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 a b s t r a c t

Several sources of flexibility in transmission and, especially, distribution networks are being unlocked by ad-
vances in information and communication technologies, aggregators, and new flexibility markets. However, 
maximizing benefits for both transmission and distribution system operators in a coordinated way requires new 
algorithms, modeling tools, and modernization of regulatory frameworks. Such approaches must account for 
uncertainties, the physical and operational constraints of flexibility providers and the grid itself, constraints on 
information exchange, and scalability, including computational requirements and time constraints.
 Given the diverse contexts and jurisdictions around the world, there is no single recipe for achieving co-
ordination, but important trends and shared challenges are emerging. This paper surveys the complexities of 
coordination from technical, market, and technological perspectives, and outlines current practices, proposed 
approaches, and future research directions to effectively manage, coordinate, model, and leverage flexibility 
across voltage levels.

1.  Introduction

1.1.  Historical evolution of transmission and distribution systems 
interactions

For most of the twentieth century, electric power systems were con-
ceived, planned, and operated under a vertically hierarchical paradigm 
in which transmission and distribution networks fulfilled clearly delin-
eated and mostly independent functions. High-voltage transmission sys-
tems – operated by TNOs or, later, TSOs – were engineered to ensure 
bulk power transfer, system-wide balancing, and frequency regulation 
across large geographic areas. In contrast, DNs – owned and managed 
by DNOs – were designed as predominantly passive infrastructures, re-
sponsible for delivering electrical energy from transmission substations 
to end users according to conservative planning and reliability criteria. 
Under this paradigm, the transmission-distribution interface was charac-
terized by limited operational interaction, high predictability of power 
flows, and a unidirectional exchange of energy from the bulk system to 
the distribution level.
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This separation was institutionally reinforced by regulatory and mar-
ket designs. In Europe, the unbundling reforms of the 1990s and early 
2000s formalized the distinction between TSO and DNO responsibili-
ties, while preserving a predominantly passive role for DNs [1]. In North 
America, many utilities remained vertically integrated, owning and op-
erating DNs and, in some cases, transmission assets, while ISOs and 
RTOs later assumed bulk-system operational and market functions in 
parts of the system. Despite these institutional differences, DNs were 
treated as an electrically subordinate layers, largely invisible to real-
time system operations. As a result, planning, security assessment, and 
ASs procurement were executed almost exclusively at the transmission 
level, with distribution systems represented through aggregated and 
static equivalents [2].

The European and North American frameworks partition power sys-
tem operational responsibility along fundamentally different axes. EU 
electricity law distinguishes legally defined network operators: the TSO, 
responsible for transmission-system operation and system balancing, 
and the DSO, responsible for distribution-system operation downstream 
of the TSO-DSO interface, typically at medium- and low-voltage levels. 
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List of Acronyms

AC Alternating Current
A-DERMS Aggregator DERMS
ADMM Alternating Direction Method of Multipliers
ADMS Advanced Distribution Management System
ADN Active Distribution Network
AI Artificial Intelligence
AMI Advanced Metering Infrastructure
ANN Artificial Neural Network
AS Ancillary Service
BA Balancing Authority
BESS Battery Energy Storage System
CMPLDWG Composite Load Model with DG
DA Day-ahead
DC Direct Current
DER Distributed Energy Resource
DERMS DER Management System
DG Distributed Generation
DN Distribution Network
DNO Distribution Network Operator
DP Distribution Provider
DSO Distribution System Operator
EB-GL Electricity Balancing Guidelines
EMS Energy Management System
EV Electric Vehicle
FERC Federal Energy Regulatory Commission
FR Flexibility Region
FSP Flexibility Service Provider
HP Heat Pump
HV High Voltage
ICT Information and Communications Technology
ISO Independent System Operator
IT Information Technology
LFM Local Flexibility Market

LP Linear Programming
LSE Load-Serving Entity
LSTM Long Short-Term Memory
LV Low Voltage
ML Machine Learning
MO Market Operator
MV Medium Voltage
NAN Neighborhood Area Network
NERC North American Electric Reliability Corporation
NLP Non-Linear Programming
OE Operating Envelope
OFO Online Feedback Optimization
OLTC On-Load Tap Changer
OPF Optimal Power Flow
OT Operational Technology
PLC Power Line Communication
PMU Phasor Measurement Unit
PV Photovoltaic
RES Renewable Energy Source
RSF Residual Supply Function
RTO Regional Transmission Organization
SCADA Supervisory Control and Data Acquisition
SLMR Synthesis Load Model with Renewables
SO System Operator
SV Shapley Value
T&D Transmission and Distribution
TN Transmission Network
TNO Transmission Network Operator
TOP Transmission Operator
TSO Transmission System Operator
U-DERMS Utility DERMS
VFD Variable Frequency Drive
VPP Virtual Power Plant
WAN Wide Area Network
WECC Western Electricity Coordinating Council

These roles are subject to unbundling requirements separating network 
operation from competitive generation and supply activities; where a 
DSO forms part of a vertically integrated undertaking, EU rules require 
legal, functional, and accounting separation, subject to exemptions for 
smaller DSOs.

By contrast, NERC assigns reliability obligations through functional 
entity roles rather than through legally distinct operator categories tied 
to voltage level or ownership structure. Consequently, a single legal en-
tity may simultaneously perform and be registered for several reliabil-
ity functions, such as TOP, BA, and DP. While NERC TOP and BA roles 
map closely to the network and balancing mandates of a European TSO, 
the NERC DP carries a narrower, reliability-only scope compared to the 
DSO’s broader European mandate for market facilitation and resource 
procurement. Furthermore, the NERC-defined LSE has no direct Euro-
pean counterpart, where retail supply is a commercial function struc-
turally decoupled from network operation.

Over the past two decades, these long-standing paradigms have 
been progressively disrupted by the rapid diffusion of DERs – includ-
ing inverter-based renewable generation, distributed storage, flexible 
demand, EVs, and other digitally controlled loads – connected predom-
inantly at the distribution level [3]. As documented across multiple ju-
risdictions, DNs are no longer passive sinks of power flows, but active 
interfaces where variability, flexibility, and controllability increasingly 
originate. Distribution-level actions can now materially influence trans-
mission congestion, voltage stability, frequency response, and inter-area 
dynamics.

This evolution has forced a conceptual shift from the traditional 
transmission and distribution network operator model – focused primar-
ily on asset ownership and infrastructure – to the more operationally ori-
ented TSO-DSO framework, in which SOs must coordinate in real time 
and across planning horizons to preserve security, efficiency, and market 
integrity [4]. The distinction is not merely semantic. While DNOs his-
torically optimized local reliability and capital expenditure, DSOs are 
increasingly expected to perform system-level functions such as con-
gestion management, voltage control, flexibility procurement, energy 
balancing, active network operation, and data orchestration [5]. Con-
sequently, the transmission-distribution boundary has evolved into a 
cyber-physical interface where operational authority, control actions, 
and market outcomes intersect [6].

