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In this work we are concerned with evaluating different coordination schemes for TSO and DSO’s
for the provision of flexibility services to the transmission and distribution networks

from the resources connected to distribution networks (e.g., programmable generators, flexible loads, ...)

In particular, we want to compare the different coordination schemes that have been proposed
with regard to the possibility for market participants to exercise market power,
I.e. apply strategies to maximize the market participant’s profit,

which, on the other end, may result in significant cost increase for the system

Example:

» by an appropriate bidding behaviour, a producer can create artificial congestions to make

its own generators indispensable to satisfy the load

» further opportunities of exercising market power are provided by the existence of multiple

markets in cascade (DAM followed by real time markets)



We have developed a procedure to detect possible exercise of market power

for the following TSO-DSOs’ coordination schemes:

A. Two-stage architecture
1. DAM

2. real-time: common market for 7 + D

B. Three-stage architecture 1
1. DAM
2. real-time market in each distribution network D, with resources in D;,

3. real-time market in transmission J°, with resources in T

C. Three-stage architecture 2
1. DAM
2. real-time market in each distribution network D, with resources in D,

3. real-time market in transmission T, with resources in T + residual resources in D



Bids on the DAM and real-time markets are submitted by the Aggregators,

each of which manages a set of programmable generation units and/or flexible loads.

The Aggregators are assumed
» to offer all available quantity, and
« to compete on prices,
therefore we develop an optimization model for the single Aggregator, that determines the bid prices

on DAM and real time markets that maximize the Aggregator’s total profit.

Using an iterative procedure that cycles through the set of the Aggregators,
we search for a Nash equilibrium solution,

I.e. a solution from which none of the Aggregators is willing to deviate unilaterally.

Finally, the Nash equilibrium solution is analysed to see if any of the Aggregators have had strategic

profit maximisation behaviour.



The presentation is organized as follows:

» The Aggregator’s optimization models under
A. Two-stage architecture
B. Three-stage architecture 1

C. Three-stage architecture 2

» Preliminary numerical results on a small CIGRE test network



Model of Aggregator i in case A

A. Two-stage architecture
1. DAM

2. real-time market common for 77 + D

Decisions of Aggregator i

u € U; bl price of sell bid on DAM

u € U; b;ﬁ” price of upward regulation bid

u € U; bt price of downward regulation bid ~  onreal-time market
newnN; bVt price of load curtailment bid




Objective: maximize the sum of profits on DAM and on real-time market

max ) (A=W gu+ D (bl —clNygl+ Y mitak- > (b - ) gl

Uu€eU; u€el; nenN; u€euU;

\ J

l

profit on DAM

u€U; CcY generation cost

A clearing price

} decided by DAM Operator
u€eU; g,  accepted quantity




The Day-Ahead Market Operator problem
The DAM Operator, given

D, load at nodesn € V'
|74 non-programmable generation at nodesn € V'

(Gu, b;ﬁ‘) sell bids of generators u € U (maximum quantity, minimum price)

determines the quantities g,, to be accepted as follows

accepted quantity not greater than
uell 0<g,<Gy

offered quantity

z G = Z D. z Wy, satisfy residual load

uell nenN nen (dual variable A: clearing price)
_ U quantities g,, are accepted in
min by Gu
uell non-decreasing order of bid price

This model refers to a bus-bar Day-Ahead Market (as it is in France, Germany, Spain,... )

In Italy, Norway and Sweden, the DAM markets are divided into zones due to their geographical shape.



In the model of Aggregator i,

the accepted quantities g,,, u € U;, and the clearing price A are determined

by the optimality conditions of DAM problem

Y =) D= ) Wy

ueu neN neN

ueuU 0<(G,—gy) Lv, =0

uel; 0<g,L(bl-21+v,)=0

u € U\UY; OSguﬂb;ﬁ‘—A+Uu)20

The prices b of the competitors’ bids, u € U\U;, are guessed by Aggregator i

(based on some hypothesis)



Objective of Aggregator i: maximize the sum of profits on DAM and on real-time markets

max ) (A= CHgu+ ) (B -clgl+ Y bl ah- > (b - ) g

Uuel;

U€EU; neN; Uu€el;

