.5
20857.5

LA"/ ?

2

PA"/ ? ? # #
( 92 ! 2 ?2 0?7 -
wind net (MW) net—minimum DSM
(MW) conv gen (MW) maodification
(MW)
16937.07 5367.93 367.93 -88
16570.23 5277.27 277.27 -88
16200.21 4867.29 -132.71 132
15659.76 5197.74 197.74 44
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Storage
Rating

(standing

reserve)
None
2 GW
3 GW
4 GW
5 GW

2 4+

22

4 +$ 9

Storage
efficiency

70%
70%
70%
70%

@ K

#

&

HH

K | <<<
% - 1 2
2 ? ?
? 2 2 #
#
? ! @
2 #
22 ?
Storage Wind
energy penetration
20, 25, 30 %
40 GWh 20, 25, 30 %
60 GWh 20, 25, 30 %
80 GWh 20, 25, 30 %
100 GWh 20, 25, 30 %
(B1'1 o'

Generation mixes

LF, MF, HF
LF, MF, HF
LF, MF, HF
LF, MF, HF
LF, MF, HF
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! N #0 @ ? (
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2 2 # 1 ” - - @ 2 #1
! ! )L - ! ( 1 2 # -
& ( % ( ? # ! - ?
2 # 2 1 2 | 1 G (
@ % - - #. - # !
- #(° @ - @ % (
) I5+ ## ! #
Wind (GW) Annual energy (TWh)
20 61.319
26 79.715
30 91.98
)y 7+ 9 ! 143 !
Storage (GW) LF system MF system HF system
balancing cost balancing cost balancing cost in
in Euro/MWh in Euro/MWh Euro/MWh
0 (base case) 8.81 5.67 3.29
2 474 3.24 2.23
3 3.76 2.70 1.94
4 2.76 2.06 1.56
5 2.32 1.77 1.41
? - ? # ! I % (
| # 1 @ | #
- P - (0 2 # -
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storage balancing costs 25%wind
10
8.81
s ® =
=
°c 6 567 L
0 \\474\ —>—MF
S 5 \ﬁ e 28 2.32
0
0 2 3 4 5
storage rating (GW)
( 43+ /147 !
“# ) ? # - # - 2 (( ?
I 2 ? # ! -1 9? 21
@ ! # 1 9?7 ! 2 (
(@¢ - # ? ! #
- -1 .97 2 - 2

Table 28: Balancing costs per MWh wind 20% wind penetration
Storage (GW)

LF system MF system HF system
balancing cost balancing cost balancing cost in
in Euro/MWh in Euro/MWh Euro/MWh
0 (base case) 5.68 4.83 3.23
2 271 2.65 1.96
3 1.99 2.02 1.52
4 1.56 1.64 1.27
5 1.74 1.88 1.38
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storage balancing costs 20%wind
6
5.68
5
z
3 4 —a—LF
T 3 MF
25 —e—HF
@]
O
1
0
0 2 3 4 5
storage rating (GW)
( 44+ /<J !
#) ? # - # - Table 28(
) [/t 9 ! <J !
SerEge (&) LF system MF system HF system
balancing cost balancing cost balancing cost in
in Euro/MWh in Euro/MWh Euro/MWh
0 (base case) 9.59 6.27 3.41
2 5.91 3.74 241
3 4.50 2.93 2.05
4 3.56 2.46 1.73
5 2.70 1.97 1.56
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storage balancing costs 30%wind
12
10
sV e
s 8 = LF
I 6 1+—X%8x 591 ——MF
2 —e—HF
e T
© 2 = o205 122—/
- O—+t{5—@ 156
0
0 2 3 4 5
storage rating (GW)
( 45+ <J !
"H), ? # - # - ? (8 ?
# # P 1 12 ?
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storage CO2 reductions
8.000
< 7.000 /__ﬁso//.m
) :
o 6.000
I 5.000 /I/Sﬁ)
c
s =4480 =—LF
£ 4.000 Maou/* 4180 | s MF
c 200
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balancing costs for different efficiencies (wind 25%)
376 367
27 265 OLF70%
s OLF80%
< 194 194 0 MF 70%
‘3 O MF 80%
S 0O HF 70%
B HF 80%
storage 3 GW
+ # 6
" # ) I & % # | 2 - D)L B?
- I 2 L ( 2 @# ! ? + L
2 @ ? - L &L ( 112 @# # N
2 2 @ @ ! #(
4 ! 2# 7 @ [ % ! 2
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Storage (GW) LF system MF system HF system

0 (base case)

2

3
4
5

balancing cost in
Euro/MWh of

demand

1.41 0.92
0.67 0.50
0.49 0.38
0.38 0.32
0.42 0.36

balancing cost in
Euro/MWh of demand

balancing cost in
Euro/MWh of demand

0.61
0.38
0.29
0.24
0.26
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) * 4! 9 # /43 |
Storage (GW) LF system MF system HF system
balancing cost in balancing cost in balancing cost in
Euro/MWh of Euro/MWh of demand  Euro/MWh of demand
demand
0 (base case) 2.16 1.39 0.80
2 1.17 0.80 0.55
3 0.92 0.67 0.49
4 0.68 0.52 0.38
5 0.58 0.44 0.35
S 9 # <J |
Storage (GW) LF system MF system HF system
balancing cost in balancing cost in balancing cost in
Euro/MWh of Euro/MWh of demand  Euro/MWh of demand
demand
0 (base case) 2.73 1.79 0.97
2 1.68 1.06 0.68
3 1.29 0.83 0.58
4 1.02 0.70 0.50
5 0.77 0.56 0.44
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