European policy institutions recognized this shift early. ENTSO-E ex-
plicitly framed distribution-connected resources as essential contribu-
tors to system-wide services and called for revised operational, market, 
and data-handling arrangements between TSOs and DSOs, while em-
phasizing that no single coordination model can be universally applied 
given national diversity in grid structures and regulatory traditions  [1]. 
Building on this recognition, research initiatives such as [7–12] sys-
tematically evaluated alternative coordination schemes – ranging from 
centralized TSO-led markets to shared or common TSO-DSO flexibility 
platforms – using detailed transmission-distribution co-simulation and 
cost-benefit analysis. These studies demonstrated that uncoordinated 
activation of distribution-connected flexibility leads to inefficient out-
comes and potential security violations, whereas coordinated architec-
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tures consistently outperform siloed approaches across multiple national 
scenarios [10–13]. Their findings served to shape European approaches 
regarding coordinated flexibility markets, priority rules, and shared op-
erational responsibilities.

Building on these policy and research developments, balancing and 
AS markets have also continued to evolve, as illustrated by the EU’s EB-
GL and the establishment of cross-border balancing platforms such as 
MARI  [14], PICASSO  [15], and TERRE  [16]. In parallel, increasingly 
stressed grid conditions – driven by electrification and the large-scale 
integration of DERs at the distribution level – are also raising flexibil-
ity needs for DSOs. Accordingly, several LFM initiatives are emerging 
(e.g., as mapped in [17]), alongside regulatory developments such as 
the forthcoming EU network code on demand response  [18]. The com-
bination of rising flexibility needs at both transmission and distribution 
levels, and the growing availability of flexible resources across these grid 
layers, further motivates TSO-DSO coordination in flexibility procure-
ment and activation, with the aim of improving procurement efficiency 
while ensuring that flexibility actions remain grid-safe for all networks 
involved.

In the United States, distribution utilities largely remain vertically 
integrated monopolies regulated at the state level, while bulk power sys-
tem operation is performed by ISOs, RTOs, or BAs [19]. The adoption of 
FERC Order No. 2222 marked a structural turning point by mandating 
that DER aggregations be permitted to participate directly in wholesale 
[20]. This regulatory intervention effectively forced the creation of for-
mal transmission-distribution coordination mechanisms – particularly 
for real-time operations, deliverability assessment, override authority, 
and settlement – without redefining distribution utilities as independent 
DSOs [21]. As articulated in recent U.S. Department of Energy frame-
works [22], scalable market and operational coordination platforms are 
emerging as pragmatic solutions to manage the dual use of DERs for 
wholesale and distribution services while preserving reliability and reg-
ulatory jurisdictional boundaries.

In Canada, and particularly in Ontario, the transition toward active 
distribution operation has been more incremental and explicitly policy-
driven. The Ontario Energy Board’s 2025 Discussion Paper frames the 
DSO not as a replacement for the DNO, but as a graduated enhance-
ment of distribution capabilities, progressively enabling planning, oper-
ational, and market functions as DER penetration increases. In this re-
spect, the Ontario approach has emphasized functional evolution within 
existing utilities, with careful attention to legislative permissibility, cost 
recovery, and consumer protection. Complementary work by the In-
dependent Electricity System Operator further highlights the practical 
challenges of transmission-distribution coordination in a hybrid ISO-
utility environment [23].

Québec represents a distinctive yet instructive variant of this evolu-
tion where the legal and regulatory framework for the electricity sector 
is overseen by the Régie de l’énergie, an independent economic tribunal 
that regulates tariffs, distribution conditions, and reliability require-
ments for Hydro-Québec and other utilities. Historically, both trans-
mission and distribution functions have been operated within a verti-
cally integrated public utility structure, effectively internalizing what 
elsewhere would constitute explicit TSO-DSO interfaces. This model 
enabled system-wide optimization based on abundant hydroelectric 
resources, high inertia, and predictable load profiles, long justifying 
the treatment of DNs as passive extensions of the bulk system. How-
ever, accelerated electrification, growing penetration of distribution-
connected DERs, large flexible loads, and increasing interprovincial and 
cross-border exchanges are introducing operating conditions in which 
distribution-level actions can materially affect transmission security and 
dynamic performance.

Compared with Ontario’s regulator-led, incremental development of 
explicit DSO capabilities and the United States’ market-driven, ISO-
centric coordination under FERC Order No. 2222, Québec occupies 
an intermediate position in which long-standing vertical integration 
has delayed formal TSO-DSO separation while simultaneously enabling 

earlier deployment of internally coordinated, system-wide operational 
mechanisms that can now be evolved into stability-aware DSO func-
tions without wholesale institutional restructuring. However, Hydro-
Québec’s mandatory annual reporting to the Régie de l’énergie on distri-
bution activities, including service quality and connection performance, 
highlights active regulatory oversight of distribution operations that can 
inform the evolution toward broader DSO-like capabilities.

China primarily adopts a vertically integrated monopoly system, 
where the HV, MV, and LV grids are planned, constructed, and oper-
ated by unified grid enterprises. While the organizational structure is 
centralized, functional responsibilities are divided into layers: the TN is 
controlled by the transmission control center through the EMS [24], and 
the DN is managed by the distribution control center using the ADMS 
[25]. This management model aims to ensure the overall coordination 
of the power system.

The coordination between transmission and distribution in China is 
mainly based on vertical control instructions within a unified scheduling 
system, rather than through cooperation between separate organizations 
such as the TSO, DSO, and MOs. This structure facilitates resource allo-
cation, rapid emergency response, and low coordination costs. However, 
it may also lead to insufficient market competition, thereby limiting the 
potential to fully exploit and utilize flexible resources.

With the large-scale integration of DERs, some regions in China are 
facing new challenges, such as reverse power flows and voltage viola-
tions in DNs [26]. In response, China is advancing power-sector reforms 
and introducing market-based competition mechanisms to overcome the 
limitations of the current management model. In the future, the coordi-
nation between transmission and distribution in China may evolve from 
an internal administrative model to a multi-agent model based on mar-
ket signals and information sharing.