\ J

Y

profit on the real-time market

ueU c% c%  costof upward and downward regulation
u€U; gl,g,  accepted quantities of regulation bids _
decided by the operator of
. load curtailment: the real-time market
n e N; d . . .
‘ ” (6,, > 0 maximum fraction that can be curtailed)
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The real-time Market Operator problem (case A: common 7 + D market)

The operator of the real-time market, given

D, real-time load at nodes n € V'
W, real-time non-programmable generation at nodes n € V'
the bids bid price | offered quantity
ueuU pi! Gy — gy, upward regulation
b;‘f'l Ju downward regulation
nenxN  p\t 8, D, load curtailment (8,, > 0)

from all generation units and flexible loads in the system (77 + Dy, 1 < k < K)

determines

gl, gy accepted quantities of up- and downward regulation bids

d} load curtailment

w,, curtailment of non-programmable generation

subject to



accepted quantities not greater than offered quantities

ueEU 0<g <G, — g, upward regulation in I and D
0<gy<0u downward regulation in 7 and D
neN 0<dy<6,D, load curtailment (&,, > 0) in T and D

curtailment of non-programmable generation in 77 and D

neN 0<wy<W,

resolve imbalance A= Z (En - Dn) - Z (Wn - Wn) using resources in 7 and D
nenN nenN

Yoty dhi= Y gh= Y wi=a

ueu neN ueu neN




manage congestions for all lines in the system (£ = £7 u £P1 U ... U LPk)

ler zHl,n

nenN

> (gu+gh—gt) + (W —w) = (By - di)| < F,

ueEUy

where H;,, PTDF of line [ and node n

F,  maximum flow through line [

objective function:

Order of bid acceptance:
: U n UL . : .
min z by gu + Z b, dy — z by gu + gl d}non-decreasing bid price

uel neN uelu . . . . .
* gy, hon-increasing bid price
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In the model of Aggregator i

« the accepted quantities g/, and g;,, u € U;, of the upward and downward regulation bids presented

by Aggregator i

» the curtailment of flexible loads managed by Aggregator i

are determined by the optimality conditions of real-time market problem

1. Primal constraints, dual variables and associated complementarity constraints

DYoo+ ) di= Y gh- > wi=a @
uelu nenN uelu nenN
leL os{ﬁl-zﬂm z(gu+g;—g5)+(Wn—wg)—(5n—d¢l)}lulzo
neN uely
ueU 0<(Gu—gy—gi)LpB,=0
ueU 0<(gu—9g.)Llo, =0
neN 0<(6,D,—d})Ly, =0
neN 0<(W,—wp)Lly,=0
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2.

Primal variables, dual constraints and associated complementarity constraints,

where competitors’ bid prices b,

‘U,T’ b;lf,l

and b,]f * foru e U\U;, are guessed by Aggregator i

u € U; OSgLL(beT—a+2Hln(u),ul+,8u>>O
leL
u € U\U; OSgLJ.(bffT—a+ZHln(u),ul+Bu>>0
leL
u €U, OSgiJ.(—b;ﬁ"l+a—ZHl,n(u)ul+<pu)20
leL
UEU\ui Osgllil<_b3’l+a_zHl,n(u)Ml+(pu)20
leL
! nl
neN OSdnJ_<bn —a+ZHln,ul+yn>20
leL
! M
n € N\ OSdnL<bn —a+ZHln,ul+yn>20
leL
nenN OSW,llJ_<a—zHl'nul+)(n>20
leL
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MILP formulation of the Aggregator model: bid prices chosen from a finite number of alternative prices

For the sell bid of generator u € U;

« alternative bid prices: BY;, 1 < a < AY

« selection constraints: AU AU X, € 10,1}
wely | bY =N Bl ally | Y alla=1 y
o= prpeer | 1<a<Ay

Eliminate bilinear terms 1 g,,, u € U;, related to the DAM:

1. combine complementarity conditions of DAM problem to get

(Gu_gu)vuzo
= Agu:b;l}gu'l'GuUu
gu(b;ﬁl—/1+vu)=0

Al
o Substitute pU = 2 BY, xY,  toobtain (binary X real) products e gu
a=1

3. McCormick linear reformulation of productp = x - g,x € {0,1}and0 < g <G

16

0<p<Gx g+G(x—1)<p<gyg




MILP formulation: bid prices chosen from a finite number of alternative prices

Similarly, for bids submitted to the real time market:

» set of alternative bid prices

upward regulation downward regulation load curtailment
BY 1<a<A  BY 1<a<A¥™ BY 1<a<al?

