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Motivation



Motivation: Flexibility in the Energy Transition

.%_ Renewables ® |ncreasing need of flexibility
# growth — Generation-demand balance
‘ — Congestion management.
® Distributed resources can contribute
‘v FIex(|jb|I|ty — Locally
needs — To the transmission grid.
l ® Challenge: coordination & market design
TSO-DSOs — TSO-DSO dispatch alignment
K)a interaction — Exercise of market power.
w
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Renewables ® |ncreasing need of flexibility
#  growth — Generation-demand balance
‘ — Congestion management.
® Distributed resources can contribute

F|EX(IjbI|Ity — Locally
needs — To the transmission grid.

l ® Challenge: coordination & market design
TSO-DSOs — TSO-DSO dispatch alignment
interaction — Exercise of market power.

@ Research Goal
Define the best coordination scheme between TSO & DSOs for

balancing and congestion management, accounting for market power.
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Formulation



Problem Overview

Power System Representation Market Structure

1. Day-Ahead Market (DAM)

% %‘ B ®* Forecasted net load covered by
b programmable generation units (U).
' ‘ 2. Ancillary services market (ASM)
l * Balancing & congestion management
* Actions:
%i’ﬁl = ﬁg @ v' Adjust programmable generation
- v’ Curtail RES generation

(WD1, £D1) (W D2, £ D2) (W Pk, £DK) v’ Curtail loads.

Uncertainty

* Applies to realt-time demand and RES generation
* Represented by a set § of scenarios.

]
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Strategic Game

Market Players Strategic Behaviour

®* Each playeri € I controls: * Market players define joint price
bidding strategies on DAM & ASM.

B & Programmable generators U; € ‘U

* The maximum available power

¥ , .
% Curtailable loads V; € V. capacity is offered.

Assessing Market Power
® Consider each market player separately

® Formulate its bidding optimization problem:
— Decision: determine bid prices
— Objective: maximize expected profits
— Constraints: respect market clearing rules (DAM & ASM).
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TSO-DSOs Coordination Schemes

We examine three coordination schemes:

A. Two-stage architecture
1. DAM
2. Common ASM for T+D

B. Three-stage architecture 1
1. DAM
2. ASM in each distribution network D,,, with resources in D,
3. ASM in transmission I, with resources in I’

C. Three-stage architecture 2
1. DAM
2. ASM in each distribution network Dy, with resources in D,
3. ASM in transmission T, with resources in J° + residual resources in D
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Scheme A: Two-stage architecture

Stage 1 - DAM Stage 2 - ASM
* Players submit sell bids * Players submit adjustment bids
* DAM cleared by DAM * ASM cleared by ASM Operator
Operator. (coordinated TSO + DSO)

Decisions of player i

* On DAM
u € U; b Price of sell bid

* OnASM
u €U b:ﬁm Price of upward regulation bid
u € U; b}f’l Price of downward regulation bid
n € N b,i‘f ¥ Price of load curtailment bid
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Scheme A: Mathematical formulation

max Y (A = C.) Qqufos{ ST —Cl) gl + (-t gl |+ D e ﬂ}

weEU; SES uel; neN;
Revenues on DAM Expected revenues on ASM
. : 2
s. t. g, € argmin Z by Gu DAM
ucl
s. t. Zgu: ZD”_ ZWn . [A]
weU neN neN
0<g,<G,, ueld
. 2 i, N, U,
(g'l..qagt‘sﬂ diq: Jw:ri].,s) € arg min Z bu T gj;.s + Z bn & di,s - Z b'u. i gtq ASM
EEM neN P weU
Upward reg:la.tion costs Downward regulation revenues
~L 7 PL —
s. t. Z gl,s + Z dn.s - Z gtq - Z Wy s = Ag
ueld neN u€ld neN Total Imbalance
Z Hyy, [ Z (9u + Ql,s - gt‘s) + (Wa,s — w#,s) — (Dp,s — dﬁ.s)] <F, leL
neN ueU,
Net injccti;:l in node n
OSQZESSGU_QTM ueld
0 < gis < Gus ueld
0<d), <6p Dy, nenN
Ll ™ -
T 0<w: . < Was, neN

n,s
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Scheme B: Three-stage architecture 1