1.2.  Paper scope and thrust

Despite these differing institutional pathways, several common tech-
nical challenges emerge across jurisdictions. These include the need for 
enhanced observability and state awareness across the transmission-
distribution boundary; explicit coordination of flexibility procurement, 
activation, and priority rules to not only avoid conflicting control ac-
tions but to also capitalize on the value stacking potential of flexibility 
– whereby flexibility activations can simultaneously meet the needs of 
multiple SOs (at transmission and distribution levels); consistent market 
coupling and settlement mechanisms that incentivize flexibility deliver 
and prevent double compensation; clear definition of operational au-
thority and fail-safe override procedures under contingencies; and coor-
dinated planning processes that align transmission reinforcement with 
distribution-level non-wires alternatives. Evidence from European, U.S. 
and Australian coordination studies demonstrates that these challenges 
cannot be addressed through market design alone, but require integrated 
architectures combining physical network models, aggregation layers, 
and coordination platforms capable of operating coherently across mul-
tiple time scales [27].

Against this backdrop, the present paper focuses on the technical 
challenges and coordination models for TSO-DSO coordination in the 
context of flexibility markets, network planning and system operation, 
architectural options for information exchange and control, and the im-
plications of differing regulatory and institutional contexts. Rather than 
advocating a single coordination model, the paper adopts a compara-
tive and architecture-centric perspective, identifying invariant techni-
cal requirements that persist across jurisdictions despite differences in 
governance and market structures.

The paper and the surveyed coordination approaches are explored 
with regard to operational planning (e.g., day-ahead), expansion plan-
ning where relevant, operation, and TSO-DSO coordinated flexibility 
market procurement, which can run at different time scales from long-
term to short-term to near real-time. Within operation, the focus is 
mainly on secondary and tertiary open-loop control.
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In view of the five operating states of a power system  [28], the paper 
and the surveyed coordination approaches mainly explore normal and 
alert states, while more extreme states (i.e., emergency, in extremis, and 
restorative) that require typically fast reactions are to be researched. Ac-
cordingly, fast phenomena (e.g., electromagnetic transients, protection 
schemes) as well as defense planning and restoration are outside the 
scope of this survey.

The paper does not intend to perform a comprehensive review of 
the state of the art in TSO-DSO coordination, but rather to explore dif-
ferent dimensions of coordination - including planning, operation, and 
flexibility markets - while highlighting the key theoretical and prac-
tical challenges and opportunities inherent in each. By grounding the 
analysis in established large-scale studies, and emerging technical stan-
dards [21,29], as well as in large-scale pilot activities (e.g., [30]) the 
paper aims to bridge the gap between conceptual coordination mod-
els and their practical implementation in increasingly DER-dominated, 
distribution-active power systems.

2.  Flexibility of distribution systems as the enabler of TSO-DSO 
coordination

2.1.  Sources of flexibility and technical constraints

The need for flexibility is increasing for both DSOs (e.g., for con-
gestion management and voltage control) and TSOs (e.g., for balancing 
services, congestion management, and voltage control).

This work understands flexibility as the ability of an asset (e.g., DER) 
to adjust its active/reactive power (or voltage magnitude) within its 
physical and operational limits, enabling it to respond to system needs 
and provide grid services. The key characteristics of flexibility are 
power, energy (including the capacity to maintain a given power set-
point), ramp-up and ramp-down rates, and reliability of service. Note 
that in power systems, there are other network-level assets that allow op-
erators operational flexibility by adjusting network topology and oper-
ating conditions through devices such as switches, phase-shifting trans-
formers, OLTC transformers, and DC links, thereby altering active or 
reactive power flows  [31].

At the TN level, typical sources of flexibility include conventional 
and renewable generation units with fast-ramping and regulation ca-
pabilities, large-scale energy storage systems, cross-border interconnec-
tions, and assets that can adjust reactive power at substations (e.g., slow 
capacitor/reactor banks and fast SVCs or STATCOMs). Flexibility may 
also be provided by the dynamic rating of overhead power lines  [32], 
underground cables, and transformers, an option that is increasingly 
being considered. Finally, controllable large loads directly connected to 
the TNs can offer flexibility services.

As the power system decentralizes, additional diverse sources of flex-
ibility are emerging in the DN, among them: conventional and inverter-
based DG units, utility-scale and behind-the-meter BESSs, as well as 
flexible loads including HPs, air conditioners, cooling systems, fans, 
electric water heaters, and EVs. Nevertheless, the efficient use of ex-
isting network-side flexibility resources should be considered alongside 
DER-based flexibility. These include OLTCs, capacitor/reactor banks, 
dynamic rating, and topology control. Key options include optimal ra-
dial network reconfiguration [33], and in the near future, soft open 
points [34,35] and MVDC links [36].

Due to the size of utility-scale DERs, they are mostly monitored by 
the DSO. Grid codes should require that DERs provide dynamic voltage 
and frequency regulation, provided they remain within the ride-through 
zone and within their capability curves  [37]. For voltage support, in-
verters may operate in Q-priority mode, curtailing active power to prior-
itize reactive power when the apparent-power limit is reached. Alterna-
tively, and to avoid active power curtailment, some inverter-based DERs 
can inject or consume reactive power beyond their capability curves for 
short periods with little or no impact on inverter lifetime [29].

Regarding frequency regulation, the majority of DG-type DERs oper-
ate at their maximum available power, only able to provide downward 
support during over-frequency conditions unless they hold headroom in 
reserve for upward support during under-frequency conditions, while 
BESSs may provide active-power frequency control for both downward 
and upward support. Although DERMSs could enable DERs to provide 
upward support when DERs are curtailed, this would need coordination 
between the TSO and the DSO to confirm that the frequency-related re-
sponse does not lead to any reliability issues that led to the original DER 
curtailment  [29].

Small-scale DERs, such as rooftop PV systems and behind-the-meter 
BESSs, may respond to voltage and frequency events using local mea-
surements but can also participate in TN services when coordinated 
by aggregators or VPPs [38–40]. Additionally, the four-quadrant ca-
pability of BESSs makes them a valuable source of flexibility for con-
gestion management, peak shaving, and voltage/frequency regulation; 
however, their scheduling and dispatch must be optimized to balance 
owner objectives with the provision of grid services.

Only a few works have investigated the coordination of utility-scale 
and behind-the-meter DERs for the same service provision. Some efforts 
include power factor correction at the TSO-DSO interface [38], regula-
tion requests from the transmission system  [41], and system restoration 
[42]. These are coordination schemes that require further development 
but will be enabled by DERMS.

On the demand side, thermostatically controlled loads such as wa-
ter heaters, HPs, and air conditioners offer opportunities for flexibil-
ity given their thermal inertia  [43]. However, coordination is needed 
to avoid load synchronization and rebound effects once a demand-
reduction service ends [44]. Modern inverter-driven HPs can adjust their 
active power consumption for grid services, while older HP units under 
ON–OFF control can still be blocked/unblocked, subject to flexibility 
constraints, e.g., minimum ON and OFF times and a maximum number 
of starts per day to protect the HP’s lifespan.