« selection constraints using variables x1, x.;, x;'2"

* eliminate products p T g1 pUt o1 = Vb gl in the objective function

To eliminate bilinear terms reformulate complementarity constraints s-y =10, s,y >0

using Special Ordered Set of type 1 (sets in which no more than 1 element may be non-zero)



Summarizing, the MILP model of Aggregator i under the two-stage architecture is as follows

A;lf u
max U U U ur, ur 1 ’UT )
e X;%, x;‘fé,xﬁﬁj Z Z(Bu,a Xu,a gu) + Gy vy, — Cy Gul| + z Z(Bua Xu,a gu) - Gu| T
uel; |a=1 u€eU; La=1
AN AT
N N L Ul Ul ”Ul
+ z Z(Bn,a Xn,a dn) - Z Z(Bua Xu,a gu) C
neN; a=1 u€el; La=1
- - - u LU0 ’ul
* constraints on binary variables x;; ,, x;,, x,, ; and x for selection of bid prices

+ optimality conditions of DAM problem to determine g, and v,,, u € U

specific for Case A | « optimality conditions of RTM problem to determine g, g.,, u € U, and d};, n €

» constraints for McCormick reformulation of (binary X real) bilinear terms

« constraints for reformulation of complementarity constraints by SOS1 variables




Model of Aggregator i in case B

B. Three-stage architecture 1
1. DAM
2. areal-time market for each distribution network D;,, with resources in Dy,

3. areal-time market for transmission T, with resources in T
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Case B: a real-time market for each distribution network D, 1 < k < K

The operator of the real-time market of distribution network Dy, given
D, real-time load at nodes n € VP«
W, real-time non-programmable generation at nodes n € N Pk

the bids submitted by the resources connected to Dy

bid price | offered quantity
u € UPk pUT Gy — Ju upward regulation
bt Ju downward regulation
neNDk | pVi 8, D, load curtailment (8,, > 0)
determines
g1, gb  accepted quantities of upward and downward regulation bids
d} load curtailment
wy curtailment of non-programmable generation
subject to

20



1.

2.

3.

accepted quantities not greater than offered quantities

ueUP 0<gl <G,— g, upward regulation in Dy
0<gy <0 downward regulation in D,
nenNP 0<d} <6,D, load curtailment (8,, > 0) in Dy

curtailment of non-programmable generation in Dy,

n € N D«

0<w: <W,

manage congestions in Dy,

l € LDk

:E: lﬁﬂl

nen Pk

> (Gu+ gk - i) + (T —wi) = (B - d}) | < F,

uely
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4. the exchange between D, and T after real-time market is equal to the exchange resulting from the DAM clearing:

this condition corresponds to “inner balancing” constraint

Y(gh-g)+ ) di= D wi= Y (Ba-Dy)- ) (oW,

ueuPk nen Pk nen Pk nen Pk nen Pk

Objective function

min Z b;imgfl+ z bi\f'ldﬁ— z bg'lgzli

ueuPk nen Pk ueuPk
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The real-time market in transmission network 7 in Case B

The operator of the real-time market of transmission network 7', given
D, real-time load at nodesn € V7
W, real-time non-programmable generation at nodes n € V7

the bids submitted by the resources connected to T

bid price | offered quantity
ueu” pUT Gy — Ju upward regulation
bt Ju downward regulation
nenN” | pNi 8, D, load curtailment (8,, > 0)
determines
gl, gl accepted quantities of upward and downward regulation bids
d} load curtailment
wy curtailment of non-programmable generation
subject to
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accepted quantities not greater than offered quantities

ueU” 0<g, <G,—g. upward regulation in T
0<g1 <9y downward regulation in T
neNT 0<d), <38,D, load curtailment (&,, > 0) in T

curtailment of non-programmable generation in 7

neNT 0<w, <W,

resolve imbalance A7 = Z (En - Dn) - Z (Wn - Wn) using resources in

nen’ nen’

