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Abstract

Purpose of review This paper addresses the integration of reserve scarcity pricing into distribution locational marginal prices
(DLMPs) by proposing a computationally tractable formulation of reserve deliverability. The primary goal is to understand
how network congestion and generation scarcity affect DLMPs and to evaluate the effectiveness of different market design
approaches in providing accurate investment signals in distributed energy systems.

Recent findings Recent research has introduced flexibility platforms and models that attempt to integrate distributed energy
resources within market operations. This work builds upon the Caramanis model, and introduces an inscribed-boxes formu-
lation that allows for scalable application to meshed networks. The proposed model is shown to be equivalent to existing
approaches on radial networks and offers computational tractability. Furthermore, it enables detailed analysis of DLMP pric-
ing patterns under congestion and various energy and reserve flow scenarios.

Summary The analysis reveals that accounting for reserve deliverability significantly impacts DLMPs and investment
incentives. The findings emphasize that without incorporating network constraints and scarcity pricing, investment signals
may be distorted, potentially leading to suboptimal infrastructure placement.

Keywords Reserve deliverability - TSO-DSO coordination - price propagation - scarcity pricing - co-optimization of
energy and reserve

Introduction complexities and operational challenges. In a forward-
looknig scenario where a significant amount of flexibility is
Motivation sourced from resources connected at distribution systems,

it is plausible that power flows resulting from the activa-

In recent years, global power systems are rapidly tran-
sitioning towards the integration of Distributed Energy
Resources (DERs), due to policy directives [1] and tech-
nological advances. However, within distribution networks,
the substantial penetration of DERs can lead to technical
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tion of such flexible resources can cause network conges-
tion and voltage violations. In response to such challenges,
Europe has put forward a solution advocating for DSOs to
have an active role in managing DERs services, while also
integrating network constraints [2]. The inherent influence
of DSOs on the provision of services by DERs mandates a
fundamental re-evaluation of transmission and distribution
interaction. Therefore, effective TSO-DSO coordination is
vital for both realizing the DSO’s function and ensuring the
operational efficiency of power systems [3].

In Europe, a prominent strategy for mobilizing distri-
bution system flexibility involves the implementation of
flexibility platforms. Their rapid growth is attested by the
emergence of a number of commercial platforms. A nota-
ble but non-exhaustive list of platforms that have been or
are at least partially active in Europe is presented here: (i)
ENERA, a pilot platform in Germany implemented by the
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EPEX which has been discontinued [4]; (ii) a number of
platforms implemented by software vendor Picloflex in
the UK, the US, Australia, Portugal, and Italy [4, 5]; (iii)
NODES, which was formerly owned by NordPool , is
currently owned by independent entity Nodes, and is cur-
rently deployed in Norway, Sweden and Canada [4—7]; (iv)
EDGE, a pilot owned by Italian DSO E-Distribuzione and is
active in three provinces of Italy [8]; (v) RomeFlex, which
is a joint venture between Italian DSO Areti and the Ital-
ian power exchange GME and is deployed in the region of
Rome [9]; (vi) GOPACS, which is owned jointly by Dutch
TSO Tennet and five Dutch DSOs [4, 5]; (vii) the flexibil-
ity platform of the French DSO Enedis, which is active
throughout France [10]; (viii) the local energy market of the
European power exchange, which is active in the UK [11].

The aforementioned flexibility platforms vary in terms
of market organization. There is a wide diversity of design
choices that have been made. Indicative points of differen-
tiation include: (i) the provided services (which commonly
include distribution congestion management, but also resto-
ration and reactive power provision); (ii) the targeted hori-
zon (some platforms offer long-term reservations, others
offer short-term activation); (iii) the degree of integration
to existing wholesale markets (ranging from none to tight-
knit integration with intraday markets); (iv) the criteria for
matching flexibility service providers to network operators
(ranging from auctions that are based on purely economic
criteria to a mix of technical and economic evaluations of
long-term offers); (v) the market organization (ranging from
continuous matching to closed-gate auctions).

In this paper we aim to contribute to the debate on mar-
ket design for flexibility platforms. Despite their diversity,
all mentioned platforms share two important common fea-
tures: there is an intrinsic locational component (resources
need to indicate not only what they can offer, but also where
they are located), and there is a critical dependence on per-
forming when needed (with exclusion clauses foreseen for
resources that systematically fail to deliver on their prom-
ised flexibility). We consider the location and pay-for-per-
formance attributes as being crucial, not only for ensuring
that the resources can deliver reliably on the short term, but
also so that the design of these flexibility markets can be
set up in a way that provides signals for investing in the
appropriate degree of flexibility at the appropriate locations
of the network. Our proposed formulation for TSO-DSO
integration presented in this paper addresses these attributes
through the resolution of an integrated optimal power flow,
which comprehensively accounts for both transmission and
distribution networks. The proposed marke clearing model
includes an operating reserve demand curve (ORDC) within
the high-voltage transmission system [12] and facilitates
endogenous reserve deliverability. This ultimately enables
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the formation of distribution locational marginal prices and
ensures that reserve scarcity adders are propagated exclu-
sively to network segments where flexibility resources can
indeed provide useful services to the grid.

Practical Applications

The representation of reserve deliverability through
inscribed boxes and the proposed hierarchical coordination
framework between TSOs and DSOs have emerged from
applied collaborative research [13—17]. The inscribed boxes
methodology for ensuring network-feasible reserve activa-
tion was developed in conjunction with the SDAC expert
group, focusing on meshed transmission networks, and has
subsequently been incorporated into regulatory analyses
[13—15]. In parallel with the above assignments, in the con-
text of collaboration with the Norwegian TSO Statnett and
the DSO Tensio [16], our team further developed [17] the
idea of a hierarchical TSO-DSO coordination mechanism
detailed in this paper. During this work, it became evident
that the previously developed "inscribed boxes" concept
could be directly applied within TSO-DSO coordination
models to integrate reserve deliverability at the distribution
level. Subsequently, this realization formed the connection
to the framework proposed by Hogan and Caramanis [18].
Furthermore, a subsequent collaboration with the Greek
DSO HEDNO involved a comprehensive survey of EU flex-
ibility platforms. This survey inspired the brief review in
Section 1.1, thereby positioning the proposed design against
contemporary European practices and clarifying both its
advantages and limitations.

Contributions

In this work we revisit the model of [18] which inspires our
proposed market clearing model. In revisiting the model of
[18], we uncover an equivalent model that emerges from
an entirely different view of reserve deliverability', namely
from the point of view of inscribing a box on the polyhedral
set of feasible reserve transactions between distribution sys-
tem flexibility service providers and network operators. Our
novel model, first introduced in [20], relies on results from
computational geometry [21], and can generalize beyond
the model of Caramanis to meshed transmission networks
[15, 22]. This generalization goes beyond the capabilities of
the model of [18] as it overcomes the exponential growth in
the number of power flow scenarios that need to be consid-
ered in meshed networks. The inscribed boxes method for
meshed networks is discussed in [13] and further in [20].

! Reserve deliverability refers to the practice of committing reserves
in a way that accounts for the ability of the network to deliver the com-
mitted reserves at different parts of the system [18, 19].
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Nevertheless, we further validate the approach, but also
establish an equivalence between our model and that of [18]
for radial networks.

With our proposed model at hand, we also revisit the
properties of the market clearing prices that emerge from
our model. We are able to fully characterize the dual mul-
tipliers of the underlying model, and this also allows us to
uncover patterns of scarcity price propagation in radial dis-
tribution networks.