Stage 1 - DAM Stage 2 — Local ASMs

* Players submit

* Players submit sell adjustment bids for

bids D resources
* Every local ASM s
* DAM cleared by cleared by the

DAM Operator. correspondent DSO

Decisions of player i

* On DAM

u € U; bl Price of sell bid

®* Onthe corresponding ASM

u € U; bff’T Price of upward regulation bid
u € U; b;i“ Price of downward regulation bid
n e N b,]l\f A Price of load curtailment bid

r‘w*\
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Stage 3 -7 ASM

Players submit
adjustment bids for
J resources

T ASM is cleared by
the TSO
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Scheme B: Mathematical formulation (1/2)

max Z (A —Cu) .%-Jrszs{ Z [(bi’:’T - CJ;) .(}»l__s + (CALI[ - bﬁf’i) gis:| + Z bﬁr’l “{;Lz._s}a

neNi

uEL{i seS UEH.;
. . ~

-~

v v
Revenues on DAM Expected revenues on ASM

s. t. g, € argmin Z bf{ Gu DAM
ucl
s. t. Zgu: ZD”_ ZWn . [A]
ueld neN neN

0<g,<G,, ueld

(yl.myi.sa d, . “-'ﬁ_.s) €argmin » W1 gl o+ > oA df - D B g Local ASMs
EEHD neN” ueld”
Upward rcgﬁ]ation costs Downward regulation revenues
~ ) il N Dy
s. t. ij‘“ + Z;j.ln‘s - Zgu.s - Z;f"”--‘“ - \AS 2 1 S k E K
ueld™" neN* uel " neN " Imbalance in nctwork Dy
D Hin[ D (9u+9l, =g+ Was —wy ) = (Dns —d;, )] STy, Le £,
neN " u€U, 1<k<K

Net injection in node n

Ogg:.ngu'—yu: UeuDK,lSkSK

0< 95 < 9u, weldP* 1<k<K

0<dy . <6, Dy, neNPr1<k<K

mn,s —

0<wh . < Whas, neNPr1<k<K

Ll ™
i
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Scheme B: Mathematical formulation (2/2)

max » (A—Cy) gu+ Y gs{ 3 [(bgn* —Cl) gl .+ (CE =V gl } S d }

weEU; SES uel; neN;
Revenues on DAM Expected revenues on ASM
s. t.
. 2 i, N, (2
(90000t s dh sk ) €argmin D W gl 4+ ST al — D gl T ASM
weld” neN’” ueld”
- - —4 N,
Upward regulation costs Downward regulation revenues
L P T
s. t. Z gi,s + Z d’n,s o Z g;l;q - Z ““n,s - AS
weld” neN’ ueld” neN” T N
ransmission imbalance
T ™ - T
Z TEIRY [ Z (gu + Ql,s - gt‘s) + (Wh,s — 'U”#.s) — (Dns — dﬁ.s)] <F, lekl
neN u€y,
Net injecti;; in node n
OSQZ,SSGU_Q'UJ UEMT
T
0<gns’_g?1: ueld
~ T
0<dl, <6, Dyy, nenN
e
ng,ﬁﬁan, neN

Ll ™
i
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Scheme C: Three-stage architecture 2

Stage 1 - DAM Stage 2 — Local ASMs Stage 3-T ASM
. * Players submit * Players submit
) P!ayers Alsrmt sl adjustment bids for adjustment bids for
bids D resources T and D resources
* Every local ASM s
* DAM cleared by cleared by the * T ASM is cleared by
DAM Operator. correspondent DSO the TSO

Decisions of player i

e OnDAM
u e ’Ui b;lll
e OnASM
> Local ASM > T ASM
ueu? puPI uetu; put
ueu? puP! u € U, pUTt
nenN? b ned; b7
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Scheme C: Mathematical formulation (1/2)

max Z (A - Cu) Gu + Zo—e{ Z [(b{;{,D,T CT) QJL s + ( Di’) 9, 9] + Z b.?/:f,D,¢ d’np,;l’+

ueU; sSES 'U.QZA’? nENAD
Profit on DAM Profit on 'D—AEM in scenario s
M,T, M1T7 N'IT'I
S [T -l ol G- T ol Tl
uEU; neN;
St Profit on T—AEM in scenario s
Ju € arg min Z bltf Gu DAM

weld

Dgu=2 Da=d Wu : [N

uweld neN neN

0<gu <Gy, veld

Q.D'-.T, y‘D"-‘L U0t Dt )Npl Dl _ UD,L D, L |AS|V|
s e € arg min b, " g, P t d, I b, - OoCa S
SEEEL i 5 ZD 9, Z Z g
n,s 1 Whg ueld Pk neNTk u€ld Pk
st Y i+ D0 At = YT gl = Y wlt=AT 1<k<K
ucld Pk neN Tk u€lUPr neN Tk
H (9u + Y+ (Wys — wl )+
In Gu i}u g gu & n,s ‘n,s
neENTE wEldy,
— (Dns —diy)] < Fy, leLPF1<k<K
USQFJSCu—Qm TLGUDk,lSkgK
U<Ju~,<gu1 'MGZ»{D",lgkéK
0<]3?s,l<5nDnm TLENﬂk,lgkgK
Ll ™
: 0<ul}<w neNP* 1<k<K