> gl Y dh- D gh- ) wi=a

ueu” nen’ ueu” nen’




4. manage congestions in transmission (flow on line I € £” depending on all nodes n € )

le ™

z Hl,n

nen’

> (u+ gk = gi) + (W — w) = (B - )

+ F
u€l, 1

contribution to flow on [ € £7 from nodes in transmission

D<F,

A

where

ey Y

keEK neNDk

S (gu+ gl - 98+ (B~ ) - (B - d#)]

u€lny

contribution to flow on I € L7 from nodes in distribution

Objective function

ueu”

min Z bt g1 + z bl di — Z bt gb

nen’ ueu”
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The MILP model of Aggregator i under the three-stage architecture 1

'UrITlaX'U L Nl
U ) ) ,
Xu,as Xu,as Yu,asXn,a

profit of Aggregator i

constraints on binary variables x.}',, xff; x% and x,i‘fgll for selection of bid prices

optimality conditions of DAM problem to determine g,, and v, u € U

specific for Case B

optimality conditions of RTM problem for each distribution network D, 1 < k < K,
to determine g;,, g, u € UP,and d}, n € NP

specific for Case B

optimality conditions of RTM problem in transmission 7" to determine g;,, g5, u € U7,
and d,n e N7

constraints for McCormick reformulation of (binary X real) bilinear terms

constraints for linear reformulation of complementarity constraints
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Model of Aggregator i in case C

C. Three-stage architecture 2
1. DAM
2. real-time market in each distribution network D;,, with resources in Dy,

3. real-time market in transmission 7, with resources in 7 + residual resources in D

27



Case C: a real-time market for each distribution network D, 1 < k < K

The operator of the real-time market of distribution network Dy, given
D, real-time load at nodes n € VP«
W, real-time non-programmable generation at nodes n € N Pk

the bids submitted by the resources connected to Dy

bid price | offered quantity
ueUPe | puDl Gy — Ju upward regulation
pUD Ju downward regulation
ne NPk | pNDi 8, D, load curtailment (8,, > 0)
determines
g2 g2t accepted quantities of upward and downward regulation bids
d>'  load curtailment
W}l)'l curtailment of non-programmable generation
subject to

28



1. accepted quantities not greater than offered quantities

ueUP 0<g?' ' <G,—g, upwardregulationin D,
0< g2 <g, downward regulation in Dy,
ne NPk 0<d? <6,D, load curtailment (&,, > 0) in D,

2. curtailment of non-programmable generation in D,

n € NPk

0<w < W,

3. manage congestions in Dy,

| € LDk

:E: Iﬁﬂl

nen Pk

> (gu+ 92" = g2) + (W —w2) = (B — )| < F,

uely

29



4. the exchange between D, and T after real-time market is equal to the exchange resulting from the DAM clearing:

Z (95 _gul)+ Z dm Z WDl Z (D n)_ Z (Wn_Wn)

ueuPk nen Pk nen Pk nen Pk nen Pk

Objective function

min Z pUT g2 4 Z bV D Z pUt gD

ueuPk nen Pk ueuPk
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The real-time market in transmission network 7 in Case C

The operator of the real-time market of transmission network 77, given

D, real-time load at nodes n € V7
W, real-time non-programmable generation at nodes n € 7

the bids submitted by the resources connected to T

bid price | offered quantity
ueu” | pwIt Gy — Ju upward regulation
pUat Ju downward regulation
nenN” | pNT 8, Dy, load curtailment (8,, > 0)

the bids submitted by resources connected to distribution networks D = UX_, D,

bid price | the residual quantity is offered
ueu?  puT? Gy — (gu+ 92" —g') | upward regulation
s gy + g2t — g2t downward regulation
nenN? | pNTA 8y Dy — d2* load curtailment (8, > 0)

detemines
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The operator of the real-time market of transmission network 7" determines

gg a gg'l u€U” wueUP accepted quantities of upward and downward regulation bids

dr neNT neN? load curtailment
w,{'l neNT neN? curtailment of non-programmable generation
subject to