Finally, we demonstrate the relevance of our model in
terms of providing appropriate long-term investment signals
by conducting a case study on a realistic model of the Bel-
gian system. We demonstrate how alternative combinations
of market design choices (presence or lack of scarcity pric-
ing, presence or lack of reserve deliverability) can affect the
financial viability of a flexibility service provider that con-
siders investing at different parts of a distribution network.

Models

In this section we formulate our proposed model for the
coordinated clearing of transmission and distribution while
accounting for reserve deliverability. We then motivate the
representation of reserve deliverability through an approxi-
mation based on inscribed boxes in [20]. We then cast the
model of [18] in our notation in Section 2.1. Subsequently,
we present our inscribed boxes formulation in Section 2.2.
Table 1 provides an overview of the notation utilized within
our models.

Caramanis Model

We first proceed with formulating the model of [18]. We
take the liberty of adapting the model to our own notation,
but we preserve the central idea of reserve deliverability that
is conceived by [18]. Concretely, reserve scarcity prices at
distribution level in the approach of [18] are generated by
(i) introducing an ORDC at the high-voltage transmission
system and (ii) representing the fact that the commitment of
flexible resources in the distribution system can potentially
take up space on distribution lines. The latter is captured
by considering two possible activation patterns that result
in the maximum possible loading of distribution lines. The
first worst-case activation pattern (s = 1) corresponds to a
full upstream stress on distribution lines through a simulta-
neous upward activation of a// distribution-level flexibility
resources, while the second worst-case activation pattern
(s = 2) corresponds to full downstream stress on distribu-
tion lines through a simultaneous downward activation of
all distribution-level flexibility resources. Intermediate lev-
els of activation are guaranteed to be feasible as long as the

Table 1 Nomenclature that is used in the models

Symbol Description

N Set of buses in transmission and distribution
networks

USn Set of generators connected at bus #

IS Transmission buses that absorb reserve flows

S Set of scenarios: 0 (base), 1 (activation)

K Set of lines in the network

RL Segments in operating reserve demand curve

PR; Reserve price of ORDC segment i

MCy Marginal cost of generator g

QR; Reserve quantity for ORDC segment i

Qt Maximum active power a generator at bus n can
offer

Qn Minimum active power a generator at bus n can
operate at

F,j' Max capacity of line £

Py, D, Day-ahead power production/consumption at bus n

By Bus where generator g is located

FBy, TBy  From-bus and to-bus of line £

Pg Real-time power production of generator g

pg Day-ahead commitment of generator g

];F (s) Upward reserve indicator for generator g in s

I7(s) Downward reserve indicator for generator g in s

prik, Upward reserve activation at bus » and scenario s

prin Downward reserve activation at bus n and scenario s

rop Upward reserve offered at bus n

pdn Downward reserve offered at bus n

dr)”* Upward reserve demand consumed in order /

drim Downward reserve demand consumed in order /

imby s Reserve imbalance absorbed in scenario s

nen Energy injection at bus n

Ne€n,s Energy injection at bus n, scenario s

nre? Upward reserve injection at bus n

nrdn Downward reserve injection at bus n

fre,s Power flow on line £ in scenario s

kaJr Reserve flow in reference direction of line &

fri Reserve flow opposite to reference direction of line &

aforementioned activation patterns are feasible. The model
is concretely formulated as follows, and we will refer to it
throughout the rest of the paper as the “Caramanis” model:

max Z PRy - dr)”
pardn rup drup drdn prup pran ne. f.imb
IERL )
+ > PR-dri"— > MC,-p,
leRL’ geUS:By=n
pr;‘)% =0, geUS )
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prih =0, geUS 3)
imbo =0, le€lS 4)
pryf. =11 (s)-ry?, s€ S, geUS %)
prit =1, (s)-ri", s€S, geUS (6)
() s >, (pg+pri%+PY)
geUS:By=n
dn
+ P, - Z prgs— Dy, (7)
geUS:Byg=n
- Z imby s =ne, s, NEN, s€S
leEIS:B;=n
(wk) : fk‘,s = Z PTDFyy, - Neén,s, ke K, ses (8)
nenN
(0'5) : Z Nén,s = 0, ses (9)
neN
AR™): > dr” = ) rg? =0 (10)
lERL geUs
AR™): > drfm = Y rdn=0 (1)
leRL’ geUs

(i) fes <F, keK, seS (12)
(bps): —frs<FS, keK, seSs (13)
(niP) : P +pg+ 1P < QF, geUS (14)
(Hg"): Py +pg—1g" 2 Qg geUS (15)
(vjP): drj® < QR;, 1€ RL (16)
(v s dri® < QR;, 1€ RL (17)
dr,r >0 (18)

One of the most crucial parts of this model is the scenario-
dependent parameter /, which is an indicator of activation of
reserve capacity for a generator® in a certain scenario. The
objective function of the model (1) maximizes welfare. The
first two terms are the system operator benefit acquired by
fulfilling the demand of an operating reserve demand curve

2 We also refer to agents that can provide reserve as flexibility service
providers (FSPs) throughout the text.

@ Springer

and the latter is the operational cost. Eq. 7 represents the
energy balance for each scenario in each node, pr is the acti-
vation of reserve by a generator in a given scenario and imb
is a variable that is introduced in order to absorb the activa-
tion of reserves in a given scenario. This variable essentially
represents the realized consumption of activated reserves
at the transmission level. Egs. 10 and 11 are upward and
downward reserve trade balance equations. Eqs. 12 and 13
correspond to line capacity constraints for the flow variable
fr,s for each line k and scenario s and are thus represent-
ing network restrictions when reserves are activated. Egs.
14 and 15 correspond to generator capacity constraints.
The remaining (16), (17) represent the maximum reserve
demand of the /-th order of the ORDC.

Inscribed-boxes Model

In this section we proceed to present an alternative formu-
lation of a co-optimized energy-reserves transmission-dis-
tribution coordination model. It preserves the same idea as
[18], but approaches the formulation from an entirely dif-
ferent angle, namely the idea of inscribed boxes that is pre-
sented in [20].

. up
max - Z PR; - dr,

p,ruP pdn dpup drdn pe nrup prin f
lERL

+ Y PRi-dri" = )" MC,-p,
IERL’ geus

(19)

(An) : ne, = Z

(o + P+ Po=Due meN (30
geUS:By=n

(ARZP) s P = Z rgf — Z dr?, neN 1)
geUS:By=n lERL:B;=n

(AR : ppdn = Z ’r‘g" - Z dri®, nenN (22)
geUS:By=n lERL:B;=n

(0): Z ne, =0 (23)

neN
(R D D AR S
kEK:FBr=n k€EK:TBr=n
. . 24
+ Z —fri? - Z —fr?, neN ( )
k€EK:FBr=n k€EK:TBr=n
(k") = g
o dnt . dnt
ST
keK:FBy=n kEK:TBr=n (25
+ Z frin — Z frin neN

k€EK:FBp=n keK:TBp=n
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(¢ ): S PTDF, - ne,
neN
u +
+ Z max(Ak’k/, 0) . f’l"kfn (26)
k'eK
+ Z max(—Akyk/,O) . f’/’Z/p_ < F]:r, ke K
k'eK
( Zpi) : Z —PTDF, - ney,
neN
+ Z max(Ak,k/, 0) . f’f';:/p_ (27)
k'eK
+ Z max(—Ach/,O) . f’l“Z;nJr <F , keK
k' eK
(@) : Y PTDF,p-ney,
neN
+ > max(Agw,0) - frif” (28)
k'eK
+ Z maX(—Aqu/,O) : f’l“ﬁ,ni < F]:_, ke K
k' eK
(¢f"): Y —PTDF, - ney,
neN
+ Z max(Ag x,0) - frin (29)
k'eK
+ Z max(—Ahk./,O) : f’r'g/nJr < Fk_7 ke K
k' eK
(LaP): P +pg+1e? <QF, geUS (30)
(ud"): P) 4+ py—ri®>Q,, geUS 31
() :dr/” <QR;, l€RL (32)
(v dri® < QR;, 1€ RL (33)
r.dr, frt, fr= >0 (34)

