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In the context of increasing distributed flexibility, enhanced TSO-DSO coordination is needed when procuring
and activating flexibility. The literature shows that pricing the changes in the power flow over the TSO-DSO
interfacing substation leads to optimal flexibility procurement cost in sequential TSO-DSO flexibility markets.
This paper proposes a bilevel model, considering a TSO leader which sets interface flow prices freely, and DSO-
followers in a Stackelberg game. This game-theoretical approach allows for the identification of regulatory risks
and the testing of regulatory mechanisms. Based on two case studies, results show that, if left unregulated,
the strategic TSO creates significant cost allocation distortions, creating unwanted financial transfers from
DSOs to the TSO. However, when acting strategically, the TSO also activates (or leads to the activation of)
economical flexibility providers, having as a reference the first-best option, namely the Common Coordination
Scheme (CS). Leveraging on these results, a cap and floor mechanism is proposed, limiting unwanted cost
allocation distortions and retaining incentives for efficient flexibility activations. Results showcase that a
Fragmented CS with regulated interface flow prices could be an efficient second-best compared to the Common

CS, outperforming other regulatory options found in the literature.

1. Introduction

The current efforts to decarbonise power systems and make them
more efficient and affordable are reshaping the way consumers, pro-
ducers, and utilities manage their activities [1,2]. Distribution System
Operators (DSOs) are being called to actively manage their grids and,
as a result, different flexibility markets and mechanisms are being
tested and deployed [3,4]. Distributed Energy Resources (DERs) are
also expected to participate in markets run by Transmission System
Operators (TSOs) such as balancing markets [5]. In this context, when
all System Operators (SOs) may want to activate resources connected
at the distribution grid, conflicts may arise. Therefore, enhanced coor-
dination between TSOs and DSOs is needed in order to achieve secure
and efficient integration of DERs into current and future markets [6-8].

In recent years, several Coordination Schemes (CSs) have been
proposed in the literature in order to allow an enhanced and efficient
TSO-DSO coordination. The CSs refer to the market design and activa-
tion arrangements for the usage of distributed flexibility by SOs. Several
CSs have been proposed by the literature with various nomenclatures
and design variations. Among the most recurrent CSs are the Common
and disjoint or sequential market models [9]. In the former, the TSO or
a third-party market operator is responsible for the joint procurement
of flexibility to supply both TSO and DSO needs [10,11]. The latter
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refers to a market design in which TSO and DSO markets are split. A
typical disjoint type of CS is the use of sequential markets, in which
one SO clears its market first followed by the next SO. The Multi-Level
CS is an example in which the DSO runs a Local Flexibility Market
(LFM) and sends unused bids to the TSO [9,10,12]. The DSO could also
calculate a flexibility region in terms P/Q and forward that information
to the TSO after the LFM [13]. Alternatively, the TSO could calculate
the security margins and requesting P/Q setpoints from the DSO [14].
The Fragmented CS is a variation in which each SO can only activate
resources connected to their grids, usually maintaining the forecasted
power flow at the interfacing substations (e.g. results from a Day-Ahead
market).

Both Common and disjoint approaches, however, present advan-
tages and challenges from efficiency and implementation points of
view [15]. From a purely techno-economic perspective, the Common
CS is the most efficient one. Marques et al. [9] prove that the Common
CS will always lead to the least cost of flexibility procurement. The
fact that only one optimisation problem is solved taking into account
all variables at the same time leads to the most efficient solution.
Nevertheless, from an implementation point of view, the Common CS
may present additional challenges with respect to other CSs.
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Nomenclature

Indexes

i,j,ii€N Bus.

ke K Flexibility Service Provider (FSP).

5,5’ €8 System Operator (SO).

Sets

1050+(j) Subset of buses i that belong to DSO or is
an interface bus (substation).

IP50(j) Subset of buses i that belong to a DSO s.

I5UBS(j Subset of buses i that are an interface
substation.

I750+(j) Subset of buses i that belong to TSO or is
an interface bus (substation).

1750 Subset of buses i that belong to a TSO s.

I1F(i, k) Set of FSPs k connected at bus i.

INTER(s,i,s")

Set establishing that SO s is connected to
SO s’ through bus (substation) i.

1S3,s) Set of buses i belonging to System Operator
S.

KDSO(k, 5) Subset of FSPs k that are connected to a
DSO s.

KTSO(k, s) Subset of FSPs k that are connected to a
TSO s.

L(i, j) Set of lines from bus i to bus j.

SP(s) Subset of SOs s that are DSOs.

ST (s) Subset of SOs s that are TSOs.

SLACK?®(i,s)

Subset of buses i denoting the slack bus for
SO s (one slack bus per SO).

Parameters

0t /6~ Maximum/minimum phase angle 6. (radi-
ans)

Bid: w Bid of FSP k for downward activation in the
flexibility market(s). (€/MWh)

Bid,” Bid of FSP k for upward activation in the
flexibility market(s). (€/MWh)

Df Active power demand at bus i. (MW)

Df Reactive power demand for bus i. (Mvar)

DaDSO; Aggregated demand for DSO s. (MW)

DispatchDA,; Total generation cleared in the Day-Ahead
market produced at bus i. (MW)

DSOdemand, Aggregated demand for DSO s at the
interface substation. (MW)

F[’j+ /Ffj‘.‘ Max./min. active power flow of line (i, j).
(MW)

quf / quj_ Max./min. reactive power flow of line (i, j).
(Mvar)

IntPricel” Upper/lower limit for the interface price
for SO 5. (€/MWh)

IntPrice; Interface price for SO s (single level

models). (€/MWh)

The Common CS usually assumes that only one Market Operator
(MO) exists, which has visibility over the flexibility market and the
networks at the same time (both transmission and distribution). This
MO could be an independent MO or one of the SOs, usually the
TSO [16]. In this context, the SOs which are not the MO would need
to transfer or exchange network information. This may represent both

LimitFactor¢® /! Cap and floor factor for interface price.

(p.u.)
M" Large enough parameter number n from
Big-M implementation.
Pk+ / P Maximum/minimum output of FSP k. (MW)
PF Fixed power factor for all FSPs connected to

distribution networks. (p.u.)

R;; Resistance of line (i, j). (p.u.)

SB Base Power. (MVA)

|0 Maximum/minimum voltage limits. (p.u.)
X; Reactance of line (i, j). (p.u.)

Variables

a" Dual variable of inequality constraint set-

ting an upper bound on variable indicated
by n. Indexes according to the constraint.
ADn Dual variable of equality constraint n be-
longing to the DSO lower level model.
Indexes according to the constraint.
ATn Dual variable of equality constraint n be-
longing to the TSO lower level model.
Indexes according to the constraint.
Angle 6 at bus i. (radians)
n Dual variable of inequality constraint set-
ting a lower bound on variable indicated by
n. Indexes according to the constraint.

I=

b" Binary variable number » from Big-M im-
plementation. Indexes according to the
constraint.

f,.’jj Active power flow over line connecting
buses i and j. (MW)

ffj. Reactive power flow over line (i, j). (Mvar)

intpriceg Interface price for SO s (bilevel model).
(€/MWh)

pz w Quantity of downward flexibility cleared for
FSP k. (MW)

pr Quantity of upward flexibility cleared for
FSP k. (MW)

qx Reactive power generated/consumed by

FSP k (Mvar)

slackQ; ; Variable to accommodate the reactive
power coming from the transmission
network over line (i, j) (Mvar)

w; Square of the voltage in bus i. (p.u.)

a challenge in terms of Information and Communications Technology
(ICT) and data privacy [17].

On the one hand, centralising both transmission and distribution
grid information for an Optimal Power Flow (OPF)-type of algorithm
can be very complex, especially if the Medium-Voltage (MV) and Low-
Voltage (LV) are to be represented. Li et al. [18] build a highly detailed
synthetic transmission-distribution network located in central Texas,
going from 120 V to 230 kV voltage levels. The resulting network
includes 307 thousand customers and 1.6 million electric nodes. Li et al.
[18] also acknowledge that very few tools are well suited for solving
power flows on 1 million-bus networks or more. In the European
context, in which one TSO usually operates the transmission of a
whole country, having one single OPF, including all distribution and
transmission voltage levels, seems unfeasible at the moment. On the
other hand, data privacy is also a major concern for SOs, as both TSO
and DSO network and customer data are partially or totally private.
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In this context, several authors have tried to enable the implemen-
tation of a Common CS with reduced information exchange needs.
The most common technique proposed is the use of decomposition
algorithms. The decomposition algorithm allows for the separation of
the optimisation problem into two or more problems, which are solved
separately with the exchange of a few coupling variables in an iterative
way until convergence towards optimality is achieved. The Alternating
Direction Method of Multipliers (ADMM) has been used by several
authors to implement the Common TSO-DSO decomposition [9,19-
21]. Although the use of a distributed OPF could overcome the data
privacy challenge, other data-exchange related issues may still exist.
Rodriguez Perez et al. [22] conducted an analysis of the different ICT
architectures for TSO-DSO data exchange in Europe and concluded
that the implementation of the decentralised Common TSO-DSO market
model is considered to be the most challenging from an ICT point of
view, requiring seamless real-time synchronisation of different market
platforms or processes.

The alternative to overcome data privacy and some ICT issues is
the adoption of a sequential or hierarchical CS. Therefore, the Multi-
level CS would allow for the TSO and the DSO to access and use
distributed flexibility for both local and central needs, such as the
Common CS. However, a typical sequential implementation in which
a system-agnostic DSO runs an LFM and forward unused bids is proven
to lead to a higher cost of flexibility procurement [12,23].