Among the flexible loads, the EVs are probably the easiest to mon-
itor and control via application programming interfaces, allowing the 
retrieval of battery state of charge, charging status, and remote start 
and stop of charging sessions. Nevertheless, as non-fixed assets, there 
remains some uncertainty about when the vehicles will be available 
for service provision, even though the plug-in sessions are mostly pre-
dictable. Additionally, after charging-session interruptions, there may 
be restrictions on subsequent charging due to simultaneous charging by 
nearby EVs.

The participation of DERs in services (balancing, voltage regulation, 
congestion management, etc.) should not cause voltage-limit violations, 
equipment overloading, excessive power losses, or phase imbalance, and 
must not lead to excessive operation of voltage-regulation equipment 
such as substation OLTCs, line voltage regulators, or switched capaci-
tor banks. Therefore, full exploitation of DERs flexibility is constrained 
by the local grid. The limitations depend on the location and concen-
tration of DERs. For example, flexible devices closer to the distribution 
transformer are less voltage-related restricted than those at the end of 
the LV feeders, and dispersed DERs face fewer restrictions than DERs 
concentrated in DER-dense feeder sections.

Grid characteristics also affect the amount of flexibility that can be 
leveraged. In North America, MV feeders leaving the substation are gen-
erally long and ramify into three-phase and single-phase laterals. Along 
these feeders and laterals, hundreds of small-capacity distribution trans-
formers are connected to supply customers directly or through LV (sec-
ondary) systems, which are generally short. In residential areas, these 
secondary systems are single-phase, three-wire circuits, radially oper-
ated at 120/240 V, feeding tens of customers. Here, phase imbalance 
at the MV level and potential overloading of distribution transformers 
could limit the provision of flexibility from LV-connected DERs. Addi-
tionally, for comparable feeder design and loading, voltage limits in the 
MV level may be exceeded more often in 15 kV-class circuits than in 25- 
or 35-kV systems, due to higher currents and thus larger voltage drops.
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In Europe and other regions, MV feeders are often shorter than 
in North America and supply three-phase distribution transformers of 
several hundred kVA that feed three-phase, four-wire LV systems at 
230/400 V. In this context, voltage and thermal constraints on the LV 
network can become limiting, particularly in areas with high load den-
sity and DERs.

Finally, some DN characteristics do not merely limit how much DER 
flexibility can be used; they may also determine which type of flexibil-
ity is most valuable or even required locally. For example, DNs with 
long underground cables may result in excessive reactive power being 
exported to higher voltage levels  [45]. This may force DERs and other 
assets to primarily provide reactive power compensation or local voltage 
support, preventing them from offering other services.

2.2.  Feasible regions of aggregated DN flexibility at the interface with the 
TN

Chronologically, the earliest approaches to underpin TSO-DSO coor-
dination emerged in 2018 [13,46–48]. Based on various OPF formula-
tions, they have focused on approximating the boundary of the feasible 
region of an ADN in the space of active (P) and reactive (Q) power flows 
at the transmission-distribution interface (i.e. physical substation) for a 
single point in time. Such a region (also known as a PQ chart, flexibil-
ity region, or map) characterizes the DER’s aggregated active/reactive 
power flexibility in the ADN that meets its operational constraints. It 
enables a coordination mechanism that preserves confidentiality while 
ensuring technical feasibility.

The computation of the FR typically aims to maximize the power 
range at the interface, subject to a power-flow formulation (equality 
constraints) and imposed voltage and power flow limits (inequality con-
straints). In this regard, the use of different power flow models has been 
explored in the literature, from single-phase to three-phase imbalance 
calculations, to linear, second-order cone programming, or non-linear 
non-convex AC formulations. The effectiveness, degree of inaccuracy, 
and sub-optimality of each method varies widely and has been exten-
sively analyzed in the literature. Although linearized power flow mod-
els to approximate the PQ chart offers computational advantages, the 
approximation errors may affect operational decisions in practical TSO-
DSO coordination, see Section 4.4.2.

Recent works indicate that the FR under the full AC power flow 
model may be non-convex [49–52], discontinuous [50,52] including ex-
hibiting holes [51], and it changes with the discrete steps of the OLTC in 
step-down transformers at the substation [49] and with network recon-
figurations [53]. These issues, which academia will continue to address 
from a theoretical perspective, are common to many other problems in 
power systems and should not hinder the development of practical ap-
proaches (i.e. targeting simplicity, accuracy, scalability and usability in 
a market framework) to support TSO-DSO coordination in real-life ap-
plications.

The review so far has focused on open-loop preventive or correc-
tive control, while further work should also examine potential closed-
loop coordination schemes such as OFO  [54–56]. These methods enable 
near-optimal operation while enforcing grid constraints with minimal 
model information of the nonlinear system  [57].

2.3.  Cost of flexibility of aggregated DN flexibility at the interface with the 
TN

Despite extensive research efforts, the ADN technical feasible regions 
are insufficient for TSO-DSO coordination as they do not map analyti-
cally any point in the region to a cost [53]. In other words, they do not 
respond to the question: how much would it cost to the TSO to shift the 
active or reactive power flow performed by the DSO at their interface? 
Furthermore, the relationship between the cost and the amount of ac-
tive/reactive power flow flexibility must be computed fast and expressed 
as tractable constraints, so as to be seamlessly embedded in TSO tools 

for procuring flexibility at the least cost, including from ADNs, without 
compromising computation time  [53]. Related aggregation frameworks 
have considered the aggregation of DER cost functions within VPPs, ei-
ther using linearized distribution power flow models  [58] or neglect-
ing network constraints altogether  [59]. However, these approaches 
do not fully address the problem of deriving tractable cost-flexibility 
mappings at the TSO-DSO interface while accounting for binding DN
constraints.

Deriving cost curves of active/reactive power flexibility at the TSO-
DSO interface based on FRs is challenging as the cost curves cannot be 
obtained in analytical form due to the nonlinearity of ADN operation 
constraints, but especially binding (voltage and thermal) constraints 
[49]. Brute-force computation of the cost in each PQ point of the re-
gion has been attempted [60,61]; yet it is not scalable (as it relies on 
solving a huge number of AC OPF problems) or usable (as it does not 
derive specific simple mapping constraints).