Comparing the formulation to that of Section 2.1, the
key difference is that our model will identify the maxi-
mum volume box within the feasible space of node-to-
node reserve exchanges nr. These feasible exchanges are
characterized by the DC network constraints, which are
substituted by the auxiliary flow variables fry, based on
Eqs. 24, 25. This substitution directly leads to the param-
eters Ay = PTDFpp,, » — PTDFrp,, i, Yk, k' € K.
These parameters capture the impact of power injections on
network elements, specifically when the effect is detrimen-
tal (i.e. when power flows in the direction of the constraint

that we are trying to respect), without on the other hand
reflecting alleviating effects (i.e. counter-flows on a line are
ignored/eliminated). The objective function of the model is
exactly the same as that of the "Caramanis" model. With Egs.
26-29, it is guaranteed that reserves are matched such that
the potential activation of reserves results in line loadings
that respect line constraints. Eqs. 20-23 are nodal energy
and reserve balance constraints, respectively. The remaining
equations are similar to those of the model in Section 2.1.
For a more detailed explanation of the model we refer the
reader to [20]. In the present context, “cross-border trades”
correspond to exchanges between distribution nodes.

Analysis of Models

The two formulations that are described in section II are
both fundamentally driven by a consideration of different
scenarios for the loading of distribution lines. The key dif-
ference is that the inscribed boxes model is a conservative
approximation of the polytope of feasible flows that corre-
sponds to a complete enumeration of all possible activation
scenarios. In this section we prove that, on a radial network
with a single TSO demand at the transmission system, this
approximation is exact.

Equivalence Result

Proposition 1 The Caramanis and Inscribed-Boxes models
are equivalent for radial networks.

Proof The idea of establishing the equivalence of the two
models is by providing mappings that move us from any fea-
sible point in the space of the Caramanis model to a feasible
point in the space of the inscribed-boxes model, and vice
versa. Moreover, since the objective functions of the two
models are identical in variables that are identical in both
formulations, the objective function of the inscribed boxes
model is less than or equal to that of the Caramanis model
and vice versa, i.e. the two objective functions are equal. [

Inscribed-boxes to Caramanis

Table 2 provides the mapping that moves us from a feasible
point of the inscribed-boxes model to a feasible point of the
Caramanis model. In Appendix [23] we prove that if we start
from a feasible point of the inscribed-boxes model (i.e. one
that satisfies all constraints (20)-(34)) then the point in the
left of Table 2 satisfies all constraints of problem (7)-(18).
The direct mapping from a feasible point of inscribed-boxes
to a feasible point of the Caramanis model is illustrated in the
net injection space of a radial three-node example in Fig. 1.

@ Springer
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Table 2 Inscribed-Boxes to Caramanis

#  Caramanis

Inscribed-Boxes

—

dr)'®
drin
Pg
rg?
Tg"
Prot
P

neo

O 0 I AN U W N

nei

—
(=)

nea

fr,2

—_
—_

12 fra

13 fro

14 Z imbu
lels

15 Z imbl’g
lels

dr;'?
drin
Pg
rg?
rg"
Iy (1) rg®
17 (2)-rg"
ne
nr'? + ne
—nri® 4 ne
S A it — S A fri + 3] PTDF,y - nen
ek K ekK neN
S A = A fr 4+ Y PTDF, - nen
KeK K ekK neN
Z PTDF, 1 - nen
nenN
> dr?
IERL
- > drin
IERL

Fig. 1 Mapping from the
inscribed-boxes model to the
Caramanis model in the feasible
net injection space of a radial
three-node example. Nodes B
and C are exporting and node A
is importing. Starting from the
feasible net injection points ni-,
ne of the inscribed-boxes model,
Table 2 is used to obtain the cor-
responding feasible point né1,
néo of the Caramanis model

Caramanis to Inscribed-boxes

Inscribed boxes feasible net injection space

neg

né = (11e,, neg)

nrg

nr = (1, nrg)

Caramanis feasible net injection space

neg,o

Scenario 0

ney = (e, nep)

0 nec

neg, Scenario 1
’ ney = (e, 1e5)

ne; = (M7, — ne,, nig — neg)

nre 0 nec,

again in the net injection space of the same radial three-node
example, in Fig. 2.

We now move in the opposite direction. Table 3 maps a fea-

sible point from the Caramanis model to a feasible point

Duality Analysis

in the Inscribed-Boxes model. The detailed proof of why

this is the case is provided in the Appendix [23]. The direct
mapping from a feasible point of the Caramanis model to
a feasible point of the inscribed-boxes model is illustrated,

@ Springer

In this section we provide a duality analysis of our pro-
posed inscribed-boxes model. This allows us to assign an
economic interpretation to the dual variables of the model,
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Table 3 Caramanis to Inscribed-Boxe

# Inscribed-Boxes Caramanis
1 dr)'® dri?
2 dr?n drld"
3 Pg Pg
4 rg? rg?
5 Tgn Tgn
6 ne neo
7 nr? neiy — neg
8 nrn nes — neg
’ e fra— Y PTDF, nenpo
nenN
10 frov” —fxa+ D> PTDF, ) -nenpo
g nenN
! frint fra— 3 PTDFuy - neno
neN
12 frgrf —fr2+ Z PTDF, \ - nen,o
nenN
13 Z d,,‘;*p Z Z”I’I’Lle
IERL leIs
14 - Z drldn E 7:me72
IERL’ leIs

Fig. 2 Mapping from the Caramanis
model to inscribed-boxes model in
the feasible net injection space of a
radial three-node example. Nodes
B and C are exporting and node

A is importing. Starting from the
feasible net injection points né,
néo of the Caramanis model, Table
3 is used to obtain the correspond-
ing feasible point n¥, ne of the
inscribed-boxes model

neép,o Scenario 0

neg = (e, 1ep,0)

ne Scenario 1
BAYL e = (e )

0 nec,

and to understand the pattern of their behavior at the dual
optimal solution.

Before proceeding with the detailed duality analysis, we
provide some intuition about the optimal allocation of trans-
mission capacity between energy and reserves, and connect
this intuition to existing professional literature. Concretely,
we refer the reader to [24]. Figure 1 of [24] presents the
intuition that transmission capacity should be allocated at
the level where the incremental increase in welfare due to
the trade of reserve that is achieved by allocating additional

Caramanis feasible net injection space

0 neco

Inscribed boxes feasible net injection space

nrg

nr = (nrg, nrg)

nr = (fe,; — e, Mep1 — NMepy)

0 nre

transmission capacity to reserve becomes equal to the incre-
mental decrease in welfare from the trade of energy which
is aresult of allocating limited transmission line capacity for
the trade of reserve instead of the trade of energy. This point
is clarified further with the following example and ensuing
duality analysis.

Consider the two-node system of Fig. 3. In this instance,
we assume that a resource G1 can provide energy and
reserve in node 1, a resource G2 can only provide energy at
node 2, there is an inelastic demand of 5 MW of reserve in

@ Springer
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Fig. 3 2-node network used for duality analysis of G1: 20 €/MWh G2: 100 €MWh
inscribed-boxes model
1 max capacity 5 IneIast.ic reserve
requirement:
100MW 5MW
-100MW

node 2 and there is finally an inelastic load of 100 MW at
node 2. The capacity of the line that connects nodes 1 and
2is 100 MW.