An important source of inefficiencies in disjoint CSs (e.g. Multi-
level, Fragmented) is the rebalancing problem. When a DSO has a
congestion to solve (e.g. overload), it will most probably procure
upward' flexibility downstream of the congested element (assuming a
radial topology). From a system perspective, this activation leads to
an imbalance with respect to original dispatch (e.g. wholesale market
results). In a typical Multi-level CS, the DSO may not have an incentive
to carry further activation (e.g. downward flexibility upstream of the
congested element) to rebalance the system. In fact, this is a mar-
ket design already in place. The PICLO platform implemented in the
United Kingdom (UK), for instance, might procure upward flexibility
downstream of the transformer to solve the congestion. Following this
procurement, the TSO is only informed about the activation [24]. In
a Fragmented CS in which schedule power flow over the interface has
to be maintained, on the other hand, the DSO has the obligation to
rebalance the system no matter the cost. These two extremes bring in-
efficiencies, as the most efficient solution may lay in between (e.g. some
rebalance activations taking place at the transmission grid and some at
the distributions). Moreover, not only does an efficiency detriment arise
with respect to a Common CS, but also a cost-allocation issue (e.g. in a
Multi-level, the TSO pays to rebalance the system due to a congestion
in the distribution network).

In this context, Marques et al. [9] argue that the economic efficiency
of the Multi-Level CS can be improved if the variation in the power
flow over the interfacing substation is priced properly. In fact, it is
proven that if the variation over the power flow is priced optimally,
the Multi-level and Fragmented CSs can lead to the same result as
the Common CS. In order to compute the interface power flow price,
first the authors compute a “virtual” Common CS, and then the Multi-
level. Although illustrative, this method is not practical. Therefore,
the same authors propose the implementation of a bilevel model with
decomposition of the optimisation problem. This allows for the prac-
tical implementation of the Multi-level CS in which both SOs have
independent markets. Nevertheless, this leads to the same challenges as
the distributed Common CS implementation, namely, (i) both markets
have to be cleared simultaneously (so the convergence of prices at the
interface can be achieved), and (ii) the ICT requirements are higher, as
the near real-time information exchange has to take place.

1 Upward flexibility is here understood as the increase of generation or,
equivalently the reduction in consumption. Downward flexibility being the
opposite.
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This paper proposes an analysis of the situation in which a TSO
could set the interface price freely, independent from a “virtual Com-
mon CS run” or a decomposed TSO-DSO architecture. It is also assumed
that the TSO can act strategically, which might not be entirely realistic,
considering that the TSO is a regulated company [25]. However, it
allows the research on incentives and regulatory risks, as well as to
proposition and testing of eventual regulation.

In the context of conflicting interests between the TSO and DSO,
game theory can help identify the dynamics created by each ratio-
nal player trying to maximise their payoff in anticipation of the ac-
tions of other player. Xie et al. [26], for instance, proposes TSO-DSO
Nash equilibrium model in the context of wholesale energy trading.
Sheikhahmadi et al. [27] proposes a bilevel TSO-DSO model also for
wholesale energy markets. Chen et al. [28] more specifically studies
the clearing of a local integrated heat and electricity market and a
TSO-operated wholesale energy market in a bilevel formulation. These
studies, however, focus mostly on coordination for wholesale energy
trading, something less applicable in the European context.

In this paper a bilevel optimisation model is introduced, modelling
a Stackelberg game in which the TSO sets the interface price first, fol-
lowed by the DSO’s LFM and the TSO Congestion Management markets
in a Fragmented CS. The objective of the present study is two-fold. On
the one hand, it points out scenarios in which regulatory supervision
might be important, considering the asymmetry of information that
might exist between a TSO setting interface prices and the regulator.
On the other hand, the bilevel model proposed offers an opportunity to
test different regulatory mechanisms such as interface price caps and
floors, limiting the potential for strategic behaviour by the TSO and
offering a quantifiable and implementable second-best to the Common
CS.

Two key aspects are analysed when gauging the efficiency of regu-
latory options. On the one hand, the total cost of procuring flexibility
is compared to the Common CS, which leads, by definition, to the least
total cost [9]. On the other hand, the cost allocation between TSO
and DSO is analysed, comparing it with the Fragmented with optimal
interface flow pricing.

Therefore, the main contributions of this paper are:

» The development of a novel bilevel optimisation model to study
the behaviours at pricing the TSO-DSO interface.

+ The identification of regulatory risks in interface-pricing practice.

+ The testing of regulatory mechanisms for efficient limitation of
strategic behaviour and comparable efficiency and cost allocation
with respect to the Common CS and the Fragmented CS optimally
priced.

The remainder of the paper is structured as follows. Section 2
describes the methodology and presents the optimisation models pro-
posed and Section 3 presents the case studies used in this paper and
their results. Section 4 discusses the policy and regulatory implications.
Finally, Section 5 concludes.

2. Assumptions and methodology

In this paper, we analyse flexibility markets for both the TSO and
DSO in a Fragmented CS fashion. This means that the TSO and DSO can
use resources connected to their grids only to solve congestions in the
network. Congestions are here considered primarily overloads of the
network elements. The choice for considering only the Fragmented CS
and the product service congestion management is to keep the model
and analysis tractable. It is also a typical CS in the academic and as
well as real-world implementations [7]. A Common CS implementation,
however, is also modelled and used to provide a baseline for optimal
flexibility procurement. Additionally, the analysis could be easily ex-
panded to include other disjoint CSs, such as the Multi-level, in which
unused bids by the DSO are forwarded to the TSO. In fact, Marques
et al. [9] show that the optimal pricing of the substation leads to
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optimal flexibility procurement in both the Fragmented and Multi-level
CSs.

The market sequence modelled in this paper aims to represent a typ-
ical European market structure. Wholesale energy markets determine
the nominations without considering network constraints.” The results
of the wholesale energy markets are then passed on to the TSO for fea-
sibility and security verification [29]. Considering the future existence
of LFMs, we assume that DSOs will use LFMs in a similar way that TSO
today check for network feasibility and apply remedial actions. TSOs
in Europe may use several mechanisms to solve internal congestions,
such as mandatory redispatch, counter trading or organised congestion
management markets [30]. In this paper, we focus on the latter, as
implemented in Spain [31].

In order to keep the analysis tractable, we only consider the pro-
curement of flexibility in terms of active power. As a result, congestions
are limited to overloads in this paper. Voltage violations and respective
services are not considered in this research considering that addi-
tional market algorithms could be required, such as reactive power
markets [32].

Following the Congestion Management markets, balancing markets
would take place in a typical European market sequence [29]. These
markets, however, are omitted from the model in this paper, as is the
wholesale energy market. An implementation of the full market se-
quence including a Day-ahead, congestion management and balancing
services in several TSO-DSO CSs can be seen in [33].

2.1. Sequential optimisation

The Fragmented CS with interface flow pricing, in this sequential
form, is characterised by an LFM run by the DSO followed by a
congestion management market run by the TSO. After the LFM, the DSO
informs of possible changes in the interface power flow with respect to
the original schedule and pays the TSO for the difference in the power
flow at the substation, as this difference will have to be rebalanced by
the TSO. Different ways of setting this substation price are discussed in
the following sections.

2.1.1. DSO’s local flexibility market

The LFM formulation in its sequential single-level form is presented
in (1). In this model, the DSO minimises their flexibility procurement
cost plus the cost for the change in the substation power flow in (1a).
Nodal power balance equations for both active and reactive power are
presented in (1b) and (1e), respectively. Eq. (1c¢) computes the final ac-
tive power flow at the TSO-DSO interfacing substation. Reactive power
demand is assumed to be based on a fixed power factor, calculated in
(1h). The reactive power flow over the interfacing substation is given
by (1f). Eq. (1g) computes active and reactive power flows as well as
the square of voltages w;, while (1d) sets the reference bus.

For the computation of power flows, the choice of an AC OPF
relaxation is needed [34]. Therefore, the constraint (1g) is based on
a LinDistFlow OPF [35]. The LinDistFlow is a lossless linear power flow
formulation for radial networks capable of accounting for both active
and reactive power as well as voltage magnitudes, providing a more
precise representation of distribution networks when compared with a
DC OPF while maintaining the flexibility of a linear program. Linearity
is a desirable feature in this model as it will be later converted in
the Karush-Kuhn-Tucker (KKT) conditions. For this reason, the more
precise DistFlow algorithm is not used.

Moreover, being an OPF-based market algorithm, this formulation
also provides Distribution Locational Marginal Prices (DLMPs), given

2 In Europe, cross-bidding zone congestions are considered, but not intra-
bidding zones. For the sake of simplicity, only one TSO is considered, which
in most European countries is limited to solving congestion in a single bidding
zone.
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by the dual variable Aﬂl of the power balance constraint (1b). The LFM
formulation in this paper is similar to the one proposed in [36].

Egs. (1i)—(1r) set the upper and lower limits for up and down-
ward flexibility activation, active and reactive power flow, and voltage
magnitudes.

min z [(Btd“” up)
seSP kekDSO

(Biaf )]

(1a)
+ Z (P:p dw) IntPrice;
seSD kekDSO
s.t.
DispatchDA; + Z pzp _ Z dw Z Z fﬁ,- _ Df —0
kel F kel F 5 (1b)
: ,1,.{1 Vie IPSO s e sP
’ up _ dwy _
f;,jg/SUBs + DaDSO, — Z @Y — pl) =
seSD ik 10
a2 vijeLielssesP
w—1=0 :P vsesPieSLACK® ad
+ Z q — 2 Zfll _Dq
kel F (1e)

:,1{3;‘ VIGIS,SGSD

[l = slackQ;; =0 AP vG,j)eLiels,jeISVBS sesP (1f)

ij,s

wi—w; =2+ (Ry; - f1,+ X, ;- f1) =0 AP v, jeLiels,sesP

s
g

gy, — tan(arccos(PF)) * (p,” — dw) = : AIQZS vk € KPSO (1h)
L -Pr<0 o p’ VkeKkPSO 1)
Pl <0 P VkeE KPS0 ap
pY-pPr <0 gt Vke KPSO (1K)
-p{v <0 zZ“’ Vk € KPS0 an
1= 5{’/1* <0, YGj)eLielP? (1m)
E{’}’ - ffj <0 ﬁf,j v(@,j) e L,i e IPSC (1n)
fl=Fr <o cal G, e LierPs? (10)
FiT=fl; <0 cpl VG)ELiE P50 (1p)
w, =V <0 :p VvierPsor (1q)
V)P -—w, <0 : ﬁ;’ Vi e [P0+ (1n)