To circumvent these issues, from an operational perspective, a sub-
optimal yet practical and computationally effective approach has been 
proposed for a single period [53]. It considers the ranges of active and 
reactive power separately, as they mitigate different issues (e.g., con-
gestion vs. voltage) using different efficient control means. It develops 
piecewise linear cost curves for each of them by solving a series of tai-
lored AC OPF problems. This approach has been further leveraged to 
consider coupling constraints (e.g. due to the presence of storage de-
vices, flexible demand, and limit of OLTCs) for active power [62] and 
reactive power [63] separately. These works have provided new insights 
and research directions to overcome some of the identified barriers (e.g., 
guaranteeing the feasibility of the proposed flexibility patterns across 
all time periods in a scalable way), which should spur further improve-
ments.

From a market integration perspective, dedicated research on com-
puting price/quantity active power flexibility pairs at the TSO-DSO 
interface region was developed in  [64] and initially conceptualized 
in  [8]. These works iteratively solve a linear OPF problem, that mod-
els active power flow and thermal constraints only, at the distribution 
level considering an increment in the TSO-DSO interface active power 
flow. It generates a solution through which a DSO can provide an in-
crement volume of flexibility to the TSO, which is conceptually re-
sembling to [53]. The solution of this problem also returns the opti-
mal price for offering this incremental volume of flexibility. Based on 
an iterative solution to this problem, each with an additional interface 
power increment, these works compute what are referred to as RSFs, 
which constitute step-wise price/quantity pairs of flexibility that the 
DSO can provide to the TSO. The TSO can then choose one of these 
steps, which the DSO can then readily activate via the OPF solution cor-
responding to this activation step. The sub-optimality decreases with a 
smaller increment size, but in turn, increases the computational time. 
This tradeoff, in addition to regulatory challenges in terms of bid ag-
gregation by a third market-neutral party (e.g., DSO or independent 
MO) poses practical challenges to the implementation of this approach. 
A similar approach has been proposed in [65], but at the planning
stage.

In reality, the above game is more complex. It involves TSOs, DSOs, 
aggregators, suppliers, and market operators. Depending on the organi-
zation, market design, and regulatory framework, contract definitions 
can vary significantly. For TSOs and DSOs whose sole mission is grid 
operations, interaction with grid users should occur through ASs to en-
sure stable and secure operation. Market clearing between players is not 
their responsibility.

2.4.  Aggregation and control of DERs for grid ASs

Several schemes for controlling and aggregating DERs for grid ASs 
(e.g., voltage and frequency control) have been proposed recently.

Voltage support through the control of active and reactive power ex-
change at the TSO-DSO interface  [38,39,66], and voltage-stability sup-
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port during emergency conditions  [67,68] are two researched aspects. 
Some of them use PMU measurements at TN buses to define system con-
ditions and the need for reactive power provision from ADNs  [69,70]. 
Future schemes must leverage DER participation optimally to avoid 
over- and under-responses, inefficiencies, and unnecessary DER satu-
ration at their operational limits (active/reactive power, or state of 
charge), as DERs from one substation may be more suitable to partici-
pate than those from other substations. However, planning voltage sup-
port in DA under the worst realization of uncertainties cannot be well-
posed and requires further thought  [71].

For frequency regulation, previous works have proposed the use of 
ADNs, DERs, and EV aggregations  [72–75], and fast-frequency control 
with thousands of DERs [76,77].

Controlling large populations of DERs for DN and TN support poses 
several challenges. The first is the amount of information that can be 
transmitted and processed in real time, particularly for control schemes 
that rely on direct communication with thousands of DERs and flexible 
loads. The second one relates to the uncertainty of availability when 
the service is needed, i.e., how much and for how long DER units can 
maintain it. The third one is the service type they will offer to the DSO 
and the TSO. For example, voltage stability support to the TSO and local 
voltage control to the DSO [78], or frequency regulation provision to the 
TSO, and voltage-control services to the local grid [79,80].

Conflicting requests between SOs will require coordination or the 
definition of priorities [80]. Competition between TSO and DSOs in 
procuring flexibility from DERs and flexible loads, as well as coordina-
tion mechanisms, is discussed in Section 4. The fourth challenge is the 
effect of such DER services in the local grid. Participation of DERs for 
TN support should not deteriorate the operation of the DN, for example, 
creating over- or under-voltages, equipment overloading, or increasing 
phase unbalance.

While previous academic works and technical reports have pointed 
out the feasibility of service provision  [37], modeling simplifications of 
DNs may hide operational problems that would limit greater DER and 
ADN participation in grid services. For example, the use of balanced 
DN representations despite many DERs and flexible loads being single-
phase devices, whose participation in services may result in unaccept-
able phase-imbalance conditions. Another common assumption is using 
a single radial feeder to represent a DN rather than multiple feeders 
connected to the same substation.

2.5.  Dynamic equivalents of ADNs

ADNs with high levels of DERs will impact the steady-state and dy-
namic performance of power systems  [37]. For stability studies con-
ducted by TSOs, a key challenge is how to represent the response of 
ADNs during disturbances in the TN. This problem arises because TSOs 
lack access to detailed DN models, as well as granularity regarding the 
number, location, and types of DERs. Compounding this issue, DSOs 
have historically not required dynamic models, as these analyses were 
traditionally confined to the transmission level.

Industry and academia have addressed this by using composite load 
models with aggregated representations of DER populations. Generally, 
these models comprise an equivalent feeder, induction motors, elec-
tronic and static loads, and one or a few aggregated DER models. This 
approach simplifies the representation of complex DNs while preserving 
key electrical characteristics. Two examples are depicted in Fig. 1: the 
CMPLDWG proposed by the WECC and the SLMR proposed by the China 
Electric Power Research Institute. The detailed governing differential-
algebraic equations and control strategies for CMPLDWG and SLMR can 
be found in [81] and   [82], respectively. Readers are referred to these 
works for the full mathematical formulations. These models also incor-
porate partial or total tripping of some components, depending on the 
magnitude of the voltage.

The main limitation of these models is that all components are con-
nected to the same bus, which overlooks the voltage diversity in the 

Fig. 1. Equivalents of active distribution networks for stability studies.

DN. Also, these models fail to capture the interactions and proximity 
effect of groups of DERs with nearby motors directly connected to the 
grid or interfaced with VFDs. During large voltage dips in the TN, some 
induction motors in the DN may stall, which momentarily worsens the 
local voltage conditions before their thermal tripping is activated. Mean-
while, inverter-based DERs with voltage-regulation capabilities, such as 
DG units and BESS, may need to inject more reactive power if not dis-
connected due to low-voltage conditions. Similarly, VFDs could trip due 
to the low-voltage condition and remain disconnected for several min-
utes  [83]. Indeed, the disconnection of DERs and loads during distur-
bances is a major source of uncertainty, and this should be accounted 
for in dynamic equivalents.