When we attempt to understand how the line capacity
should be allocated optimally between the trade of reserve
and the trade of energy, it is valuable to observe that the
first increments of reserve are very valuable, because they
enable the TSO at node 2 to cover its demand for reserve,
and additional line capacity should be allocated up to the
point where the incremental value from the trade of reserve
equals the incremental welfare losses from not using this
line capacity for the trade of energy.

The optimal allocation of the model is thus such that G1
covers the 5 MW of reserve demand, resulting in a reserve
flow of fri_, =5 MW on the line. G1 also covers 95 MW
of energy demand at node 2, resulting in an energy flow of
neip = 95 MW on the line.

Some of the dual variables of the inscribed boxes model
admit a standard interpretation, which is based on the usual
interpretations of energy and reserve co-optimization mod-
els. Concretely, A, is the price of energy. AR"? is the price of
upward reserve and AR?" is the price of downward reserve.
o is the negative of the price of energy at the hub node. ji¢?
is the profit margin of flexible assets in the upward reserve
market. ,ug" is the profit margin of flexible assets in the

downward reserve market. v, is the surplus of the TSO
from the /-the increment of upward reserve capacity, while
vi™ is the surplus of the TSO from the /-the increment of
downward reserve capacity.

Other dual variables admit a less standard interpreta-
tion, which is specific to our proposed formulation but
where duality results uncover economically intuitive

properties. We focus specifically on %7 and xd", ¢ P+

and ;7 ", ¢ and ¢{" . The first two are equal to the
negative of the price of upward (AR}P) and downward
(AR4™) reserve, respectively, at node n. The rest of the
dual variables are the marginal economical surplus of the
TSO when trading energy and reserve (upward or down-

ward) on a line k. Precisely, ¢,” T = AR}, — ARy,

=dro s ad G = AR, AR,
= Arp, — ArB,,  while  ¢f"" = \R¥, — ARI

@ Springer

= AT, — AFB, and ¢in” = AR, — AR,

= AFB, — ATBy-

Given our interpretation of dual values, we note that the
line capacity is indeed allocated in such a way that the incre-
mental value of allocating to energy Ao — A1 = 80 €/ MWh
is equal to the incremental value of allocating to reserve
AR5 — AR? = 80 €/ MWh. The proof of the above expla-
nations is provided in the Appendix [23].

Patterns of Energy and Reserve Prices

In this section we analyze the pattern of market clearing
prices for different combinations of flow patterns. Again,
without loss of generality in the case of radial networks, we
focus on a two-node system. In the context of this section,
we refer to upstream and downstream with respect to the
transmission network and we assume that ORDC is always
at the transmission level.

The flow patterns that we consider are the following,
taking into account that TSO demand in our TSO-DSO
coordination model always appears at the high-voltage
transmission system:

e Flow pattern 1: energy flows upstream, upward reserve
flows upstream

e Flow pattern 2: energy flows downstream, upward re-
serve flows upstream

e Flow pattern 3: energy flows upstream, downward re-
serve flows downstream

e Flow pattern 4: energy flows downstream, downward
reserve flows downstream

We provide a duality analysis which allows us to extract
a price pattern in the Appendix [23]. In what follows we
describe the price patterns and their drivers. The analysis
can be generalized to the case of non-congested subnet-
works connected to each of the two nodes. Flow pattern 1
- Energy flows from distribution to transmission network,
with upstream congestion, upward reserve demand at trans-
mission network. In Fig. 4 depicts this flow pattern using
a simplified illustrative example. The reserve price at the
transmission level is equal to the ORDC valuation due to
scarcity conditions. In addition, the flexible resources at
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Fig.4 Network for flow pattern 1, where there is

a negative imbalance at the transmission network
and the reserve demand is also located at the trans-
mission network. In this case, M Co < MCy

Upward
ORDC

G1. G2:
Q1 @MC1€/MWh

D1

Energy price =
MC2 + ORDC adder

Reserve price =
ORDC adder

Q2 @MC2 €/MWh
®

Energy price = MC2

Reserve flow

1 ongested line 2 -1

Energy flow

Reserve price = MC2

the distribution level are not used up to their capacity, thus
their scarcity rent in both energy and reserves are equal to
zero. This implies that the energy price at the distribution
level equals the marginal cost of the marginal unit at the
distribution level, and the reserve price at the distribution
level equals zero. Given the property established in sec-
tion I1I-B whereby the difference in energy prices along the
nodes of the congested line equals the difference in reserve
prices along those same nodes, we conclude that the energy
price at the transmission level equals the energy price at
the distribution level plus the ORDC adder. Flow pattern
2 - Energy flows from transmission to distribution network,
with upstream congestion, upward reserve demand. In this
flow pattern, the reserve price at the transmission level is
equal to the ORDC valuation due to scarcity conditions. The
generator at the transmission level is the marginal unit and
splits between markets. At the distribution level the genera-
tor provides upward reserve causing a congestion on the
line and thus resulting in a reserve price valued at zero and
an energy price equal to the marginal cost of the marginal
generator. Again, the difference of energy and reserve price
along the nodes should be equal, meaning the energy price
at the transmission level is the energy price at the distribu-
tion level plus the ORDC adder. Flow pattern 3 - Energy
flows from distribution to transmission network, with down-
stream congestion®, reserve demand downward. In this pat-
tern, the downward reserve price at the transmission level is
equal to the ORDC valuation due to scarcity conditions. The
flexible resources at the distribution level are not used up to
their capacities, resulting in zero profit margins in both the
energy and reserve markets. This implies a reserve price of
zero at distribution level, and an energy price equal to the

3 Note that since we assume scarcity of downward reserve at the
transmission system, there is no interest in considering upstream
congestion.

marginal cost of the distribution level resource. This in turn
implies that the energy price at the transmission system is
equal to the energy price of the distribution system minus
the transmission system reserve price. This stems from the
equilibrium conditions of the network operator: the value
lost by upstream energy flow should equal the value gener-
ated by downstream reserve flow. Note that energy flows
from the more expensive to the cheaper location in this
setting, which is contrary to the intuition of energy-only
models.

Flow pattern 4 - Energy flows from transmission to dis-
tribution network, with downstream congestion, downward
reserve demand. The same applies as for pattern 3, i.e. G2
splits its capacity between the energy and reserve markets,
which in turn implies a zero price for reserve at the distri-
bution level and an energy price equal to its marginal cost.
The difference is that less downward reserve is provided, as
the energy flows at the same direction as the reserve. The
reserve price at the transmission level is determined by the
partially served ORDC. And the no-arbitrage conditions of
the network operator finally dictate that the energy price
equals the energy price at the distribution level minus the
reserve price.

It can be concluded that the energy price, when conges-
tion occurs, equals the marginal cost of the marginal unit
plus or minus the ORDC adder for nodes at the source (from
node) of the congested line, whereas for nodes at the desti-
nation (to node) of the congestion the energy price equals to
the marginal cost of the marginal unit, meaning also that the
location of the marginal unit is irrelevant. The overall pat-
tern is depicted in Table 4.

It is worth noting that the price patterns discussed above
occur when the marginal unit splits its capacity between
energy and reserve. More complicated patterns can occur in
the presence of additional constraints, e.g. ramps.
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Table 4 Pattern of energy and reserve prices along congested lines of a
radial network in various scenarios of energy and reserve flows

Energy flow Upward  Downward Energy Energy
reserve reserve price price
flow flow upstream  down-

stream

Pat- Downstream Down- N/A MC + MC
tern  toupstream  stream to ORDC

1 upstream adder

Pat- Upstreamto Down- N/A MC + MC
tern  downstream  stream to ORDC

2 upstream adder

Pat- Downstream N/A Upstream  MC - MC
tern  to upstream to down-  ORDC

3 stream adder

Pat- Upstreamto N/A Upstream  MC - MC
tern  downstream todown- ORDC

4 stream adder

Case Study

In this section we present a case study of transmission-
distribution coordination in Belgium. In section IV-A we
describe our methodology for setting up the case study, and
we compare the alternative designs and their effect on the
profitability potential investments in section IV-B.