T, & Thy &3
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Scheme C: Mathematical formulation (2/2)

s. t.
( ’ ) € argmin 3 BAT (714 3T GNTA T 3 T T Asm
s weld neN ueld
ot Xl S - Yl - Y i —a]
ueld neN uel neN
Z JUE,n[ Z (gu + - ) + (Wﬂ,s - ) - (f}n,s - )]"i_
neNT UEUR
K
+Y Y Hia[ Y (gu+ol =gl + 900 —gDF) + (Waet
k=1 nec NPk wEly
— — wg;}) — (ﬁn,_g — — dﬁ’j)] < Fy, le ™
0< E(;u_gﬂ.; U EUT
0 S S (; w— Gu — qi‘; + qa{),ql: u e u b
0< gg-u.; U EUT
0 E <_: q?j. + ,Q;EJ - q:?,ql:‘ u E uD
05 stnﬁn,sa RENT
0< < 8p Dy —d2d, ne NP
0< < W, neNT
0< < Wps —wl neNP

Ll ™
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From Bilevel to MILP Formulation

® The bidding problem of market player i is a nonlinear bilevel program. We
reformulate it as an equivalent MILP through the following steps:

M Step 1: KKT Reformulation

* Replace the lower-level problems by their KKT conditions
* Obtain a single-level optimization problem.

4

M Step 2: Linearizing Complementarity

* Introduce SOS1 variables
* Enforce complementarity constraints linearly

3

B Step 3: Discrete Bid Prices

* Assume bid prices are chosen from discrete sets
* Apply McCormick reformulation to binary x continuous terms
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Finding a Nash Equilibrium

Bid prices are suitably initialized
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Finding a Nash Equilibrium

Bid prices are suitably initialized

!

Consider the first playeri = 1
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Finding a Nash Equilibrium

Bid prices are suitably initialized

!

Consider the first playeri = 1

!

Problem solution
* Compute the best response of player i to competitors
* Update bid prices for resources u € U; and n € JV; of player i
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Finding a Nash Equilibrium

Bid prices are suitably initialized

!

Consider the first playeri = 1

!

Problem solution
* Compute the best response of player i to competitors
* Update bid prices for resources u € U; and n € JV; of player i

!

1 <I?

Energy System Optimization Workshop — Graz, Nov. 27-28, 2025 21




Finding a Nash Equilibrium

Bid prices are suitably initialized

!

Consider the first playeri = 1

!

Problem solution
* Compute the best response of player i to competitors
* Update bid prices for resources u € U; and n € JV; of player i

Yes
i< 7 Move .to .next
playeri <« i+ 1
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Finding a Nash Equilibrium

Bid prices are suitably initialized

!

Consider the first playeri = 1

!

Problem solution
* Compute the best response of player i to competitors
* Update bid prices for resources u € U; and n € JV; of player i

Yes
i< 7 Move .to .next
playeri <« i+ 1

Nol

Did any
player change
bid prices?
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Finding a Nash Equilibrium

Bid prices are suitably initialized

!

Consider the first playeri = 1

!

Problem solution
* Compute the best response of player i to competitors
* Update bid prices for resources u € U; and n € JV; of player i

Yes
i< 7 Move .to .next
playeri <« i+ 1

Nol

Yes Did any
player change
bid prices?
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Finding a Nash Equilibrium

Bid prices are suitably initialized

!

Consider the first playeri = 1

!

Problem solution
* Compute the best response of player i to competitors
* Update bid prices for resources u € U; and n € N; of player i

Yes
i< 7 Move .to .next
playeri <« i+ 1

Nol

Yes Did any
player change
bid prices?

Nol

@ Nash Equilibrium
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Results



® A CIGRE transmission network connected to three distribution networks.