1. accepted quantities not greater than offered quantities

uet” 0<g, <G, —gy
upward regulation
u € UP OSgg’TSGu—(gu‘l‘gg’T—gg'l)

uel’ 0<g, <g,

downward regulation

D Tl DT DI
uelU” 0<g, <9u+t9, —9u

nenN” o0<dlt<6,D,
load curtailment (6,, > 0)
nenN? o0<d’t<s,D,—d>




2. curtailment of non-programmable generation

~

T Tl
neN 0w, =W,

nenN? o<wt<W,-w

3. resolve imbalance

Yogrt Y At = gt =y wit =47

ueu nenN ueu nenN

4. manage congestions in transmission (flow on line I € £L” depending on all nodes n € )

le” Z Hl,n

Z(gu+g§f — g0 )+ Wy —wi ) = (B — dy)| +

nen’ uely
D1 T Dl Tl
+ Z Hin Z(gu+gu T =0 =G )T
nen? u€ely,

+ (W — Wn — Wy l) (D d,ll)'l — d,{‘l)] < F,

Objective function

min Z pUT T Z pITAGT _ z pUTA Tk

ueu nenN ueu




The MILP model of Aggregator i under the three-stage architecture 2

x;‘f"f‘T, xfff’l, foZT xff’f{’l, ueul fo’;‘Z'T, fogl ueu”

NDL _NTL NT
Xna s Xng ,mENP Xpa ,mENT

max  profit of Aggregator i

« constraints on binary variables xZ,, x\}, x! and x;';' for selection of bid prices

+ optimality conditions of DAM problem determine g,, and v, u € U

« optimality conditions of RTM problem for each distribution network D,, < k < K, to determine
specific for Case C

g2 g2t weuP, and d2*, n e NP

« optimality conditions of RTM problem of transmission network T, to determine
specific for Case C gZ’T, gg’l, u € UP, and d,{’l, n € NP

gIt Tt weuT andd’t nenT

+ constraints for McCormick reformulation of (binary X real) bilinear terms

« constraints for linear reformulation of complementarity constraints 34




Iterative procedure to determine a Nash equilibrium solution

Assign initial values to bid prices of all resources: (b, by "', by™),_, w € U,and (b ), _ n €.

Fork=1,..., Kmax

Fori=1,..,1
Given the current values of the competitors’ bid prices, i.e.
(b¥ by by"),  w €U U U Uy, and (b)), m €N U-U Ny
(b by by), _ w € Upyq U-U Uy, and (b)), nENyyU-UN
compute optimal bid prices for Aggregator i:

(b by by") wet;, and (b ), . nenN; (¥

If optimal bid prices (*) differ from those computed at iteration k — 1, set flag ¢; = 1,

otherwise set ¢; = 0.

If ¢; =0, foralli €I, STOP, since none of the Aggregators has unilaterally deviated

from the solution computed at the previous iteration.
35
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TEST: consider positive imbalance (D,, = D,, - 1.1 for all n)

A= (Ba=Da)= ) (W =) >0

nenN nenN

— upward regulation, load curtailment
DAM mark-up: 10%, 20%, 30%
RT mark-up: 10%, 20%

We consider 24 hours and analyze the equilibria reached in each hour in schemes A, B and C.

Results:

« Equilibria reached over the 24 hours can be grouped in five patterns, where aggregators adopt different

bidding strategies.

* The equilibrium of the system depends on the total system net load.
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Rejected
bids

Partially
accepted bids

Fully
accepted bids

DAM
g |'-1:\'|:]
U3 1183
UL 1144
Uz 1092
UL 1056
Uzt 1001
Uit 968
Uz 93g
Us® 923
Uz g4
U4 g5z
pzitt 792
Ustt 781

EQUILIBRIUM 1

in hours 1, 2, 3, 4, 6, 24:

net load: min 392, max 615

Case A

ET (T+DV)
(ehid) [_€
u H'u'u'.'l]

ua® 11466

U1t 110,88

ws'¥ 10992

M4’ 109,77

U3ty 10511

w2'3)  105.00

M&l2) 10332

Case B

RTI-D RT-T
0 [l | [7 [l
Uai® 114.66

U1zl 110.88

N5'¥ 10992

r

N4'Z  109.77

U3zt 10511

N2'3)  105.00

Ne'@ 10332

N24'3  103.19

M24Z 10319

U1t 10184

N3 10114

U1t 10184

N3l 10114

N13'® 10037

N13%%  100.37

Case C
ET-D RT-T
piebid) [ﬁ] ptabed) IH:”I
uz'® 11466
1@ 11088
M52 10992
N4 10977
Uz 10511
N2 10500
N&® 10332
N24'2 10319 :{24:“?.5:!:3’1-3
U1t 10164