Setup of Case Study

Day types. We model a year of operation using 8 represen-
tative day types, 1 weekday and 1 weekend day per season.
The load, renewable supply and import profiles vary by day

type.

Transmission network. The Belgian transmission network
is an updated version of [25]. It consists of 30 380-kV buses,
30 lines.

Renewable supply and loads. Loads and renewable gen-
eration data are sourced from the ENTSO-E transparency
platform. They are modeled as price-inelastic power with-
drawals and injections respectively, and are thus not flexible
in the real-time market.

High-voltage power units. There are 39 generators in the
system. We use a unit commitment model based on [26]
in order to determine the commitment schedule of power
generation units in Belgium for every hour of the day for
each studied day type. This unit commitment model also
indicates the amount of imports at each node of the Belgian
system. Pumped hydropower is assumed to offer a fixed
amount of reserve at every time step (which is determined
in the unit commitment model) whereas run of river hydro-
power is considered as price-inelastic withdrawal or injec-
tion and is thus directly incorporated in the net demand data

@ Springer

of the model. The ramp limits of units are adjusted in order
to be consistent with the full activation time of the reserve
that we analyze in our case study, in particular a full activa-
tion time of 7.5 minutes is assumed.

Imports. The unit commitment model that we use is based
on a zonal representation of the network. In order to dis-
aggregate the zonal information of our source model to
nodal information required for the analysis conducted in
the present paper, we use the flow-based constraints of the
zonal model in order to identify flows between Belgium
and neighboring zones (after rescaling the flows on these
flow-based constraints so that the net position of Belgium
becomes consistent with these flows). Subsequently, these
cross-zonal flows are disaggregated to individual physical
lines in proportion to the physical capacity of each line.

Real-world distribution network (DN1). The first distribu-
tion network that we use relies on a commercial dataset.
The network consists of 235 buses and 247 edges, and is
thus non-radial. In order to derive a radial network from
this dataset, we compute the maximum spanning tree of
the original network, which consists of 235 buses and 234
edges. The capacity of four transformers and certain lines
was scaled up in order to render the AC optimal power flow
on the radial system feasible.

Xanthi distribution network (DN2) [27]. The network con-
sists of 99 buses and 98 edges. The generators in the dataset
include minimum/maximum limits. The dataset includes
fixed injections and offtakes of real and reactive power at
each bus, we only retain the real power data in our analysis.

Interface with distribution networks. In our analysis, we
replace certain nodes in the transmission network of Bel-
gium by detailed distribution networks. The day-ahead con-
sumption of the distribution networks is locational but static
(i.e. spatially but not temporally differentiated). In order to
introduce temporal variability, we scale the spatial consump-
tion of each distribution node according to the transmission
system time series. Distribution system load is assumed to
be a price-inelastic fixed injection in the network. Flexible
resources are instead assumed to be active in the real-time
market, which is the focus of our analysis.

The final Belgian network that is used in our study
includes 6 distribution networks of type DN1 and 1 dis-
trbution network of type DN2. The distribution networks
are placed in transmission buses that correspond to major
Belgian cities. The load profiles and flow limits of the dis-
tribution networks are scaled according to the initial load of
the corresponding transmission network bus. The renewable
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generation corresponding to the replaced transmission bus
is retained. The overall network consists of 1503 distribu-
tion nodes, 1533 nodes in total and 1533 edges.

The marginal costs of the transmission network flexible
assets are provided in [26], whereas the marginal costs of
the assets that are located in the distribution network are
based on empirical data that were derived from the FEVER
EU Horizon 2020 project [28].

The market models are implemented in Julia v.1.9.4 using
JuMP v1.21.1, on an Asus Zenbook 14 with a 1.80GHz Intel
Core 17-8550U processor with Windows 10 (64-bit). The
chosen linear programming solver is Gurobi 11.

ORDCs. We focus on a single reserve product in the case
study. Specifically, we analyze upward reserve with a full
activation time of 7.5 minutes. ORDCs vary by season and
4-hour interval of the day. The ORDC:s are sourced from the
work of [29], where the authors have precisely calibrated
ORDOC:s for the Belgian system.

Imbalances. Imbalances at the slack bus of the transmission
network are sampled independently as random values from
a normal distribution A/(0 MW, 100 MW) for each time
step.

Comparison of Different Designs

In this section we analyze the effect of alternative designs
on the investment incentives of a candidate flexible asset.
We specifically focus on a natural gas asset with an amor-
tized investment cost of 5 €/ MWh and a marginal cost of
MC = 80 €MWh. The investment cost corresponds to an
overnight cost of 400 €/kW, a lifetime of 25 years, an inter-
est rate of 12%, and annual compounding.

For a unit of considered capacity, P* = 1MW, the
profit maximization problem of a flexible asset owner who

Fig.5 Transmission system energy price dura-
tion curve for designs A and B

faces an energy price \; and a reserve price of AR; is at time
step ¢ is:

max AR;-r+ (M —MC)-p

p,r>0
r<R
p+r <Pt

We consider two alternative levels of flexibility in our case
study, namely ramp limits at 10% and 75% of nameplate
capacity, i.e. R = 0.1 and R = 0.75.

Alternative market designs result in alternative revenue
streams in the energy and reserve markets, i.e. different time
series \; and AR;. We consider the following alternative
designs:

e Design A: reserve deliverability is not considered and
there is no scarcity pricing

e Design B: reserve deliverability is not considered and
there is scarcity pricing

e Design C: reserve deliverability and scarcity pricing are
both considered.

We then analyze the incentives of installing the facility at
different areas of the network. Specifically, we consider the
possibility of installing the capacity at the transmission net-
work, a distribution network without congestion (typical of
DNI1) and a distribution network with congestion (typical
of DN2).

Design A. The pricing results of the case study under
design A are depicted in Fig.5. The only revenue stream is
from the energy market and the average energy price at the
transmission system over the year is 21.96 €/MWh.

Design B. The pricing results of the case study under
design B are depicted in Figs. 5 and 6. This design collects
revenue streams from both the energy and reserve markets
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Fig.6 Reserve price duration curve for design
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due to the introduction of scarcity pricing. The average
energy price at the transmission system over the year is
21.96 €/MWh, whereas the average reserve price is 10.35 €/
MWh. It is worth mentioning that Autumn does not exhibit

reserve scarcity, whereas most of the scarcity is observed
during the winter.

Design C. The pricing results of the case study under
design C are depicted in Figs. 7 and 8. As in the case of

Fig. 7 Transmission system energy price dura- TN Energy Price Duration Curve
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Fig. 8 Reserve price duration curve for design C TN Reserve Price Duration Curve
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design B, this design also generates revenue streams from
both the energy and reserve markets due to the introduction
of scarcity pricing. The average energy price at the trans-
mission system over the year is 22.94 €/ MWh, whereas
the average reserve price amounts to 17.04 €/ MWh. The
increase in reserve prices results from the congestion that is
caused by reserve flows. In particular, less reserve is deliv-
ered to the TSO, since distribution network flexible assets
cannot deliver reserve to the transmission system due to
congestion at the distribution system.

Profit results for assets in transmission network. The prof-
itability of investments under different configurations is sum-
marized in Table 5, bold cells indicate combinations of types
of assets and designs whose profits are below the threshold
of investment cost (5 €/ MWh), and thus fail to be profitable.
When the asset under consideration is inflexible (10% ramp)
the investment is not viable under any design. For design A,
the profit is below the investment cost for each type of gen-
erator. In contrast to design B, when deliverability is consid-
ered (design C), profits in the transmission network increase
due to an increase in reserve prices caused by the fact that less
reserve is delivered due to congestion at the distribution level.