Another challenge with the dynamic equivalents of ADNs within the 
gray-box category  [84] is the model parameterization. Although the 
components of the equivalent ADN are assumed to be known, the exact 
composition is not. Therefore, system identification techniques must be 
applied using real measurements of past events, which are mostly un-
available, or simulations of a more detailed DN model [85–87].

Alternatively, black-box models try to match the input-output re-
lations without any physical knowledge of the DN  [84], for exam-
ple  [88,89]. However, the possibility of inaccurate responses due to 
disturbances not accounted for in the training process could diminish 
the engineers’ interest. More work is needed to build trust in these mod-
els.

Regardless of whether gray-box or black-box models are used, with-
out real measurements of past events, developing accurate dynamic 
equivalents of ADNs will require detailed DN models, i.e., agreements 
on model sharing are necessary; otherwise, the DSO must provide the 
resulting model, in accordance with the model specifications defined by 
the TSO.
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2.6.  T&D simulation tools

Contrary to dynamic equivalents of ADNs, several works have in-
vestigated the use of combined simulations of TD networks [90]. These 
simulations provide accurate and high-fidelity results of the system dy-
namics and the interactions between TN and DNs.

There are two types of simulation approaches: Combined-type and 
co-simulations. The combined type integrates the models of all voltage 
levels within the same simulator  [78,91], assuming balanced operation 
of the DN, suitable for stability studies under the phasor approximation. 
The TD co-simulators process the TN model in one simulator and the DN 
model in a second simulator, exchanging information at each integration 
time step [92,93]. Generally, the TN simulator provides the voltage at 
the point of common coupling, and the DN simulator provides the active 
and reactive power demand at the same point [94].

The advantage of TD simulations is the possibility of modeling the 
DERs and dynamic loads in detail, i.e., not aggregated. The main limita-
tion is the computational burden, which restricts simulations to specific 
regions of interest. Still, TD simulations are a valuable tool for gaining a 
better understanding of the dynamic interactions between network lev-
els. They are ideal for assessing the performance of new control schemes 
of DER aggregations or VPPs and their impact on transmission and dis-
tribution grids. Finally, they also serve as a benchmark for assessing the 
accuracy of dynamic ADN equivalents.

3.  TSO-DSO coordination mechanisms in network planning and 
operations

We next detail TSO-DSO coordination mechanisms along two di-
mensions: a) coordinated network expansion planning, and b) coordi-
nated operation, covering respectively network expansion planning and 
look-ahead operational planning. The coordinated market-based pro-
curement of flexibility is discussed later in Section 4.

We differentiate between two coordination time-scales: 1) the plan-
ning timescale, in which flexibility (from different grid levels) is consid-
ered in network investment and expansion planning exercises by TSOs 
and DSOs, and 2) the operational time-scale, which considers TSO-DSO 
coordination in network operations, including the activation of flexi-
bility to resolve anticipated operational grid issues, such as balancing, 
congestion management, or voltage control.

3.1.  TSO-DSO coordination in network expansion planning

Accounting for generation-side and demand-side flexibility in net-
work expansion planning has been of key recent importance as SOs aim 
to manage, optimize, and prioritize their network investments plans, 
especially in light of the large projected increase in load as well as in 
local generation. As flexibility is increasingly available from different 
grid levels, TSO-DSO coordination in network expansion planning be-
comes ever more important to correctly account and plan in the avail-
able flexibility volumes. This topic was studied in FlexPlan  [95]. This 
was a large-scale European project that aimed to develop a new tool for 
co-optimizing transmission and distribution grid planning by consider-
ing demand-side, generation-side, and storage flexibility within trans-
mission and distribution grids as an alternative to traditional network 
reinforcements. Six regional cases were studied for different European 
regions, spanning the three decades of 2030-40-50.

As peak consumption occurs not only in winter but also in sum-
mer due to the widespread air conditioning and RES, it is important to 
analyze a large number of potential operation scenario combinations. 
Planning analyses cannot readily be carried out using a Monte Carlo 
approach, i.e., by running many separate simulation scenarios that con-
sider different RES generation profiles, as they may provide different 
and conflicting planning options. For this reason, FlexPlan opted to solve 
a probabilistic OPF to minimize total costs (operational and investment) 
for a linear combination of all considered scenarios weighted with their 

relevant probabilities. However, solving such a problem for an exceed-
ingly large system encompassing thousands of nodes, including both TN 
and DNs, and hourly dispatch resolution is not tractable, prompting the 
project to apply Benders’ decomposition [96], implementing a natural 
model decomposition pertaining to TN and DNs. This decomposition 
is motivated by the different physical characteristics (R/X ratios) and 
topologies (meshed in TN, whereas mainly radial in DN), which require 
different modeling hypotheses. Furthermore, the possibility that trans-
mission and distribution grids can provide mutual services motivates 
a hypothetical integrated planning, in which TSO and DSOs together 
elaborate a common set of scenarios and agree on a list of proposed 
interventions. Such an integrated approach has a theoretical optimal-
ity advantage. However, beyond the large dimension of the resulting 
model, another challenge consists in the need to integrate and coordi-
nate a large number of DSOs (e.g., in Italy alone, there are more than 300 
DSOs with varying levels of availability of tools, methodologies, etc.). 
This scalability challenge of the common planning approach is added to 
the underlying challenges related to sharing internal data of SOs, which 
raises privacy issues.

A practical approach consists of implementing a coordinated plan-
ning methodology, in which TSO and DSOs exchange only data on 
the border between their jurisdictions. Yet, each operator pursues an 
autonomous planning calculation, in which the neighboring grids are 
modeled via simplified equivalents. The FlexPlan project developed a 
methodology implementing such a coordinated approach [97]. How-
ever, a still unresolved problem lies in finding a linear yet accurate 
(equivalent) model of a DN, an important precondition for ensuring 
numerical tractability by keeping these large optimization models lin-
ear  [98]. As the definition of the equivalent model changes with the 
operating point for which it is calculated, the choice of the best com-
promise remains a delicate aspect of this methodology. Planning deci-
sions also span multiple time scales: long-lead investments can often 
be assessed with linearized grid models, whereas short-horizon deploy-
ments of easily installed assets may require more detailed power-flow 
representations to capture voltage and reactive power effects. TSO-DSO 
coordinated expansion planning, and grid modeling practices therein, 
should therefore explicitly accommodate these differing time horizons 
and their modeling granularity requirements.