2.1.2. TSO’s congestion management

The TSO’s congestion management model is a redispatch market
based on a DC OPF. The DC OPF formulation is chosen given the
meshed topology and low estimation error for the voltage levels at
the transmission grid, considering the high X/R ratio [37]. The TSO’s
objective function consists of minimising flexibility activation at the
transmission grid minus the transfers received from the DSOs for im-
balances after their LFMs (2a). Egs. (2b) and (2¢) calculate the active
power flow to be delivered by the TSO at the interfacing substation con-
sidering the summation of nodal demands D?, generation DispatchDA,
and flexibility activations from the LFMs p"‘" * and pd“’* The nodal
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power balance constraint and the DC OPF restrictions are included in
(2d)—(2f). Locational marginal prices are given by the dual variable AT3
Egs. (2g)-(2n) set the upper and lower limits for upward and downward
flexibility activation, active power flow, and voltage angles.

min Y [(Bid? - p}") + (Bid" - pi)]

seST kekTSO

(2a)
- Z (p"p* dw*) IntPrice
seSD kekDSO
s.t.
I}, ~DSOdemandy =0 : AT}, V. j) €L, b
ieI™0 jer5VBS s 8T (s,j,s'") e INTER
Z DispatchDA; — Z pup* + Z pdu* + Z Dy
ieIPso kekDsO kekDso ieIPso (2c)

- DSOdemand, =0 : i'* v¥se S
DispatchDA; + z p z pd’“ Z pr —D"
kelF kelF J 2d)
2% viels,sesT

fij—SB-——2L=0 % VijeLiel™0sesT (2e)
iJ

0,=0 :4il7 VseS',ieSLACK" (20
pl-PF<0 :pE’ vke K™ (29
-pf <0 Hr Vke KTS0 (2h)

-P <0 g Vkek'S© (2i)
—p <0 Vke KTSO (2))
fh - ﬁ{’}* <O g, VYijeLie 1rso (2k)

oS0 W Vi pELie 1780 2D
0,-0v<0 g’ viel"so+ (2m)
6~ —0,<0 :u® vier"so+ (2n)

2.2. Bilevel model

In order to evaluate the potential strategic behaviours of interface
price setting and applicable policies, a bilevel model is derived from
the single-level linear programs above. A bilevel model can represent a
Stackelberg game, in which a leader (upper level) plays first announc-
ing his strategy, followed by a follower that reacts to the leader’s first
move [38]. In the proposed model, the TSO sets the interface price first.
The choice for the TSO to be the interface price setter is not arbitrary.
First, the TSO is the SO that has visibility over all the interfaces with
DSOs and, therefore, is the actor with more information to gauge a
systemic cost of rebalancing. Second, it is sensible to assume that the
TSO publishes the interface prices first so that DSOs have transparency
to choose between rebalancing their LFMs or paying the imbalances to
the TSO. A similar mechanism is in place in Sweden, in which the TSO
sets the price for surpassing a virtual power flow limit at the interface,
called subscription cost [39].

Therefore, in this bilevel implementation, we assume the TSO moves
first by setting the price for the change of interface flows. According
to this game-theoretical approach, the TSO will set the interface price
in anticipation of what the reactions of DSOs will be. This, of course,
assumes that the TSO has perfect information over DSOs’ market,
which is not expected to be the case. Nevertheless, considering that
we model a one-shot game, the assumption of perfect information can
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be seen as the result of a repetitive game in which the TSO learns
the characteristics of the DSOs’ markets, considering that LFMs are
expected to be relatively stable and predictable.

Fig. 1 illustrates the overall structure of the bilevel model proposed.
The upper level determines the interface prices, which are then passed
on to the DSOs at the lower level. After the LFM, the TSO solves
the final congestion management market. While the interface prices
are sent from the upper level to the DSO’s lower level, the quantity
imbalanced is passed from the lower level to the upper level. Similarly,
the DSO’s lower level informs the flexibility activated for the compu-
tation of the final substation power flow, as described in single-level
implementation. Finally, the lower level of the TSO also shares to the
upper level the flexibility activated on the transmission grid. The TSO’s
congestion management market is modelled as a second lower level to
represent the market sequence proposed.

While Fig. 1 highlights the bilevel structure and exchange of vari-
ables between models. This type of bilevel formulation containing
one upper level and multiple lower levels can be solved as a single
optimisation problem by transforming the lower levels into their KKT
conditions [40]. In addition, linearisation of complementarity condi-
tions and other bilinear terms may also be required [41,42]. Following
these procedures, the formulations for upper and lower levels presented
below are solved as a single Mixed Integer Linear Programming (MILP),
as described below. The model is implemented in General Algebraic
Modeling System (GAMS) language and its source code is publicly
available in [43].

2.2.1. Upper level

The upper level’s objective function is very similar to (2a), in which
the TSO minimises the activation cost while maximising the revenues
from the interfacing substation.

Maximising revenues goes, in principle, against common utilities
regulation, as TSOs are regulated companies. However, allowing for
the TSO to maximise interface revenues could be seen as part of a
dedicated incentive, as discussed in more details in Section 4. For the
general implementation of this bilevel model, and for the purpose of
studying the properties of strategic behaviour, the only restriction for
the upper level is a cap for the interface price (3b). This cap is a large
enough value to avoid having an unbounded problem, and is set at
1000 €/MWh in the case studies of this paper. More realistic regulatory
mechanisms for limiting or defining the interface prices are presented
in Section 3.4.

The difference with respect to model (2) is the interface price
intprice, is the decision variable of the upper level, while it was a
parameter at the single level. In addition, the flexibility procurement
is passed on from the lower to the upper level.

Moreover, one may notice that the objective function of the upper
level contains the bi-linear term (pz - p"“’) - intprice;. This term is
linearised by the use of the Strong Duahty Theorem [40,44]. This
linearisation procedure is presented in Appendix A.

min Y [(Bid? - p") + (Bid" - pi)]
seST keKTSO
SE € (Sa)
- Z ! - piv) - intprice,
seSP kekDSO
s.t.
0 < intprice; < IntPrice} (3b)

2.2.2. Lower level: DSO’s LFM

The lower level of the DSO’s LFM is converted to the KKT con-
ditions, resulting in the set of restrictions presented in (4). It is also
wroth mentioning that the complementarity conditions of the KKTs
(4i)—(4r) are linearised by the employment of the Big-M technique,
allowing the final model to be solved as a MILP. This linearisation of
the complementarity conditions is presented in Appendix B.

(1b), (1¢), (1d), (1e), (1), (1), (1h), (4a)
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Upper level: Strategic TSO sets the substation price
Max: Interface revenues - TSO activation cost
Determines: Interface prices
Quantity : rag Flexibility
imbalanced Interface prices activated
Lower level (1): DSO Lower level (2): TSO
Local Flexibility Market f{’ower Congestion Management
ow at
Min: DSO Activation cost + interface | Min: TSO Activation cost
Interface penalties E——
Determines: Flex. procured, Determines: Flex. procured,
guantlty imbalanced, power power flow variables
ow variables

Fig. 1. TSO-DSO bilevel model structure.

2.2.3. Lower level: TSO’s congestion management

Bid,':p + Z intprice, + Z AI.DSI + 2 AIDIZY The lower level of the TSO’s Congestion Management market is also
sesp ieIPSO sesD ieIPso j sesb (4b) converted to the KKT conditions presented below. For the final MILP
_ Z ,1k - tan(arccos(PF)) + i -”/’ - MZP =0 Vke KPS0 implementation, complementarity conditions are also linearised and
seSD - presented in Appendix B.
Bid® — intprice, — AP _ b2
‘ sezslo ' iezuszo:sesu iefusoz,,;,sesu o o (2b), (20), (2d), (2e), (26), (5a)
c
+ Z /1 7 - tan(arccos(PF)) + j ’d“ - ,uZ“’ =0 VkeKDPSO
b - Bid” + Z A4 EP - =0 VkeK™SO (5b)
D4 D7 _ DSO ieITSO sesT -
> alte Y At A - =0 VkeK 4d) i€ITS0 ses
i,seSP sesP Bid _ z FrEn ﬁdw _ ”dw -0 VkeKTSO 5
Dl D6 k i k [ C
- Z ’11} + Z /1 + Z /1” s 2 (2 )”!J s Rijl ieITSO seST ’ ‘ (5¢)
sesP sespb sesDh sesP (4e)
+A - =0 VG, j)€Liel?0 IR WAL D Y AR Y
D4 D4 D5 D6 sesT sesT seST s'esD sesT 5d
- z )”i,s + Z Aj,s + Z /lt/y z 2 }”us Xisj] _p » . . TSO D
sesh sesh sesh sesh (4f) + i _Eij =0 V@G jeLiel
_q _ . . _ 1DSO
+/4..—£q =0 VG, j)eL,iel _ SB .74 SB .14
b3 AP A6 2 X, st X, s
+ Z sieSLACKs T Z l/ s Z i, seST jeL(j) seST jeL(i) I (5€)
sesp sesb.j sesb.j (4 TS 0 _ 0 _ .~ TSSO+
+il -4’ =0 vie IDSO +Astiesiacks TR H =0 Viel
- AP =0 VG, j) e L i€ IPSO j e [SUBS (4h) D zfj{m, —aP=0 vsesP 5
sesb seST ieIPSO j
_ F 1 DSO ;
0< p +P J. >0 VkeKkK (41) OS—pk +P+J_44p>0 VkEKTSO (5g)
0<p? L uP >0 Vke KDSo (4
- 0<p Lu? >0 VkeK'™ (5h)
0<—p{"+P; Ll >0 VkeKPS© (4K)
0<—pi+P; Lal">0 VkeK™° (5D
0<pi® Ly >0 vikeKkPSO (4D “ ‘ ¢
k Zk
O0<—fL+FF Ll 20 VG, j)eLieIPs° (4m)  0<pLuf¥>0 VkeK'° (5
<-FPm 4 /7 Ly > i, j i € 1PSO
O<=Fj +/i;tu;20 VipelLicl (4n) O0<—fl+FF Ll >0 Vi,j)eLiel™° (5k)
0<—fl+ ﬂ"f Lal, 20 Vi jeLie 1pbso (40)
0<—F7+/f 1 yf’j >0 V(,j)eL,ieIS° (51)
0<—F+ /7L w20 Vi, j)ELie Ipbso (4p) ’
0<-0,+6" L’ >0 Viel™soF 5m
0<-w+(V*P? L’ >0 ViePso+ (49) =T po=2o (5m)
0<-(V )P +w Lp’ 20 ViePso+ @4r)  0<-07+0, L) 20 Viel"50* G
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Fig. 2. Stylised case study — network diagram.
Table 1

FSP bids in stylised case study.