Profit results for assets in distribution network DN2. DN2
is representative of a distribution network without conges-
tion. The absence of congestion in the distribution network
implies that the distribution prices become equal to those of
the transmission network. Thus, the same outcomes prevail
as in the case of transmission network assets.

Profit results for assets in distribution network DN1. In the
case of an inflexible asset (10% ramp) investment is worth-
while (with a small margin) in an area with local congestion,
in contrast to the other two areas. For the highly flexible asset
(75% ramp), design C decreases the profitability of the flex-
ible asset close to the investment cost in contrast to design
B, due to the fact that reserve of the flexible asset cannot be
delivered to the transmission network. Thus, considering
reserve deliverability can discourage an investment in assets
that are placed behind a congestion. Design B exhibits greater
profitability for an asset within DN relative to the alternative
locations. This increased profit potential behind congested
lines is mainly due to the higher prices that typically result
from the activation of a more expensive generator.

Table 5 Profitability of different types of assets under different designs,
in €MWh

Asset TN DNI DN2
Design A Flexible 0.0504 5.835 0.0504
Inflexible 0.0504 5.835 0.0504
Design B Flexible 7.819 13.604 7.819
Inflexible 1.086 6.871 1.086
Design C Flexible 12.828 5.830 12.828
Inflexible 1.757 5.830 1.757

Conclusions

We propose a computationally tractable model for repre-
senting reserve deliverability using a formulation based
on inscribing boxes in polyhedra, and generalize the for-
mulation for a meshed network. The equivalence of the
inscribed boxes formulation to an alternative deliverability
formulation based on work by Caramanis[ 18] is proven for
radial distribution networks. The economic dimension of
the dual variables and the properties of the DLMPs result-
ing from our proposed model are analyzed. We conduct
a realistic case study of transmission-distribution system
coordination in Belgium. Our interest is on understand-
ing the extent to which the model can stimulate through
scarcity pricing and reserve deliverability on contem-
plated investments in flexible assets. The study indicates
that scarcity pricing alone can exaggerate the profitability
of flexibility investments, while the inclusion of reserve
deliverability provides a more realistic reflection of net-
work limitations. In particular, the analysis highlights
that assets located behind distribution network conges-
tion experience diminished investment incentives when
deliverability constraints are considered, thus emphasiz-
ing the need for network-aware market mechanisms. The
introduction of deliverability constraints increases reserve
prices at the transmission level, improving the revenue
potential of assets in uncongested locations and ensuring
that price signals reflect scarcities more accurately.

The discussion of future research directions builds on
these findings. Future work should focus on developing
decomposition methodologies for the proposed optimiza-
tion problem to enhance scalability and enable applications
to systems of arbitrary size, integrating AC network flows to
assess the feasibility of market outcomes, and extending the
formulation to a less conservative approach for non-radial
networks.

Author Contributions Zejun Ruan: Conceptualization, Formal analy-
sis, Investigation, Methodology, Software, Visualization, Writing
— original draft, review & editing. Anthony Papavasiliou: Concep-
tualization, Funding acquisition, Project administration, Resources,
Writing — original draft, review & editing. Mehdi Madani: Conceptu-
alization, Writing - review & editing.

Data Availability The paper provides access to public datasets via
hyperlinks. One specific dataset mentioned in the paper cannot be
made publicly available due to its commercial nature.

Declarations

Conflicts of Interest The authors have no conflicts of interest to declare
that are relevant to the content of this article.

Competing interests The authors declare no competing interests.

@ Springer



33 Page 14 of 15

Current Sustainable/Renewable Energy Reports (2025) 12:33

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

1. European parliament and Council of the European Union. Direc-
tive (EU) 2018/ 2001 of the European Parliament and of the
Council of 11 December 2018 on the promotion of the use of
energy from renewable sources. Official Journal of the European
Union. 2018 https://eur-lex.europa.eu/legal-content/EN/TXT/HT
ML/?uri=CELEX:32018L2001 Accessed: 6 Nov 2025.

2. CEDEC, ENTSO-E, GEODE, E DSO, and EURELETRIC. TSO-
DSO report: an integrated approach to active system management
with the focus on TSO-DSO coordination in congestion manage-
ment and balancing; 2019. Accessed: 6 Nov 2025. Available
from: https://eepublicdownloads.entsoe.eu/clean-documents/Pub
lications/Position%?20papers%20and%20reports/TSO-DSO_AS
M_2019_190416.pdf.

3. Givisiez AG, Petrou K, Ochoa LF. A Review on TSO-DSO Coor-
dination Models and Solution Techniques. Electric Power Sys-
tems Research. 2020;189:106659. https://doi.org/10.1016/j.epsr.
2020.106659.

4. Schittekatte T, Meeus L. Flexibility markets: Q&A with project
pioneers. Ultilities Policy. 2020;4:63. https://doi.org/10.1016/j.ju
p-2020.101017.

5. Frontier Economics (for ENTSO-¢). Review of Flexibility Plat-
forms; 2021. Accessed: 6 Nov 2025. Available from: https://eepu
blicdownloads.azureedge.net/clean-documents/SOC%20docume
nts/SOC%20Reports/210957 entso-e report neutral design fle
xibility_platforms_04.pdf

6. Centrica. Business Case for Flexibility Providers; 2019. Accessed:
6 Nov 2025. Available from: https://www.centrica.com/media/43
78/busines-case-for-flexibility-providers.pdf.

7. Valarezo O, Gémez T, Chaves-Avila J, Lind L, Correa M, Ziegler
D, et al. Analysis of New Flexibility Market Models in Europe.
Energies. 2021;06(14):3521. https://doi.org/10.3390/en14123521.

8.  E-distribuzione. Impiego dei servizi ancillari forniti da risorse di
energia distribuite per I’esercizio della rete di distribuzione; 2024.
Accessed: 6 Nov 2025. Available from: https://www.e-distribuzio
ne.it/content/dam/e-distribuzione/04 progetti-e-innovazioni/edg
e/Relazione_semestrale 1semestre25.pdf.

9. GME. Presentazione RomeFlex ai Service Providers; 2024.
Accessed: Nov 6 2025. Available from: https://www.areti.it/con
tent/dam/acea-areti/documenti/area-istituzionale/innovazione/ro
meflex/documenti/Presentazione-evento-romeflex.pdf.

10. Enedis. Flexibilities to enhance the Energy Transition and the
performance of the Distribution Network; 2019. Accessed: 6 Nov
2025. Available from: https://www.enedis.fi/sites/default/files/do
cuments/pdf/flexibilities-enhance-energy-transition-performanc
e-distribution-network.pdf.

11. Centrica. The future of flexibility; 2019. Accessed: 6 Nov 2025.
Available from: https://www.centrica.com/media/ueujubSs/the-fu
ture-of-flexibility-centrica-cornwall-lem-report.pdf.

@ Springer

12.

15.

18.

19.

20.

21.

22.

23.

24.