3.2.  TSO-DSO coordination for power system operation

Many mechanisms to coordinate TSO and DSO operations have been 
proposed [99–107] since the topic inception almost a decade ago. These 
mechanisms can be classified into two groups [107]:

• Group A: Mechanisms that look at TSO and DSOs control areas as an 
entire system and minimize its overall operation cost i.e., summing 
up the cost of TSO and DSOs [99–103].

• Group B: Mechanisms that recognize the peculiarities and data pri-
vacy of TSOs and DSOs and treat them as autonomous and competing 
entities in optimizing their objectives [104–107]. For example, typ-
ically, a regulatory body approves investment plans for these two 
monopolistic entities. Operating expenses are generally covered by 
grid-access tariffs and a limited, constrained common fund. This cre-
ates competition between the regulated monopolies, which may re-
duce their willingness to coordinate and maximize social welfare.

The works of group A can be applied in some contexts (e.g. vertically 
integrated systems) but are impractical in deregulated market environ-
ments (e.g. Europe, North-America) since: (i) TSOs and DSOs have their 
own specific goals, limited to their control area, and compete for utiliz-
ing DERs’ flexibility to minimize their cost, (ii) to preserve data privacy 
and sensitive information, TSOs and DSOs cannot always share their 
cost or grid models, and (iii) TSOs and DSOs have a mandate and a duty 
to operate their grids safely, which they cannot readily pass along to a 
coordinating third party agent.
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Table 1 
The main attributes of existing TSO-DSO coordination methods.

Ref.
 Type of flexibility  Optimization model  Model attributes  Cost of flexibility Grid size

TSO/DSO Scalable
 Active power  Reactive power  TSO  DSO  Stochasticity  Multi-period  N-1 cont.  Active power  Reactive power

 [99]  *  *  SOCP  SOCP  6 / 336  *
 [100]  DC  NLP  118 / 2  *
 [101]  NLP  NLP  118 / 69
 [102]  *  DC  LP  118 / 33  *
 [103]  *  *  LP  SOCP  118 / 34  *
 [104]  *  *  NLP  NLP  30 / 69
 [105]  *  NLP  LP  *  *  9 / 141
 [106]  *  LP  LP  *  *  118 / 141
 [107]  *  *  NLP  NLP  *  *  *  *  *  60 / 34

Most works of group B, e.g., [104,105] are computationally heavy 
as they need many (non-parallelizable) iterations between the separate 
solutions of cost-optimization problems for TSOs and DSOs, while the 
time for solving a problem at either the TSO and DSO sides is not in-
significant. Furthermore, reaching a consensus (e.g., a Nash equilibrium 
in case of competitive interdependent environments) between TSO and 
DSOs, e.g., [104] is not always guaranteed. Two distinct methodologies 
proposed in group B [106,107] are non-iterative, i.e. exhibit only a few 
steps. This non-iterative nature presents some practical advantages (e.g., 
efficient coordination, as only a small number of TSO and DSO problems 
are solved, less interactive information, non-oscillatory convergence is-
sues).

Regarding solution approaches, most methodologies proposed for 
TSO-DSO coordination employ distinct decomposition methods (e.g. hi-
erarchical [99], Benders’ decomposition [102], surrogate Lagrange re-
laxation [103], alternating direction method of multipliers [11]). How-
ever, such approaches usually necessitate many iterations between the 
TSO problem and DSOs problems, being computationally burdensome. 
Some works rely on convex relaxations (e.g. second order [8,99,103]). 
However, these relaxations do not compute feasible solutions of the 
original problem, except for very specific conditions, which are dif-
ficult to meet for more complex practical grid models. For example, 
in some works, the DSO problem is even oversimplified using a lin-
ear (DC) power flow approximation (typically employed at transmis-
sion level), which poses accuracy challenges. Table 1 synthesizes the 
key attributes of these works in terms of modelling complexity, scal-
ability and the size of transmission and distribution systems used for
testing.

Distributed optimization naturally aligns with the decoupled phys-
ical structure of TSO-DSO systems. However, its practical implementa-
tion faces significant hurdles. Distributed leader-follower frameworks 
have demonstrated that distributed algorithms can effectively manage 
OPF and stability assessment [108]. These methods offer proven opti-
mality and competitive convergence rates. Nevertheless, serious barri-
ers persist in multi-period settings. The time-coupling of energy storage 
and flexible demand complicates the derivation of aggregated flexibil-
ity cost curves  [62]. Furthermore, the inherent non-linearity and non-
convexity of network models often lead to slow convergence and ex-
cessive iterative overhead. For time-critical operations, centralized or 
semi-centralized approaches remain more robust. Future coordination 
must therefore strike a balance between local autonomy and the nec-
essary centralized oversight to ensure system-wide security. Still, hier-
archical controls in time and space (i.e. the three-layer model–tertiary, 
secondary, and primary) must be adapted to the new coordination mech-
anisms.

As surveyed in Table 1, three major research gaps requiring mean-
ingful research can be noticed:

• In terms of models, most works address over-simplified and inaccu-
rate problems. The work in [107] has tackled an exceedingly chal-
lenging TSO-DSO coordination model. Indeed, the methodology in-
cludes essential yet challenging practical operation requirements, i.e. 
the N-1 security criterion at TSO level, operation uncertainties and 
time coupling at both TSO and DSO levels, and emerging flexible as-
sets (energy storage devices and flexible demand). This leads to very 
large NLP problems to be solved, posing computational challenges 
to be resolved.

• There is no approach that retains tractability in the presence of the 
most computationally heavy model features (stochasticity, multi-
periods, N-1 security). The sizes of transmission and distribution sys-
tems also play a key scalability role, as most works in the literature 
employ test systems that are much smaller than in practice. Note 
that, some approaches in Table 1 are marked as not scalable as, de-
spite relying on scalable problems (e.g. LP), the number of problems 
to be solved in series, corresponding to iterations between TSO and 
DSOs, is large in practice (e.g. tens to few hundreds);

• Very few works consider the cost of aggregated flexibility of an ADN 
at the TSO-DSO interface.

In summary, despite extensive research on TSO-DSO coordination, 
the lack of both accuracy and tractability of state-of-the-art methodolo-
gies prevents their practical application. Furthermore, automatic closed-
loop control schemes, such as OFO, can help manage system com-
plexity by embedding real-time measurements into the optimization 
loop  [109].