FSp Busbar Upward bid Downward bid
Mw €/MWh MW €/MWh
G3 T3 500 50 500 50
G4 T4 300 20 300 20
FSP 1 D1002 0 10 ) "
FSP 2 D1002 0 30 > 30
FSP 3 D1003 5 60 s s

3. Case studies

Two case studies are used in this paper to apply the proposed
formulation and study strategic behaviours in interface price setting.
First, a stylised model with 5 buses on the transmission grid and 2 buses
on the distribution network is presented. This model is used primarily
to highlight the mechanics in the interface price setting. Second, a
larger 102-bus case study is formulated. In this case study, four 18-bus
distribution grids are connected to a 30-bus transmission grid. In this
second case study, more advanced dynamics involving multiple DSOs
can be observed.

3.1. Stylised case study

The transmission grid used in the stylised case study is the PJM
5-bus system [45]. Connected to bus T2, an interfacing substation
and a 2-bus radial feeder distribution network are connected. Fig. 2
illustrates the network, indicating that lines T3-T4 and D1002-D1003
are congested. To solve the congestions, the DSO has at its disposal the
Flexibility Service Providers (FSPs) 1 to 3, while the TSO has generators
connected at buses T3 and T4. The bids offered by each flexibility
provider in both upward and downward directions are listed in Table 1.

From a simple analysis, it is clear that the only FSP capable of
solving the congestion at line D1002-D1003 is the FSP 3, which is
capable of providing upward and downward flexibility. The TSO, on
the other hand, has to redispatch generators at T3 and T4 to solve the
congestion at the transmission grid. The remaining flexibility activation
is with regard to rebalancing the upward activation of FSP 3. Other

4 MW downward are necessary to rebalance the pre-LFM state. This
could be done by either activating FSPs 1 and/or 2 at the distribution
grid, or G4, considering network constraints.

The most economical way to rebalance the system is achieved by
the run of a Common CS. This CS indicates that the 2 MW downward
should be activated from FSP 1 and the remaining 2 MW as a redispatch
between G3 and G4. On a relaxed Fragmented CS in which the interface
price IntPrice;, = 0 and the scheduled power flow does not have to
be maintained (typical implementation of current LFMs, e.g., PICLO
platform), the DSO has no incentive to activate any upward flexibility.
In that case, the rebalancing of the 4 MW is done with the flexibility
from the transmission grid. The other extreme would be a Fragmented
CS in which the expected power flow over S1 has to be preserved. In
this scenario, the DSO has to rebalance the system using FSP 1 and 2,
necessarily.

In between the unpriced Fragmented and the fixed interface power
flow Fragmented CSs, different values for I'ntPrice, would lead to dif-
ferent costs for the system (total cost of flexibility procurement for both
SOs) as well as different cost allocations. In fact, any interface price
between 10 and 30 €/MWh would lead to the least cost of flexibility
procurement in this simplified case study. It would incentivise the DSO
to activate 2 MW downward from FSP 1 and leave the rest to be
rebalanced by the TSO. The difference would be in the cost allocation
between the TSO and DSO. Following [9], it is possible to verify which
would the optimal interface price by checking the dual variable of the
interface power flow constraint on the Common CS. In this case it is the
equivalent of ﬂTl 55 , in the (2b) of the Common CS, which is computed
at 18.53 €/MWh ThlS value is not only a possible optimal solution
in terms of total procurement cost but also leads to an optimal cost
allocation, meaning the DSO pays to the TSO exactly the necessary for
the rebalance to be completed. In other words, the cost for the TSO is
the same as in the case of no congestions at the distribution network.
Table 2 exemplifies this effect.

When running the bilevel model proposed in Section 2.2, the TSO
strategically sets the interface price intprice; at 30 €/MWh. At this
price, the DSO is indifferent at activating the FSP 2 or paying the
TSO. Assuming that in this situation the DSO does pay to the TSO
(e.g. lower transaction cost to pay the rebalance price than activating
an FSP), the TSO would be extracting the highest profit possible. Fig. 3
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Table 2
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Costs for the TSO for the stylised case study and different interface prices.

Costs for the TSO

No DSO With DSO
Congestion Congestion
Interface price NA 10 18.536 30
Activated Flexibility
Upward
A Energy (MWh) 211.59 209.79 210.69 210.69
B Avg. Unit. Cost (€/MWh) 20.00 20.00 20.00 20.00
C Total Cost Up. (AxB; €) 4,231.82 4,195.86 4,213.84 4,213.84
Downward
D Energy (MWh) 211.59 213.79 212.69 212.69
E Avg. Unit. Cost (€/MWh) 50.00 50.00 50.00 50.00
F Total Cost Dw. (DxE; €) 10,579.55 10,689.66 10,634.61 10,634.61
Interface Settlement
G Imbalanced Flexibility (A - D; MWh) NA —4.00 -2.00 —2.00
H Interface Price (€/MWh) NA 10.00 18.54 30.00
I Imbalance payment (+) or Revenue (=) (GxH; €) NA —40.00 -37.07 —-60.00
J TSO Cost (+) or Profit (=) (C+F+I; €) 14,811.37 14,845.53 14,811.38 14,788.45
15130 A ' '
— 1 I —— TOTAL
W 1 1
c 1 |
— 15120 - 1 I
- | |
3 I I
o 1
15110 A !
T 1 1 1 - T 1 : 1 T
1 ]
— 1 I Cost TSO
W | 1
< 14850 - I Reduced costto |
: : TSO w.r.t. optimal :
8 | cost allocation 1
o T 1
14800 - 1 |
1 {
T T T T T T T T T
i =
— 1 I —— Cost DSO
W 300 - 1 1
£ : Increased cost to :
:: | DSO w.r.t. optimal |
3 : cost allocation :
© 250 4 I\ = 18.53 | Strategic TSO
T

10 15

20 25 30 35 40

Interface Price (in €/MWh)

Fig. 3. Results for stylised case study.

presents a sensitivity analysis on the interface price with respect to the
costs for the different SOs (considering activation costs and transfers
over interface imbalances), as well as the total cost for the system.
The highlighted areas show the benefits and losses from cost allocation
generated by a strategically set price of 30 €/MWh, in detriment to the
optimal 18.53 €/MWh.

3.2. 102-bus Case Study

This case study is composed of one 30-bus transmission network of
135 kV and four 18-bus DSOs of 12.5 kV. The transmission network is
based of the IEEE-30 case study, also included in the MATPOWER pack-
age for MatLab as case30 [46-48]. The generators are the flexibility
providers for the congestion management market. The four distribution
networks are equal in terms of topology, electrical parameters and
loads, and are based on the work of Grady et al. [49] and Grady et al.
[50]. These networks are also included in the MATPOWER package as

casel8. The original data, however, does not include line ratings, which
are considered to be between 1.5 MVA and 6 MVA.® The placement
of FSPs is randomised for downward providing units (rebalance capa-
bility). For upward flexibility, one unit is placed downstream of the
distribution congested elements.

Fig. 4 provides the network diagram for the 102-bus Case Study. The
congestion occurring at both transmission and distribution networks

3 The values are chosen so that the power flows from the original data sets
are close to the line ratings. In this manner, congestions can be more easily
observed or created. Nevertheless, the values are computed from examples
of MV cables found in the industry. Line ratings of 1.5 to 6 MVA would
correspond to continuous current ratings of 70 and 277 A, respectively, at
12.5 kV. These values are compatible with the ampacity of overhead three-core
cables with copper conductor of cross-section ranging from approximately 16
to 95 mm?, respectively [51].
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Fig. 4. 102-bus Case Study network representation. Congested lines in red.

are highlighted in red on Fig. 4. At the distribution networks conges-
tions on lines 1003-1004 and 3021-3023 are verified, while line 6-8 on
the transmission grid is also overloaded. This congestions are created
by lowering the line rating of these elements. In order to chose the
overloaded elements, a power flow with the original data is computed,
and the lines with closest power flow with respect to line ratings are
chosen, therefore minimising the line rating modification. Detailed data
for both case studies can be found in [43].

The simulations conducted include not only the base case, but also
a sensitivity analysis over two parameters: (i) the bid price from FSPs
connected at the transmission level and (ii) the available flexibility
from FSPs connected at the distribution network. The objective for
these sensitivities is twofold. First, to explore scenarios in which the
DSO does not have enough flexibility to rebalance their LFMs. Second,
to evaluate how different flexibility prices for the TSO might impact
the total cost and cost allocation, going from a flexibility that is always
cheaper than the DSOs’ to an always more expensive one. Therefore,
in each run, the Base Case parameters PI:G';DSO and Bid:’é%so are
multiplied by the sensitivity factors S! and S?, respectively. Ranges
for S' and S? are presented in Table 3.

Additionally, two scenarios are considered. First, no congestions at
the transmission level occur. Only the congestions in DSOs D1 and D3

take place. Second, the congestion at the transmission level is included
(line 6-8, as shown in Fig. 4).