Hogan WW. Electricity Scarcity Pricing Through Operating
Reserves. Economics of Energy and Environmental Policy.
2013;2. https://doi.org/10.5547/2160-5890.2.2.4

. N-SIDE and SDAC MSD. SDAC MSD Co-optimization Road-

map Study; 2022. Accessed: 6 Nov 2025. Available from: https:/
/eepublicdownloads.blob.core.windows.net/public-cdn-container
/clean-documents/Network%20codes%20documents/NC%20CA
CM/SDAC%202023/Co-optimization_roadmap_study__explana
tory note and final report.pdf

Papavasiliou A, Avila D. Welfare Benefits of Co-Optimising
Energy and Reserves; 2024. Accessed: 11 Nov 2025. Available
from: https://www.acer.europa.eu/sites/default/files/documents/P
ublications/ACER_Cooptimisation_Benefits_Study 2024.pdf.
ENTSO-e. IMPLEMENTATION IMPACT ASSESSMENT
For the Methodology for a Co-Optimised Allocation Process of
Cross-Zonal Capacity for the Exchange of Balancing Capacity
or Sharing of Reserves; 2021. Accessed: 6 Nov 2025. Available
from: https://eepublicdownloads.entsoe.eu/clean-documents/nc-t
asks/211217_All%20TSOs_Co-optimisation%2011A%20Report.
pdf.

. NSIDE. Market approaches for TSO-DSO coordination in Nor-

way; 2021. Accessed: 11 Nov 2025. Available from: https://www
.statnett.no/contentassets/525¢71910628494db2e4c627eb00dddc
/market-approaches-for-tso-dso-coordination-in-norway.pdf.
Mezghani I, Stevens N, Papavasiliou A, Chatzigiannis DI. Hier-
archical Coordination of Transmission and Distribution System
Operations in European Balancing Markets. IEEE Trans Power
Syst. 2023;38(5):3990-4002. https://doi.org/10.1109/TPWRS.20
22.3208968.

Caramanis M, Ntakou E, Hogan WW, Chakrabortty A, Schoene J.
Co-Optimization of Power and Reserves in Dynamic T&D Power
Markets With Nondispatchable Renewable Generation and Dis-
tributed Energy Resources. Proc IEEE. 2016;104(4):807-36. http
s://doi.org/10.1109/JPROC.2016.2520758.

Zheng T, Litvinov E. Contingency-Based Zonal Reserve Model-
ing and Pricing in a Co-Optimized Energy and Reserve Market.
IEEE Trans Power Syst. 2008;23(2):277-86. https://doi.org/10.1
109/TPWRS.2008.919314.

Madani M, Papavasiliou A, Ruan Z. The Inscribed Boxes
Approach to Reserve Deliverability in Balancing Capacity Mar-
kets: Base Results. 2025 21st International Conference on the
European Energy Market (EEM). 2025;p. 1-6. https://doi.org/10.
1109/EEM64765.2025.11050201.

Bemporad A, Filippi C, Torrisi FD. Inner and outer approxi-
mations of polytopes using boxes. Computational Geometry.
2004;27(2):151-178. https://doi.org/10.1016/S0925-7721(03)00
048-8.

ACER. Explanatory note for amendments to the Algorithm Meth-
odology for the price coupling algorithm due to Cooptimisation;
2023. Accessed: 6 Nov 2025. Available from: https://www.acer.
europa.eu/sites/default/files/documents/Official documents/Publ
ic_consultations/PC_2024 E 01/Explanatory note.pdf.

Ruan Z, Papavasiliou A, Madani M. Appendix of Distribution
Locational Marginal Prices under Generation and Network Scar-
city Conditions; 2024. Accessed: 6 Nov 2025. Available from: h
ttps://ap-rg.eu/wp-content/uploads/2024/10/Appendix_for DLM
P_under Generation and Network Scarcity Conditions  Rua
n-8.pdf.

ENTSO-e. Explanatory document to all TSOs’ proposal for a
methodology for a co-optimised allocation process of cross-
zonal capacity for the exchange of balancing capacity or shar-
ing of reserves in accordance with Article 40(1) of Commission
Regulation (EU) 2017/2195 of 23 November 2017 establishing a
guideline on electricity balancing; 2019. Accessed: 6 Nov 2025.
Available from: https://eepublicdownloads.entsoe.eu/clean-docu
ments/nc-tasks/EBGL/EBGL_A21 181218 ALL%20TSOs%20