N3l 10114

N3l o7

N13'3 10037

N13'¥ 100,37

W13 97.47

N3ltl  9g79
N13'Y 9747
N24Y 9635

H24'Y 9835

N5t 9574

N2 9500
Nslll D432
M4t 9353

U4z gods

N5l 9574

w2t 9500
Ns'D 9422
M4/t 9353
Us'?  g9.4e
e
Usi  B201

N3 9879
W13 9747 N1zt 9747
Noall 9635 | |NIItogds
N5t 9574
N2 95,00
N&t' 9422
N4l 9353
UZE<ag72

Usl®  g9.46

o4t gzm




Rejected
bids

Partially
accepted bids

Fully
accepted bids

Case A

Case B

RT-Dr

RT-T

Ut #Fhad)

[l

- £
(#¥hid) |_|
u MWh

RT (T+D)
(#hid) _E
e [
Uzt 11466
Uit®  110.88
N5 10992

Na'®' 10977

U3t 10511

N2i' 10500

M&'® 10332

U3 114.66

w1t 110.88

N5E 10992

K43 109,77

w3itt 10511

N24'2 10319
U1ty 10L64
N3 10114

N1z'2 100,37

Case C

ET-D

RT-T

[yiehid) [ﬁ]

& 3

-u--:#hh: h]
MWWl

u3l® 11468

i 110.88
M52 10992
N4 10977

w3ttt 10541

N24%2 10319

DAM
Uz 1183
U1® 1144
U3ts 1092
U1 1056
Uz’ 1001
Uit osg
UziE o3g
Uaid 923
L T
U4'® 852
Pz 79.2
Uait 781

N3l 9879

N1z'2 10037

N13'Y  g7.47

24!l 9535

®24 10500

N 10332
Nz4Z  103.19

U1 10164

N3Z 10114
M13®  100.37

N3'%  9g7e
M1zl 9747
N24'"" 55,35

N13't 9747

N5 9574

w2t 9500

EQUILIBRIUM 2

in hours 5, 23:

net load: min 673, max 695

N&l! 9422

N4? 9353
@ 9072
| us>Gass
Uzt g3le

s ><82,01

=iy

—_

N5l 9574

M24il' 9835

N2l 9500
N&'  g4.22
Nalth 9353
uzi®  gp72
" I
U™ 86

pzit  33.ds

o |
o -

N2 105.00
N&® 10332
NI |
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Equilibrium solutions 1-4:
in schemes B and C, where only resources in distributions can provide flexibility to
the distribution network, the bidding price of resources in distribution is higher than

in scheme A, which results in more costly flexibility services in distribution.

Equilibrium solution 5:

> At peak load, because of the congestion of transmission line 1-6, two bids are partially accepted in all 3

schemes: the bid of flexible load N4 and the bid of generator U3, which has the highest bidding price

> Flexible load N24, connected to the distribution network
* Inscheme A, it submits to RT(T+D) the higher price bid, which is fully accepted.

* In scheme B, it submits to RT-D the lower price bid, so that it is fully accepted and wins

competition with N13, which is only partially accepted.

* In scheme C, it submits to RT-D the higher price bid, so that it is partially accepted; the residual
capacity is offered on RT-T at the higher price and is fully accepted.
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Profits earned by aggregators

In cases B and C (with local markets in distribution) it has been observed

» an increase of profits earned by flexible loads in distribution (N13 and N24), with load N24 favored over

load N13, since N24() is the cheapest curtailment bid in distribution

Profits (€)
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» a reduction of profit earned by N6, the main transmission load, since in schemes B and C it is curtailed

less than in scheme A. 44



Conclusions

The analysis of the total system costs suggests that

. scheme A is the most efficient in most hours.

« scheme B (local RT markets separated from the transmission RT market) may be more efficient at peak load hours,

as high prices in the transmission RT market do not affect the local RT markets.

Further testing is underway on larger networks.
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