From the CS’s perspective, several are simulated. First, the Common
CS is simulated to provide the first-best solution in terms of flexibility
procurement cost. Moreover, the Common CS is used to compute the
optimal interface price. This price is used in a Fragmented CS with
optimal interface pricing run. In this CS, the interface price is fixed
at the A:jl,jx’ from the Common CS. This Fragmented-Optimal has
important properties for the analysis of the strategic cases: (i) it leads to
the same total cost for the system as the Common CS, and (ii) allocates
the rebalancing costs optimally among SOs, as argued in Section 3.1.
Finally, the Fragmented with Strategic TSO CS is computed. The latter
is tested both in its standard case, as well as with additional regulatory
mechanisms, as presented in the following subsections.

3.3. No congestion in the transmission network

The scenario in which no congestions occur at the transmission level
has an important property for the evaluation of total cost and cost
allocation: the cost for the TSO should be zero. From a cost allocation
perspective, all flexibility costs should be borne by the DSOs, as no
flexibility needs are generated at the transmission grid.
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Table 3
Sensitivity factors for the 102-bus Case Study.
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Parameter Sensitivity range Sensitivity purpose

P;'E‘;(m.o S'=[015 020 0.95 1.00 ] Study different levels
of distributed flexibility provision
available to the DSO.

Bid""® S2=[025 050 3.75 4.00 ] Study the effects of

kEKTSO

transmission-connected flexibility
on total cost and cost allocation.

Table 4
Example of Settlement. CS: Fragmented-Strategic. Sensitivity factors: S' = 0.45, S? =3.5.
TSO DSO 1 DSO 2 DSO 3 DSO 4
Activated flexibility
Upward
A Energy (MWh) 0.00 1.25 0.00 0.50 0.00
B Avg. Unit. Cost (€/MWh) 0.00 128.00 0.00 439.00 0.00
C Total Cost Up. (AxB; €) 0.00 160.00 0.00 219.50 0.00
Downward
D Energy (MWh) 0.00 1.35 0.00 0.20 0.20
E Avg. Unit. Cost (€/MWh) 0.00 36.00 0.00 38.00 29.00
F Total Cost Dw. (DXE; €) 0.00 48.60 0.00 7.60 5.80
Interface settlement
G Imbalanced Flexibility (A - D; MWh) - -0.10 0.00 0.30 -0.20
H Interface Price (€/MWh) - 41.00 41.00 1,000.00 29.00
1 Imbalance Payment (+) or Revenue (-) (GxH?; €) —-290.10 -4.10 0.00 300.00 -5.80
J Total Cost (+) or Profit (=) (C+F+I; €) —290.10 204.50 0.00 527.10 0.00

2 Except TSO. For TSO: =Y ¢, L

At the Base Case (no sensitivity factors applied), the total flexibility
procurement cost is 416 € for both the Common and the Fragmented-
Optimal CSs. The Fragmented-Optimal shows that both DSOs 1 and 3
activate upward flexibility downstream of their congestions and leave
the downward rebalancing to the TSO, as the marginal unit at trans-
mission bids 21 €/MWh, and so is the interface price for both DSOs (as
network conditions do not affect these activations, in this case). In this
case, the TSO receives the exact amount they need to activate the FSP
KT2. When analysing the sensitivities results, however, it is possible to
observe the case in which the FSPs at transmission are more expensive
than the ones at distribution, and therefore, the DSOs are incentivised
to activate their own downward flexibility. When the sensitivity factor
over the available downward flexibility is also enforced, the DSOs 1 and
3 are not able to individually complete their rebalancing. In this case,
the optimal interface pricing from the Fragmented-Optimal CS enables
the TSO to receive the imbalance payments from DSOs 1 and 3 and
pay this amount to DSO 4 so that the rebalancing is completed using
the cheapest units in the system. In this case, the TSO’s flexibility cost
is still zero. They only act as a settlement party among the DSOs.

When the TSO is allowed to act freely in a strategic way, profits
are generated in both the base case and under sensitivity factors. In
the case of the latter, the TSO arbitrages the flexibility prices among
the different DSOs. Table 4 provides an example of a settlement on the
strategic case.

Fig. 5 presents the results for the sensitivity analysis of the scenario
with no congestion at transmission. The upper plot shows the absolute
values paid by all four DSOs in net terms for the Fragmented-Optimal
CS (which in this case is also the total cost for the system), while
the lower plot shows the difference in p.u. between the Fragmented-
Strategic and the Fragmented-Optimal. In the worst cases, the costs for
the DSOs are almost three times higher than the optimal cost and on
the best cases, 1.6 times higher.

3.4. Congestion at the transmission network

The case with congestion at transmission is used not only to com-
pute the gap between the Fragmented-Strategic results to the optimal
(Common; Fragmented-Optimal), but also to test additional regulatory
proposals.

As mentioned in Section 1, modelling a purely strategic TSO is an
academic exercise, as TSOs are regulated companies [25]. Therefore,
considering a purely strategic TSO is not a realistic assumption but
serves to understand potential incentives, identify eventual regulatory
risks and allow for the proposal of regulatory mechanisms. In this
context, four regulatory proposals are tested on the scenario with trans-
mission and distribution congestions. First, the purely Fragmented-
Strategic TSO, in which no policy is applied other than the cap on the
interface price enforced by (3b). Second, the unpriced Fragmented CS,
as this CS is the simplest implementation and is already being imple-
mented in some countries or pilot projects, as discussed in Section 1.
Third, the Fragmented with midpoint interface pricing is tested. The
midpoint interface pricing was first proposed by Marques et al. [9]
and consists of pricing the interface flow between the most expensive
downward flexibility bid and the least expensive upward flexibility
bid of each DSO. This proposal is meant to offer a practical solution
to interface pricing when optimal pricing is not implementable while
retaining some of the benefits of interface pricing. Fourth, a novel
regulatory mechanism is proposed and tested, in which the interface
price is limited by a cap and floor mechanism. The cap and floor are
computed based on the weighted average of all downward bids in the
system multiplied by up and down factors (6). The LimitFactor/!*" is
set at 0.5 while Limit Factor® is set at 1.5.

. dw —

IntPriCejf = <—Zk Bid — B ) - Limit Factor<eP-f1oor

Zk P k

This would provide a band of possible interface prices according to
the downward flexibility markets on the system. The TSO is assumed
to be strategic within this band of possible values. Under this proposal,
first, the regulatory risk for strategic behaviour is minimised. Second,
it considers downward bids from the whole system, allowing, to some
extent, for cheap downward bids from one SO to be used by the other,
as seen in the scenario with no congestions at transmission. Third, it
mitigates a potential risk of midpoint proposal, namely manipulation
of interface prices by FSPs. Under the midpoint pricing, the extremes
of the merit order lists are used for each DSO. By knowing this,
market participants, too, can act strategically (e.g. one unit artificially
elevating the interface price by setting a high downward flexibility bid
so another unit can be activated). The cap and floor proposal, however,

©

10
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DSOs' Total Costs - Fragmented-Optimal CS (in €)
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DSOs' cost in the Fragmented-Strategic CS w.r.t. to the Fragmented-Optimal CS (in p.u.)
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Fig. 5. Results for scenario with no congestion at transmission.

comes at the expense of some information exchange of downward bids,
although simplifications are possible (e.g. DSOs only send aggregated
weighted average to the TSO or the party responsible for interface
pricing calculation).

The Common and Fragmented-Optimal CSs are then used as a base-
line for the performance of each of the four policy proposals. In that
regard, this research confirms the findings in [9]. In all case studies,
when the optimal price for the interface flow is used on a sequential
Fragmented CS (models (1) and (2)), the total flexibility procurement
cost is equal to the Common CS.

The network scenario with congestions at both transmission and
distribution (as depicted in Fig. 4) is simulated for all sensitivity
factors proposed in Table 3. Results are presented in Fig. 6. The
heat maps illustrate the gap between the specific simulation and the
optimal solution (i.e. Common; Fragmented-Optimal) in percentage,
according to the colour scale for each case. Results are presented
in three columns of plots. The first illustrates the gap between the
total flexibility procurement cost of the specific policy proposal to
the optimal (i.e. Common;Fragmente-Optimal). The second and third
columns show the deviation in cost allocation for the TSO and DSOs, re-
spectively. Numbers presented in the centre of each heat map represent
the average of all 288 sensitivity runs on each heat map.
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Results show that the purely strategic TSO distorts cost allocation
greatly by reducing TSO’s cost by 58.8% and increasing the cost to
DSOs by 79.6% in relation to the Fragmented-Optimal CSs. However,
the total cost in terms of procured flexibility is only increased by 0.44%
in relation to the Common CS. Among all four policy proposals, this is
the least distorted total cost, demonstrating that a purely strategic TSO
has the incentive to price interfaces in a way that the most efficient
flexibility units in the system are activated.

The “no interface price” policy, as expected, produces a cost alloca-
tion distortion in benefit of the DSOs, reducing their costs by 11%. The
imbalance costs are passed on to the TSO, which sees an increase of
11%, while the total cost is increased in 2%. The increase in total and
TSO costs is higher on cases in which the cost of transmission-connected
flexibility is higher (right side of heat maps).

The Midpoint interface price produces an increase in total cost of 3%
while maintaining the cost of the TSO nearly unchanged and increasing
the cost for DSOs in 7.5%. The higher increases of cost (both for DSOs
and total cost) happen on the region where transmission-connected
flexibility is cheap. By setting the interface price only using each DSO’s
downward flexibility bids, distribution operators cannot benefit when
downward flexibility bids at transmission are cheaper.

Finally, the cap and floor mechanism with strategic TSO produces
a higher total cost of 0.9%, while cost distortions to TSO and DSO
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Fig. 6. Results for the scenario with congested at both transmission and distribution and the four policy proposals. Average deviation with respect to the Common CS (for total
flex. procurement) and Fragmented-Optimal (for cost allocation) per heat map on the centre.

are —4% and +8%, respectively. This demonstrates that the TSO still
exercises its strategical advantages reducing its cost and increasing the
ones of DSOs, especially on the region where the flexibility available
to DSOs is low (upper rows of heat maps). However, the total cost is
increased in 0.9%, second only to the purely strategic TSO, showing
that the TSO still retains some incentive to price interfaces so it leads
to efficient activations.