https://doi.org/10.5547/2160-5890.2.2.4
https://eepublicdownloads.blob.core.windows.net/public-cdn-container/clean-documents/Network%20codes%20documents/NC%20CACM/SDAC%202023/Co-optimization_roadmap_study__explanatory_note_and_final_report.pdf
https://eepublicdownloads.blob.core.windows.net/public-cdn-container/clean-documents/Network%20codes%20documents/NC%20CACM/SDAC%202023/Co-optimization_roadmap_study__explanatory_note_and_final_report.pdf
https://eepublicdownloads.blob.core.windows.net/public-cdn-container/clean-documents/Network%20codes%20documents/NC%20CACM/SDAC%202023/Co-optimization_roadmap_study__explanatory_note_and_final_report.pdf
https://eepublicdownloads.blob.core.windows.net/public-cdn-container/clean-documents/Network%20codes%20documents/NC%20CACM/SDAC%202023/Co-optimization_roadmap_study__explanatory_note_and_final_report.pdf
https://eepublicdownloads.blob.core.windows.net/public-cdn-container/clean-documents/Network%20codes%20documents/NC%20CACM/SDAC%202023/Co-optimization_roadmap_study__explanatory_note_and_final_report.pdf
https://www.acer.europa.eu/sites/default/files/documents/Publications/ACER_Cooptimisation_Benefits_Study_2024.pdf
https://www.acer.europa.eu/sites/default/files/documents/Publications/ACER_Cooptimisation_Benefits_Study_2024.pdf
https://eepublicdownloads.entsoe.eu/clean-documents/nc-tasks/211217_All%20TSOs_Co-optimisation%20IIA%20Report.pdf
https://eepublicdownloads.entsoe.eu/clean-documents/nc-tasks/211217_All%20TSOs_Co-optimisation%20IIA%20Report.pdf
https://eepublicdownloads.entsoe.eu/clean-documents/nc-tasks/211217_All%20TSOs_Co-optimisation%20IIA%20Report.pdf
https://www.statnett.no/contentassets/525e71910628494db2e4c627eb00dddc/market-approaches-for-tso-dso-coordination-in-norway.pdf
https://www.statnett.no/contentassets/525e71910628494db2e4c627eb00dddc/market-approaches-for-tso-dso-coordination-in-norway.pdf
https://www.statnett.no/contentassets/525e71910628494db2e4c627eb00dddc/market-approaches-for-tso-dso-coordination-in-norway.pdf
https://doi.org/10.1109/TPWRS.2022.3208968
https://doi.org/10.1109/TPWRS.2022.3208968
https://doi.org/10.1109/JPROC.2016.2520758
https://doi.org/10.1109/JPROC.2016.2520758
https://doi.org/10.1109/TPWRS.2008.919314
https://doi.org/10.1109/TPWRS.2008.919314
https://doi.org/10.1109/EEM64765.2025.11050201
https://doi.org/10.1109/EEM64765.2025.11050201
https://doi.org/10.1016/S0925-7721(03)00048-8
https://doi.org/10.1016/S0925-7721(03)00048-8
https://www.acer.europa.eu/sites/default/files/documents/Official_documents/Public_consultations/PC_2024_E_01/Explanatory_note.pdf
https://www.acer.europa.eu/sites/default/files/documents/Official_documents/Public_consultations/PC_2024_E_01/Explanatory_note.pdf
https://www.acer.europa.eu/sites/default/files/documents/Official_documents/Public_consultations/PC_2024_E_01/Explanatory_note.pdf
https://ap-rg.eu/wp-content/uploads/2024/10/Appendix_for_DLMP_under_Generation_and_Network_Scarcity_Conditions___Ruan-8.pdf
https://ap-rg.eu/wp-content/uploads/2024/10/Appendix_for_DLMP_under_Generation_and_Network_Scarcity_Conditions___Ruan-8.pdf
https://ap-rg.eu/wp-content/uploads/2024/10/Appendix_for_DLMP_under_Generation_and_Network_Scarcity_Conditions___Ruan-8.pdf
https://ap-rg.eu/wp-content/uploads/2024/10/Appendix_for_DLMP_under_Generation_and_Network_Scarcity_Conditions___Ruan-8.pdf
https://eepublicdownloads.entsoe.eu/clean-documents/nc-tasks/EBGL/EBGL_A21_181218_ALL%20TSOs%20proposal_aFRRIF_explanatory_document_for%20submission.pdf
https://eepublicdownloads.entsoe.eu/clean-documents/nc-tasks/EBGL/EBGL_A21_181218_ALL%20TSOs%20proposal_aFRRIF_explanatory_document_for%20submission.pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32018L2001
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32018L2001
https://eepublicdownloads.entsoe.eu/clean-documents/Publications/Position%20papers%20and%20reports/TSO-DSO_ASM_2019_190416.pdf
https://eepublicdownloads.entsoe.eu/clean-documents/Publications/Position%20papers%20and%20reports/TSO-DSO_ASM_2019_190416.pdf
https://eepublicdownloads.entsoe.eu/clean-documents/Publications/Position%20papers%20and%20reports/TSO-DSO_ASM_2019_190416.pdf
https://doi.org/10.1016/j.epsr.2020.106659
https://doi.org/10.1016/j.epsr.2020.106659
https://doi.org/10.1016/j.jup.2020.101017
https://doi.org/10.1016/j.jup.2020.101017
https://eepublicdownloads.azureedge.net/clean-documents/SOC%20documents/SOC%20Reports/210957_entso-e_report_neutral_design_flexibility_platforms_04.pdf
https://eepublicdownloads.azureedge.net/clean-documents/SOC%20documents/SOC%20Reports/210957_entso-e_report_neutral_design_flexibility_platforms_04.pdf
https://eepublicdownloads.azureedge.net/clean-documents/SOC%20documents/SOC%20Reports/210957_entso-e_report_neutral_design_flexibility_platforms_04.pdf
https://eepublicdownloads.azureedge.net/clean-documents/SOC%20documents/SOC%20Reports/210957_entso-e_report_neutral_design_flexibility_platforms_04.pdf
https://www.centrica.com/media/4378/busines-case-for-flexibility-providers.pdf
https://www.centrica.com/media/4378/busines-case-for-flexibility-providers.pdf
https://doi.org/10.3390/en14123521
https://www.e-distribuzione.it/content/dam/e-distribuzione/04_progetti-e-innovazioni/edge/Relazione_semestrale_1semestre25.pdf
https://www.e-distribuzione.it/content/dam/e-distribuzione/04_progetti-e-innovazioni/edge/Relazione_semestrale_1semestre25.pdf
https://www.e-distribuzione.it/content/dam/e-distribuzione/04_progetti-e-innovazioni/edge/Relazione_semestrale_1semestre25.pdf
https://www.areti.it/content/dam/acea-areti/documenti/area-istituzionale/innovazione/romeflex/documenti/Presentazione-evento-romeflex.pdf
https://www.areti.it/content/dam/acea-areti/documenti/area-istituzionale/innovazione/romeflex/documenti/Presentazione-evento-romeflex.pdf
https://www.areti.it/content/dam/acea-areti/documenti/area-istituzionale/innovazione/romeflex/documenti/Presentazione-evento-romeflex.pdf
https://www.enedis.fr/sites/default/files/documents/pdf/flexibilities-enhance-energy-transition-performance-distribution-network.pdf
https://www.enedis.fr/sites/default/files/documents/pdf/flexibilities-enhance-energy-transition-performance-distribution-network.pdf
https://www.enedis.fr/sites/default/files/documents/pdf/flexibilities-enhance-energy-transition-performance-distribution-network.pdf
https://www.centrica.com/media/ueujub5s/the-future-of-flexibility-centrica-cornwall-lem-report.pdf
https://www.centrica.com/media/ueujub5s/the-future-of-flexibility-centrica-cornwall-lem-report.pdf

Current Sustainable/Renewable Energy Reports

(2025) 12:33

Page 150f 15 33

25.

26.

27.

proposal_aFRRIF_explanatory document for%20submission.p
df.

Zhou Q, Bialek JW. Approximate model of European intercon-
nected system as a benchmark system to study effects of cross-
border trades. IEEE Trans Power Syst. 2005;20(2):782-8. https:/
/doi.org/10.1109/TPWRS.2005.846178.

Aravena I, Papavasiliou A. Renewable Energy Integration in
Zonal Markets. IEEE Trans Power Syst. 2017;32(2):1334-49. htt
ps://doi.org/10.1109/TPWRS.2016.2585222.

Tsimtsios AM, Safigianni AS, Nikolaidis VC. Generalized dis-
tance-based protection design for DG integrated MV radial dis-
tribution networks — Part I: Guidelines. Electric Power Systems
Research. 2019;176:105949. https://doi.org/10.1016/j.epsr.2019.
105949.

28.

29.

Forouli A, Papazoglou G, Bakirtzis E, Papavasiliou A. Deliver-
able D4.4 Report on simulation tests with data from pilots; 2024.
Accessed: 6 Nov 2025. Available from: https:/fever-h2020.eu/da
ta/deliverables/FEVER _D4.4 Report-on-simulation-tests-with-d
ata-from-pilots.pdf.

Cartuyvels J, Papavasiliou A. Calibration of Operating Reserve
Demand Curves Using a System Operation Simulator. IEEE
Trans Power Syst. 2023;38(4):3043-55. https://doi.org/10.1109/
TPWRS.2022.3200125.

Publisher's Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://fever-h2020.eu/data/deliverables/FEVER_D4.4_Report-on-simulation-tests-with-data-from-pilots.pdf
https://fever-h2020.eu/data/deliverables/FEVER_D4.4_Report-on-simulation-tests-with-data-from-pilots.pdf
https://fever-h2020.eu/data/deliverables/FEVER_D4.4_Report-on-simulation-tests-with-data-from-pilots.pdf
https://doi.org/10.1109/TPWRS.2022.3200125
https://doi.org/10.1109/TPWRS.2022.3200125
https://eepublicdownloads.entsoe.eu/clean-documents/nc-tasks/EBGL/EBGL_A21_181218_ALL%20TSOs%20proposal_aFRRIF_explanatory_document_for%20submission.pdf
https://eepublicdownloads.entsoe.eu/clean-documents/nc-tasks/EBGL/EBGL_A21_181218_ALL%20TSOs%20proposal_aFRRIF_explanatory_document_for%20submission.pdf
https://doi.org/10.1109/TPWRS.2005.846178
https://doi.org/10.1109/TPWRS.2005.846178
https://doi.org/10.1109/TPWRS.2016.2585222
https://doi.org/10.1109/TPWRS.2016.2585222
https://doi.org/10.1016/j.epsr.2019.105949
https://doi.org/10.1016/j.epsr.2019.105949

	﻿Distribution Locational Marginal Pricing under Generation and Network Scarcity Conditions
	﻿Abstract
	﻿Introduction
	﻿Motivation
	﻿Practical Applications
	﻿Contributions

	﻿Models
	﻿﻿Caramanis Model
	﻿﻿Inscribed-boxes Model

	﻿Analysis of Models
	﻿Equivalence Result
	﻿Inscribed-boxes to Caramanis
	﻿Caramanis to Inscribed-boxes


	﻿Duality Analysis
	﻿Patterns of Energy and Reserve Prices
	﻿Case Study
	﻿Setup of Case Study
	﻿Comparison of Different Designs

	﻿Conclusions
	﻿References