Transmission System Distribution System Dy,
9 :' T 10 :[ ‘ 11—'—:— I
i 5 3 L3
2 L. ; T 2. T ®. L T
i 4 i 17—I—¢ii 22 T a ’ 2\
' 12— : i E
E oo L E ISL 24—,.:\—1—
. GT‘ —= ! :
E @ E 19L:07 2 T 26 A T
7 8 :
"""""""""""""""""""""""" | " | :
Imbalance Scenarios Bidding Strategies
* 7 scenarios ®* 9 market players
* Forecast error on load and RES: * 5 price strategies on the DAM
{+0.25; +0.15; +0.05 ; 0 ; —0.05 ; ®* 3 price strategies for upward and
o —-0.15; -0.25}. downward regulation on the ASM.
SR
: F{r‘?'pﬁq”rm : Energy System Optimization Workshop — Graz, Nov. 27-28, 2025 27



oT]
=
i o
(S
)
©
Q
A
©
©
£
2
Q.
O

200 MW

259 MW

500 MW

— -
'
- 4 |
1 I
- el oo |
1
\ I
h I
| '
L 4 !
I
1
—_— .
~

N I
s '
| '
=t 1 N ]
1 “ !
| . I
1 * !
@ ! /J '
- J !
I
I
— S . '
S N i

- A
T ° . "
[Tl B 1
1 —— - ]
1 I
1 1
; : "

= s
u \\6 1
'
| — \\ _
I
|||||||||| - 4 X
1 ]
=1 o p '
1 ’ |
1 - ]
1 L 1
i |
L 4 I
i !
— -+ 2
[=2] — [

28

Energy System Optimization Workshop — Graz, Nov. 27-28, 2025




Optimal dispatching

500 MW 259 MW 200 MW

* DA plan violates transmission line
limits.
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Optimal dispatching

500 MW 259 MW 200 MW

* DA plan violates transmission line
limits.

®* Congestion enables market
power exercise.

Ll ™
i
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Optimal dispatching

* DA plan violates transmission line
limits.

®* Congestion enables market
power exercise.

® (Critical buses:
— 5
- 6/12

Ll ™
i
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Optimal dispatching

9 —L T 10— 1—t— * DA plan violates transmission line
~ limits.

®* Congestion enables market
power exercise.

® (Critical buses:
— 5
- 6/12

Ll ™
i
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Optimal dispatching

10— 11— * DA plan violates transmission line
limits.

N .
Tzsoe:/Mth:@ * Congestion enables  market
T power exercise.

1 T 2 2] A 4 ——+— 3 —
| S . I—I\ I <) | IS -
L
L

® (Critical buses:
- 5
- 6/12

* Different ASM configurations lead
to different strategic behaviors.
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Optimal dispatching

, T ASM Bid - S
9 — 10— 230 €/MWh n—— * DA plan violates transmission line
235 €/MWh limits.

;=\ 240 €/MWh
T 230 €/M th@ T @ I
“\ /"l 4 T T T 3 T

e e e == = ) L e e == =

* Congestion enables  market
power exercise.

+— 2 I 5|

- 5
- 6/12

* Different ASM configurations lead
— - 8 ALT — to different strategic behaviors.

| ® (Critical buses:

Scheme A

®* Resources in distribution network 2 submit maximum-priced bids in the
common ASM.

* All bids are accepted to relieve congestion of line 2-5.
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Optimal dispatching

A:;w;)“m; 11—‘—5— * DA plan violates transmission line

e g imits.
:,@ . T @ . I * Congestion . enables  market
2 H A HE. power exercise.

® Critical buses:

i -5

i ~ 6/12

* Different ASM configurations lead

T 8 ALT to different strategic behaviors.

Scheme B

* Distribution resources select the minimum-priced option to be
dispatched on the local ASM.

* Only two bids are accepted.
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Optimal dispatching

T ASM-D Bids ASM-T Bids
230 €/MWh -- . Q¢ c
9 —1 10— 235 €¢/MWh 235 €/Mwh 1~ * DA plan violates transmission line

240 €/MWh 240 €/MWh limits.

-

1 230€/rl\ll\l\{f\nl@ | @ 3 ,T

~ e e e == = ) L e e == =
-

* Congestion enables  market
power exercise.

| ® (Critical buses:

-3
~ 6/12
(D, * Different ASM configurations lead
— - 8 ALT to different strategic behaviors.

Scheme C

* Distribution resources select the maximum-priced option.
®* Only two bids are accepted on ASM-D.
* Resources not fully dispatched on ASM-D are fully dispatched on ASM-T.
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Conclusions

Numerical tests show scheme B is the most efficient, since local ASM are not
affected by the high prices formed in the transmission ASM under congestion.

C

A B
6390.01 7863.51

Scheme
Expected Cost (€) 6717.77

Micheli, G., Vespucci, M.T., Migliavacca, G. & Siface, D. (2025). Equilibrium models to analyse the impactof different coordination
schemes between Transmission System Operator and Distribution System Operators on market power in sequentially-cleared energy and
Jeneng, ancillary  services markets underload and renewable generation uncertainty. Under Review. Preprint available at

ﬁ__ps://doi.org/l0.48550/arXiV.2505.15168.
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