4. Policy discussion

While modelling a purely strategic TSO is not a realistic assumption,
is worth identifying situations in which strategic behaviours might
arise. Even if regulation mandates TSOs to efficiently compute interface
prices (efficiency would vary according to the level of information
available), a significant asymmetry of information would exist between
the TSO and the regulatory authority. Assuming that interface prices
could be computed for high time and network granularity (e.g. every
hour for tens or hundreds of interfacing substations) and the complexity
of calculations, regulators would have a low capability for verification.
In this context, we show that distortions are higher in situations where
DSOs have a low liquidity in their flexibility markets. This happens both
in a purely strategic TSO and when a cap and a floor to interface prices
is applied, as the TSO exploit their strategic position to a greater extent,
leading to higher cost allocation distortions, as shown in Fig. 6.

Results also show that the current implementation of LFMs in which
the DSO does not have any incentive to rebalance their flexibility
activations may lead to poor results in terms of total cost as well as
cost allocation. However, the results shown are case-dependent, and a
trade-off exists between having some cost distortions and introducing a
more complex and costly mechanism to solve them. It is possible that at
early stages of distributed flexibility usage, when distortions caused by
LFMs are not so representative at a system level, introducing complex
interface pricing mechanisms could jeopardise the development of
these LFMs.

12

The Midpoint interface pricing is a simple method of easy imple-
mentation that has the advantage of not requiring information ex-
change. However, it also creates cost distortions as shown in the
102-case study results, and therefore, a cost-benefit analysis on its
implementation should be conducted on a case-by-case basis.

The cap and floor proposal led to favourable results in the cases
analysed. However, results are also case-dependent. Moreover, it as-
sumes a strategic TSO, although strategic behaviour is bounded. This
means that, intrinsically, a cost allocation distortion in favour of the
TSOs is to be expected. On the other hand, it illustrates that a TSO
that has incentives to efficiently price substations could lead to lower
total costs in terms of flexibility activation. It is important to notice
that the actual cost to the system is the activated flexibility (e.g. the
sum of C and F on Table 4). The settlement for interface pricing (e.g. I
on Table 4) is a financial transfer from one SO to the other.

Although the TSO benefits by exploring potential gains on interface
pricing, the TSO is also the one enabling the coordination of efficient
flexibility procurement among all SOs in a given control zone. A case
could be made that this coordination is a service to the system and that
this could be remunerated in some form. The cap and floor mechanism
proposed in this research is primarily a proof of concept that illustrates
a form of dedicated incentive for TSO-DSO coordination. Dedicated
incentives are a known and widely used regulatory mechanism used
for specific purposes, on top of general incentive regulation schemes
(e.g. RPI-X). An example is the use of dedicated incentives for the
development of offshore grids, a riskier and newer type of investments
to be done by TSOs [52].

From the DSO’s perspective, actions could be taken in order to
minimise cost allocation distortions. Considering that the regulatory
mechanism proposed does not require intensive supervision, regulatory
authorities could focus eventual supervision efforts on situations in
which distortions are potentially higher, i.e., when liquidity in the
DSO’s LFM is low, as shown in Fig. 6. Moreover, expected distortions
could be offset by including them in the set of incentives DSOs are ex-
pected to have in order to procure flexibility, as mandated by European
regulation [53].
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5. Conclusions

In this paper, a bilevel model is proposed to evaluate how a strate-
gic TSO would act in a Stackelberg game environment in which the
interface flow price is set first and freely by the transmission operator.
Although assuming a purely strategic TSO is not a realistic assumption,
it provides important benefits to the investigation of possible regulatory
implementations.

First, it identifies the situations in which potential distortions would
be greater, namely in situations with low liquidity at the LFMs of the
DSOs. This can be used by regulatory authorities to direct eventual
verification in a context of high asymmetry of information and limited
regulatory resources.

Second, it provides a research environment for the testing of differ-
ent policy alternatives. While the purely strategic TSO is an unrealistic
extreme, different regulatory mechanisms can be tested and compared.
The results obtained demonstrated that a strategic TSO has the incen-
tive to activate or price interfaces so that the most efficient flexibility
providers are activated. Leveraging on these results, a cap and floor
regulatory mechanism is proposed. This mechanism poses bounds to
strategic behaviours by the interface price setter, but still gives an
incentive for the activation of economical FSPs. This mechanism com-
pared favourably against other options. It was the realistic mechanism
that led to the least distortion of total cost. On a sensitivity analysis of
288 simulations on a 102-bus cases study, the cap and floor mechanism
led to an average increase by 0.90% in total cost with respect to the
first-best reference (i.e. a Common CS), against 1.96% and 3.29% for
the vanilla-Fragmented and the Midpoint options, respectively.

While providing a modelling sandbox for regulatory mechanisms,
this paper also indicates that indirect sharing of resources through in-
terface pricing is an efficient and implementable way of achieving TSO-
DSO coordination for distributed flexibility procurement. Moreover, it
indicates that mechanisms that are low in regulatory supervision can
lead to efficient second-best options in terms of total cost and cost
allocation, when compared to the first-best but technically complex
Common CS.

The proposed cap and floor on interface prices is an example
that requires future research. More elaborate mechanisms could be
proposed, such as a bonus-malus, which is already a typical type of
dedicated incentive for TSOs and DSOs. Moreover, meshed-to-meshed
topologies should be considered, representing the typical typologies
adjacent to TSO-DSO interfaces in Europe. Finally, this study could be
expanded to include voltage violations in addition to overloads. This
could require the adaptation of the model to include reactive power
flexibility procurement or other voltage control techniques.
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Appendix A. Linearisation of the upper level’s objective function

According to the Strong Duality Theorem, if x is an optimal solution
to the primal problem and 1 is an optimal of the dual problem, then
cTx = ATb. Therefore, a possible linearisation technique for (p:" - p‘]j“’)-
intprice, is to verify if a linear term exists in the equality between the
primal objective function (1a) and its dual counterpart. Therefore,
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Appendix B. Linearisation of the lower levels’ complementarity
conditions

In order to linearise the complementarity conditions, the Big-M
technique is employed. Therefore, the complementarity conditions of
the DSO’s lower level (4i)-(4r) and TSO’s lower level (5g)-(5n) are
substituted by the formulation below. It is worth mentioning that
some complementarity conditions are shared by both models, only
changing the subsets applicable. These complementarity conditions can
be unified in one single constraint. This is done in (B.1a)-(B.1x).

P+ PF >0 Vk (B.1a)
A’ =0 Vk (B.1b)
-’ + PF<b) - MO vk (B.10)



L. Lind et al.

AP <a-b" M vk

Y <
Pl 20 Vi
EZPZO Vk

Pl < b MO Vi
HP< (=62 M? vk
d —
-+ PT >0 Vk
Alv >0 vk
d. - 03 03
—-pi 4+ Pr < b M® vk
A <1 -6 M® vk
pY =0 Vk
pi 20 Vk
d 04 04
i <o MM vk
”Zw <A-b)H MM vk
-]+ Fi{’f >0 V(i j)elL
B, 20 Vij)eL
P Pt 05 05 P
—fL A FT B MY VG el
Ay <A =b0)- M® VG j) €L
2 P s s
—Fw. + fi,j >0 VG, j)eL
gf’j >0 V(,j)eL
D= 4 06 06 .
—FIT 4 < H0-M% VG )eL
Ef’, <=6 -M% Vi jeL
-1+ E‘II’.” >0 V(i jeL,ieIPSO
Al 20 VGQj)eLier?®
-1+ ﬁ"}* <oV -MY VG,j)eLieIPs
A< by - M VG, j) e L,i e IPS°
~FT 4+ fl 20 Vij)eLie P50
yjj >0 V(,j)eL,ieIPSO

—FIm 4 fl <u - M® VG, j)eLierPs

,47}_ <A-b%)-M® VG, j)eLieIPs

(B.1d)

(B.1e)

(B.1H)

(B.1g)

(B.1h)

(B.1i)

(B.1j)

(B.1k)

(B.1D

(B.1m)

(B.1n)

(B.10)

(B.1p)

(B.1q)

(B.1r)

(B.1s)

(B.1t)

(B.1u)

(B.1v)

(B.1w)

(B.1x)

(B.1y)

(B.12)

(B.1aa)

(B.1ab)

(B.1ac)

(B.1ad)

(B.1ae)

(B.1af)

14

International Journal of Electrical Power and Energy Systems 161 (2024) 110155

—w,+ (V)2 >0 VierPsor (B.1ag)
A/ >0 ViePsor (B.1ah)
—w; + (V< 6P - MY Vi e 1PSOF (B.1ai)
Al <=6y M® vie PSo+ (B.1aj)
~(V)P?+w; >0 Vie PS5O+ (B.1ak)
E;/ >0 Vie [Pso+ (B.1al)
—V P +w, <50 M"Y vie 1PSOr (B.1am)
u <=M viePsor (B.1an)
—-0;+0* >0 Vie "o+ (B.1a0)
Al >0 viersor (B.1ap)
-0, +0" <b' - M vie TS0+ (B.1aq)
A< -ty M vie"sor (B.1ar)
0t +6,>0 Viellsor (B.1as)
W20 viel"sor (B.1at)
0F +0, <b?- M2 Vie SO+ (B.1au)
W<-b-M? Vielr™so (B.1av)

References

[1]

[2]

[3]

[4]

[5]

[6]

[71

[8]

[91

Lind L, Cossent R, Frias P. New business models enabled by smart grid technology
and their implications for DSOs. In: Proc. of the 25th international conference
on electricity distribution. CIRED 2019, 2019, http://dx.doi.org/10.34890/564.
Beckstedde E, Meeus L. From “fit and forget” to “flex or regret” in distribution
grids: Dealing with congestion in European distribution grids. IEEE Power Energy
Mag 2023;21:45-52. http://dx.doi.org/10.1109/MPE.2023.3269545.

Valarezo O, Gémez T, Chaves-Avila JP, Lind L, Correa M, Ulrich Ziegler DU, et
al. Analysis of new flexibility market models in Europe. Energies 2021;14:3521.
http://dx.doi.org/10.3390/en14123521.

Rebenaque O, Schmitt C, Schumann K, Dronne T, Roques F. Success of local
flexibility market implementation: A review of current projects. Util Policy
2023;80:101491. http://dx.doi.org/10.1016/j.jup.2023.101491.

European Commission. Regulation (EU) 2017/2195 of 23 november 2017
establishing a guideline on electricity balancing. 2017.

Lind L, Cossent R, Chaves-Avila JP, Gémez San Romén T. Transmission and
distribution coordination in power systems with high shares of distributed
energy resources providing balancing and congestion management services.
Wiley Interdiscip Rev Energy and Environ 2019;8. http://dx.doi.org/10.1002/
wene.357.

Troncia M, Chaves Avila JP, Damas Silva C, Gerard H, Willeghems G. Market-
based TSO-DSO coordination: A comprehensive theoretical market framework
and lessons from real-world implementations. Energies 2023;16:6939. http://dx.
doi.org/10.3390/en16196939.

Usman M, Alizadeh MI, Capitanescu F, Avramidis I-I, Madureira AG. A novel two-
stage TSO-DSO coordination approach for managing congestion and voltages. Int
J Electr Power Energy Syst 2023;147:108887. http://dx.doi.org/10.1016/j.ijepes.
2022.108887.

Marques L, Sanjab A, Mou Y, Le Cadre H, Kessels K. Grid impact aware TSO-DSO
market models for flexibility procurement: Coordination, pricing efficiency, and
information sharing. IEEE Trans Power Syst 2023;38:1918-31. http://dx.doi.org/
10.1109/TPWRS.2022.3185460.


http://dx.doi.org/10.34890/564
http://dx.doi.org/10.1109/MPE.2023.3269545
http://dx.doi.org/10.3390/en14123521
http://dx.doi.org/10.1016/j.jup.2023.101491
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb5
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb5
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb5
http://dx.doi.org/10.1002/wene.357
http://dx.doi.org/10.1002/wene.357
http://dx.doi.org/10.1002/wene.357
http://dx.doi.org/10.3390/en16196939
http://dx.doi.org/10.3390/en16196939
http://dx.doi.org/10.3390/en16196939
http://dx.doi.org/10.1016/j.ijepes.2022.108887
http://dx.doi.org/10.1016/j.ijepes.2022.108887
http://dx.doi.org/10.1016/j.ijepes.2022.108887
http://dx.doi.org/10.1109/TPWRS.2022.3185460
http://dx.doi.org/10.1109/TPWRS.2022.3185460
http://dx.doi.org/10.1109/TPWRS.2022.3185460

L. Lind et al.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Giirses-Tran G, Monti A, Vanschoenwinkel J, Kessels K, Chaves Avila JP,
Lind L. Business use case development for TSO-DSO interoperable platforms
in large-scale demonstrations. 2021, http://dx.doi.org/10.1049/0ap-cired.2021.
0188.

Gerard H, Rivero Puente EI, Six D. Coordination between transmission and
distribution system operators in the electricity sector: A conceptual framework.
Util Policy 2018;50:40-8. http://dx.doi.org/10.1016/j.jup.2017.09.011.

Lind L, Cossent R, Frias P. Evaluation framework for the assessment of different
TSO-DSO coordination schemes. In: 1st IAEE online conference. 2021.
Papazoglou G, Biskas P. Review of methodologies for the assessment of feasible
operating regions at the TSO-DSO interface. Energies 2022;15:5147. http://dx.
doi.org/10.3390/en15145147.

Nikkhah S, Rabiee A, Soroudi A, Allahham A, Taylor PC, Giaouris D. Distributed
flexibility to maintain security margin through decentralised TSO-DSO coordi-
nation. Int J Electr Power Energy Syst 2023;146:108735. http://dx.doi.org/10.
1016/j.ijepes.2022.108735.

CEDEC, EDSO, ENTSO-E, Eurelectric, GEODE. TSO-DSO report: An integrated
approach to active system management. Technical Report, 2019.

Gerard H, Rivero E, Six D. Basic Schemes for TSO-DSO coordination and ancillary
services provision. Technical Report, SmartNet Project; 2016.

Talaeizadeh V, Shayanfar H, Aghaei J. Prioritization of transmission and distri-
bution system operator collaboration for improved flexibility provision in energy
markets. Int J Electr Power Energy Syst 2023;154:109386. http://dx.doi.org/10.
1016/j.ijepes.2023.109386.

Li H, Wert JL, Birchfield AB, Overbye TJ, Roman TGS, Domingo CM, et al.
Building highly detailed synthetic electric grid data sets for combined transmis-
sion and distribution systems. IEEE Open Access J Power Energy 2020;7:478-88.
http://dx.doi.org/10.1109/0AJPE.2020.3029278.

Ivanko D, Vagane IS, Hashemipour N, Oleinikova I, Granado PCD, Farahmand H.
Hybrid AC/DC-OPF ADMM model for TSO coordination with multiple DSOs in
flexibility market. In: International conference on the European energy market.
EEM, 2022-September, IEEE Computer Society; 2022, http://dx.doi.org/10.1109/
EEM54602.2022.9921073.

Jiang T, Wu C, Zhang R, Li X, Li F. Risk-averse TSO-DSOs coordinated distributed
dispatching considering renewable energy and demand response uncertainties.
Appl Energy 2022;327. http://dx.doi.org/10.1016/j.apenergy.2022.120024.
Chen H, Zhang Y, Zhang R, Lin C, Jiang T, Li X. Privacy-preserving distributed
optimal scheduling of regional integrated energy system considering different
heating modes of buildings. Energy Convers Manage 2021;237:114096. http:
//dx.doi.org/10.1016/j.enconman.2021.114096.

Rodriguez Perez N, Domingo JM, Lopez GL, Avila JPC, Bosco F, Croce V, et
al. ICT architectures for TSO-DSO coordination and data exchange: A European
perspective. IEEE Trans Smart Grid 2023;14:1300-12. http://dx.doi.org/10.
1109/TSG.2022.3206092.

Anthony Papavasiliou, Mezghani I. Coordination schemes for the integration
of transmission and distribution system operations. In: 2018 power systems
computation conference. PSCC, Dublin, Ireland, 11-15 June 2018: IEEE; 2018,
http://dx.doi.org/10.23919/PSCC.2018.8443022.

Schittekatte T, Meeus L. Flexibility markets: Q&A with project pioneers. Util
Policy 2020;63:101017. http://dx.doi.org/10.1016/j.jup.2020.101017.
Pérez-Arriaga 1J. Regulation of the Power Sector. London: Springer; 2014, http:
//dx.doi.org/10.1007/978-1-4471-5034-3.

Xie D, Liu M, Xu L, Lu W. Generalized Nash equilibrium analysis of transmission
and distribution coordination in coexistence of centralized and local markets. Int
J Electr Power Energy Syst 2022;137:107762. http://dx.doi.org/10.1016/j.ijepes.
2021.107762.

Sheikhahmadi P, Bahramara S, Mazza A, Chicco G, Cataldo JPS. Bi-level
optimization model for the coordination between transmission and distribution
systems interacting with local energy markets. Int J Electr Power Energy Syst
2021;124:106392. http://dx.doi.org/10.1016/j.ijjepes.2020.106392.

Chen H, Fu L, Zhang R, Lin C, Jiang T, Li X, et al. Local energy market clearing
of integrated ADN and district heating network coordinated with transmission
system. Int J Electr Power Energy Syst 2021;125:106522. http://dx.doi.org/10.
1016/j.ijepes.2020.106522.

Meeus L. The evolution of electricity markets in Europe. Edward Elgar
Publishing; 2020, http://dx.doi.org/10.4337/9781789905472.

EU. Commission regulation EU 2015/1222 - of 24 july 2015 - establishing a
guideline on capacity allocation and congestion management. 2015.

CNMC. P.O. 3.2 - Restricciones técnicas. 2022, https://www.ree.es/es/
actividades/operacion-del-sistema-electrico/procedimientos-de-operacion.
Davi-Arderius D, Troncia M, Peiré JJ. Operational challenges and economics in
future voltage control services. Curr Sustain/Renew Energy Rep 2023;10:130-8.
http://dx.doi.org/10.1007/s40518-023-00218-1.

Lind L, Cossent R, Frias P. Evaluation of TSO-DSO coordination schemes for
meshed-to-meshed configurations: Lessons learned from a realistic Swedish case
study. Sustain Energy Grids Netw 2023;35:101125. http://dx.doi.org/10.1016/j.
segan.2023.101125.

Bobo L, Venzke A, Chatzivasileiadis S. Second-order cone relaxations of the
optimal power flow for active distribution grids: Comparison of methods. Int J
Electr Power Energy Syst 2021;127:106625. http://dx.doi.org/10.1016/j.ijepes.
2020.106625.

15

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]
[52]

[53]

International Journal of Electrical Power and Energy Systems 161 (2024) 110155

Baran M, Wu FF. Optimal sizing of capacitors placed on a radial distribution
system. IEEE Trans Power Deliv 1989;4:735-43. http://dx.doi.org/10.1109/61.
19266.

Sanjab A, Mou Y, Virag A, Kessels K. A linear model for distributed flexibility
markets and DLMPs: A comparison with the SOCP formulation. In: CIRED 2021
- The 26th international conference and exhibition on electricity distribution.
Online Conference: Institution of Engineering and Technology; 2021, p. 3181-5.
http://dx.doi.org/10.1049/icp.2021.1635.

Purchala K, Meeus L, Van Dommelen D, Belmans R. Usefulness of DC power
flow for active power flow analysis. In: IEEE power engineering society general
meeting, 2005. San Francisco, CA, USA: IEEE; 2005, p. 2457-62. http://dx.doi.
org/10.1109/PES.2005.1489581.

Fortuny-Amat J, McCarl B. A representation and economic interpretation of a
two-level programming problem. J Oper Res Soc 1981;32:783. http://dx.doi.org/
10.2307/2581394, arXiv:2581394.

Ruwaida Y, Chaves-Avila JP, Etherden N, Gomez-Arriola I, Gurses-Tran G,
Kessels K, et al. TSO-DSO-customer coordination for purchasing flexibility system
services: Challenges and lessons learned from a demonstration in Sweden.
IEEE Trans Power Syst 2023;38:1883-95. http://dx.doi.org/10.1109/TPWRS.
2022.3188261.

Gabriel SA, Conejo AJ, Fuller JD, Hobbs BF, Ruiz C. Complementarity modeling
in energy markets, vol. 180. Springer Science & Business Media; 2012.
Beckstedde E, Meeus L, Delarue E. A bilevel model to study Inc-Dec games
at the TSO-DSO interface. Policy Regul IEEE Trans Energy Mark 2023;1-10.
http://dx.doi.org/10.1109/TEMPR.2023.3292425.

Gonzalez-Romero I-C, Wogrin S, Gomez T. Transmission and storage expansion
planning under imperfect market competition: Social planner versus merchant in-
vestor. Energy Econ 2021;103:105591. http://dx.doi.org/10.1016/j.eneco.2021.
105591.

Lind L, Cossent R, Frias P. Source code and datasets from the “TSO-DSO interface
flow pricing: A bilevel study on efficiency and cost allocation” article. 2024,
http://dx.doi.org/10.5281/zenodo.10798175.

Ruiz C, Conejo AJ. Pool strategy of a producer with endogenous formation
of locational marginal prices. IEEE Trans Power Syst 2009;24:1855-66. http:
//dx.doi.org/10.1109/TPWRS.2009.2030378.

Li F, Bo R. Small test systems for power system economic studies. In: IEEE PES
general meeting. 2010, p. 1-4. http://dx.doi.org/10.1109/PES.2010.5589973.
Alsac O, Stott B. Optimal load flow with steady-state security. IEEE Trans Power
Appar Syst 1974;PAS-93:745-51. http://dx.doi.org/10.1109/TPAS.1974.293972.
Ferrero RW, Shahidehpour SM, Ramesh VC. Transaction analysis in deregulated
power systems using game theory. IEEE Trans Power Syst 1997;12:1340-7.
http://dx.doi.org/10.1109/59.630479.

Zimmerman RD, Murillo-Sanchez CE, Thomas RJ. MATPOWER: Steady-state op-
erations, planning, and analysis tools for power systems research and education.
IEEE Trans Power Syst 2011;26:12-9. http://dx.doi.org/10.1109/TPWRS.2010.
2051168.

Grady WM, Samotyj MJ, Noyola AH. Minimizing network harmonic voltage
distortion with an active power line conditioner. IEEE Trans Power Deliv
1991;6:1690-7. http://dx.doi.org/10.1109/61.97708.

Grady WM, Samotyj MJ, Noyola AH. The application of network objective
functions for actively minimizing the impact of voltage harmonics in power
systems. IEEE Trans Power Deliv 1992;7:1379-86. http://dx.doi.org/10.1109/
61.141855.

TFK. Twenpower: Medium-voltage XLPE cables. Technical Report, 2023.

Lind L. Investment incentives and tariff design in a meshed offshore grid context
[Master’s thesis], Universidad Pontificia Comillas; 2017.

European Commission. Directive (EU) 2019/944 of the European Parliament and
of the council of 5 june 2019 on common rules for the internal market for
electricity. 2019.

Glossary

ADMM: Alternating Direction Method of Multipliers
CS: Coordination Scheme

DER: Distributed Energy Resource

DLMP: Distribution Locational Marginal Price
DSO: Distribution System Operator

FSP: Flexibility Service Provider

GAMS: General Algebraic Modelling System

ICT: Information and Communications Technology
KKT: Karush-Kuhn-Tucker

LFM: Local Flexibility Market

LV: Low-Voltage

MILP: Mixed Integer Linear Programming

MO: Market Operator

MV: Medium-Voltage

OPF: Optimal Power Flow

SO: System Operator

TSO: Transmission System Operator

UK: United Kingdom


http://dx.doi.org/10.1049/oap-cired.2021.0188
http://dx.doi.org/10.1049/oap-cired.2021.0188
http://dx.doi.org/10.1049/oap-cired.2021.0188
http://dx.doi.org/10.1016/j.jup.2017.09.011
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb12
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb12
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb12
http://dx.doi.org/10.3390/en15145147
http://dx.doi.org/10.3390/en15145147
http://dx.doi.org/10.3390/en15145147
http://dx.doi.org/10.1016/j.ijepes.2022.108735
http://dx.doi.org/10.1016/j.ijepes.2022.108735
http://dx.doi.org/10.1016/j.ijepes.2022.108735
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb15
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb15
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb15
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb16
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb16
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb16
http://dx.doi.org/10.1016/j.ijepes.2023.109386
http://dx.doi.org/10.1016/j.ijepes.2023.109386
http://dx.doi.org/10.1016/j.ijepes.2023.109386
http://dx.doi.org/10.1109/OAJPE.2020.3029278
http://dx.doi.org/10.1109/EEM54602.2022.9921073
http://dx.doi.org/10.1109/EEM54602.2022.9921073
http://dx.doi.org/10.1109/EEM54602.2022.9921073
http://dx.doi.org/10.1016/j.apenergy.2022.120024
http://dx.doi.org/10.1016/j.enconman.2021.114096
http://dx.doi.org/10.1016/j.enconman.2021.114096
http://dx.doi.org/10.1016/j.enconman.2021.114096
http://dx.doi.org/10.1109/TSG.2022.3206092
http://dx.doi.org/10.1109/TSG.2022.3206092
http://dx.doi.org/10.1109/TSG.2022.3206092
http://dx.doi.org/10.23919/PSCC.2018.8443022
http://dx.doi.org/10.1016/j.jup.2020.101017
http://dx.doi.org/10.1007/978-1-4471-5034-3
http://dx.doi.org/10.1007/978-1-4471-5034-3
http://dx.doi.org/10.1007/978-1-4471-5034-3
http://dx.doi.org/10.1016/j.ijepes.2021.107762
http://dx.doi.org/10.1016/j.ijepes.2021.107762
http://dx.doi.org/10.1016/j.ijepes.2021.107762
http://dx.doi.org/10.1016/j.ijepes.2020.106392
http://dx.doi.org/10.1016/j.ijepes.2020.106522
http://dx.doi.org/10.1016/j.ijepes.2020.106522
http://dx.doi.org/10.1016/j.ijepes.2020.106522
http://dx.doi.org/10.4337/9781789905472
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb30
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb30
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb30
https://www.ree.es/es/actividades/operacion-del-sistema-electrico/procedimientos-de-operacion
https://www.ree.es/es/actividades/operacion-del-sistema-electrico/procedimientos-de-operacion
https://www.ree.es/es/actividades/operacion-del-sistema-electrico/procedimientos-de-operacion
http://dx.doi.org/10.1007/s40518-023-00218-1
http://dx.doi.org/10.1016/j.segan.2023.101125
http://dx.doi.org/10.1016/j.segan.2023.101125
http://dx.doi.org/10.1016/j.segan.2023.101125
http://dx.doi.org/10.1016/j.ijepes.2020.106625
http://dx.doi.org/10.1016/j.ijepes.2020.106625
http://dx.doi.org/10.1016/j.ijepes.2020.106625
http://dx.doi.org/10.1109/61.19266
http://dx.doi.org/10.1109/61.19266
http://dx.doi.org/10.1109/61.19266
http://dx.doi.org/10.1049/icp.2021.1635
http://dx.doi.org/10.1109/PES.2005.1489581
http://dx.doi.org/10.1109/PES.2005.1489581
http://dx.doi.org/10.1109/PES.2005.1489581
http://dx.doi.org/10.2307/2581394
http://dx.doi.org/10.2307/2581394
http://dx.doi.org/10.2307/2581394
http://arxiv.org/abs/2581394
http://dx.doi.org/10.1109/TPWRS.2022.3188261
http://dx.doi.org/10.1109/TPWRS.2022.3188261
http://dx.doi.org/10.1109/TPWRS.2022.3188261
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb40
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb40
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb40
http://dx.doi.org/10.1109/TEMPR.2023.3292425
http://dx.doi.org/10.1016/j.eneco.2021.105591
http://dx.doi.org/10.1016/j.eneco.2021.105591
http://dx.doi.org/10.1016/j.eneco.2021.105591
http://dx.doi.org/10.5281/zenodo.10798175
http://dx.doi.org/10.1109/TPWRS.2009.2030378
http://dx.doi.org/10.1109/TPWRS.2009.2030378
http://dx.doi.org/10.1109/TPWRS.2009.2030378
http://dx.doi.org/10.1109/PES.2010.5589973
http://dx.doi.org/10.1109/TPAS.1974.293972
http://dx.doi.org/10.1109/59.630479
http://dx.doi.org/10.1109/TPWRS.2010.2051168
http://dx.doi.org/10.1109/TPWRS.2010.2051168
http://dx.doi.org/10.1109/TPWRS.2010.2051168
http://dx.doi.org/10.1109/61.97708
http://dx.doi.org/10.1109/61.141855
http://dx.doi.org/10.1109/61.141855
http://dx.doi.org/10.1109/61.141855
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb51
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb52
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb52
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb52
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb53
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb53
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb53
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb53
http://refhub.elsevier.com/S0142-0615(24)00376-4/sb53

	TSO-DSO interface flow pricing: A bilevel study on efficiency and cost allocation
	Introduction
	Assumptions and Methodology
	Sequential optimisation
	DSO's Local Flexibility Market
	TSO's Congestion Management

	Bilevel model
	Upper level
	Lower level: DSO's LFM
	Lower level: TSO's Congestion Management


	Case Studies
	Stylised Case Study
	102-bus Case Study
	No congestion in the transmission network
	Congestion at the transmission network

	Policy discussion
	Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Appendix A. Linearisation of the Upper Level's Objective Function
	Appendix B. Linearisation of the Lower Levels' Complementarity Conditions
	References
	Glossary