4.  TSO-DSO coordination for the market-based procurement of 
flexibility

4.1.  TSO-DSO coordinated flexibility market models

As the need for flexibility is increasing at both DSO and TSO lev-
els, and the sources of flexibility are growing in availability at both 
transmission and distribution levels, there is a key need for TSO-DSO 
coordination, in particular, for the pre-qualification, procurement, and 
activation of flexibility to (i) ensure the efficiency of the procurement 
process, maximizing the value-stacking potential of flexibility, whereby 
a flexibility volume can simultaneously serve the needs of multiple SOs, 
and (ii) ensuring that any flexibility activated by one SO from a flexi-
bility source can be done in a grid-safe1 way, even in the cases where 
the SO activates flexibility from sources connected outside its own area 
of control. The coordination of the flexibility procurement process via 

1 Grid-safety here refers to the activated flexibility not leading to other con-
gestions or voltage issues in any of the impacted grids.
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flexibility market mechanisms has led to several TSO-DSO coordination 
schemes that were first proposed as part of the SmartNet project [110], 
and then further evolved and refined as part of the follow-up CoordiNet 
[111] and finally OneNet [30] projects2 Hereafter, we refer to these 
schemes as TSO-DSO coordinated flexibility market models [11].

These schemes start from disjoint markets [8,10,11,112] setting, 
namely a transmission-level disjoint market and a distribution-level dis-
joint market, in which each SO procures flexibility to resolve its own 
needs and without any access to flexibility from grids outside their area 
of control. That covers not only the direct access to flexibility bids, but 
also indirect access through caused imbalances and changes to interface 
flows. In other words, under the disjoint market schemes, the flexibility 
procurement performed by each SO is done in a balanced way so that it 
does not impact the operation of other grids. As there is no exchange of 
flexibility (i.e., each SO procuring flexibility solely from resources con-
nected to its own grid), each SO has to account only for its own grid 
constraints when clearing those markets.

On the opposite side of the spectrum, the common market model 
[10,11] is proposed, wherein TSOs and DSOs jointly procure flexibil-
ity (in a co-optimized manner) to collectively resolve their needs from 
a common pool of flexibility resources (originating from the different 
grids) while abiding by the constraints of all the grids involved. This 
leads to a single joint optimization problem to be solved to meet the 
needs for all SOs at the least possible costs. Two other proposed TSO-
DSO coordination schemes fall within this spectrum, and are two se-
quential market schemes, namely, the multilevel market and the frag-
mented market models.

The multilevel market [11] is a sequential, two-stage structure. 
In Layer 1, each DSO procures flexibility from FSPs connected to its 
distribution grid, subject to local operational constraints. In Layer 2, 
the TSO procures flexibility to address transmission-level needs, using 
both transmission-connected resources and the unused portions of bids 
forwarded from Layer 13 This design grants DSOs priority access to 
distribution-level flexibility, while allowing the TSO to use any remain-
ing capacity. For this flexibility to be used in a grid-safe manner for the 
distribution grids, the TSO must then account for the DN constraints 
when clearing its market.

The model features two forms of flexibility sharing:

• Direct sharing: a SO procures flexibility from resources located out-
side its grid. In particular, in Layer 2, the TSO directly accesses 
distribution-connected flexibility bids forwarded from DSOs.

• Indirect sharing: SO actions in its own grid create system needs re-
solved in a subsequent market. In Layer 1, DSOs do not procure 
transmission-connected bids. However, their flexibility procurement 
can modify the net power exchange at the TSO-DSO interface, cre-
ating imbalances for the TSO. These are subsequently addressed in 
Layer 2 using available transmission- and distribution-level bids. 
Thus, Layer 1 enables indirect flexibility sharing between DSOs and 
the TSO.

The fragmented market [11] is also a sequential two-layer design. 
Layer 1 mirrors the first layer of the multilevel market: each DSO op-
erates an independent market to procure flexibility from resources con-
nected to its own grid, subject to local constraints. This procurement 
may modify the DSO’s net interchange with the TSO, providing DSOs 
with indirect access to transmission-level flexibility, as resulting imbal-
ances are resolved in Layer 2 (or in European balancing platforms), un-

2 The SmartNet, CoordiNet, and OneNet projects are all large-scale European 
projects that have tested, via pilot activities, the feasibility and efficiency of 
various TSO-DSO coordinated flexibility market models.
3 We note here that distribution-levels bids are not aggregated and can there-

fore be individually cleared by the TSO. In addition, for bid forwarding to be 
feasible, the product characteristics in the two market layers should be compat-
ible.

less they are naturally netted out. Layer 2, however, differs fundamen-
tally from the multilevel design. In the fragmented market, the TSO does 
not receive unused distribution-level bids from Layer 1 and therefore 
cannot access distribution-connected flexibility. Consequently, while 
DSOs retain indirect access to TSO-level flexibility through imbalance 
adjustments, neither the TSO nor the DSOs has direct access to flexibil-
ity bids from other grid levels. As such, an SO must only account for its 
own network constraints when clearing their market layers.

A summary of the features of these different TSO-DSO coordinated 
market models is shown in Table 2.

The market clearing problem in each of these markets practically 
boils down to an optimization problem in which a MO aims to choose 
the set of bids, or portions thereof, to clear (quantities being decision 
variables) to minimize the total procurement costs (cost terms are sub-
mitted bid prices) while abiding by all imposed network constraints (i.e., 
resolving original congestion, balancing needs, voltage issues while not 
creating any other constraint violations) as well as the bid constraints. 
Indeed, to represent FSPs’ technical and economic constraints when pro-
viding flexibility, different bid4 formats of increasing complexity are 
typically considered in flexibility markets. These included, e.g.,: fully-
divisible bids that can be cleared anywhere from 0 up to the offered max-
imum quantity (thus, not including any minimum bid clearing quantity 
requirement); indivisible bids, that can only be cleared at the offered 
volume (all-or-nothing); partially divisible bids (clearable between a 
minimum quantity and the offered maximum), in addition to other more 
complex bid formats which impose logical conditions across multiple 
bids. Complex formats include exclusive bids, where at most one bid in 
a set can be accepted, and multipart (parent-child) bids, where a child 
bid can be cleared only if its parent is at least partially cleared. While 
these formats improve the expressiveness of flexibility offers, their logi-
cal constraints typically require integer and binary decision variables in 
market-clearing models, increasing computational complexity.

The market clearing formulations for the different TSO-DSO coordi-
nated markets differs based on the bids available in each market layer, 
the constraints on the interface flow, and the different network con-
straints to be considered.

It is important to note that these TSO-DSO coordinated market mod-
els aim to coordinate the procurement of flexibility between TSOs and 
DSOs to maximize procurement efficiency and minimize risks to the im-
pacted grids. These models can be applied to different forms of flexi-
bility products, which can differ in their time scale from long-term to 
short-term and near real-time. An overview of different flexibility mar-
ket products is presented in [113] and their application in a regional 
flexibility market demonstration activity across Finland, Estonia, Lithua-
nia, and Latvia as part of the Horizon Europe OneNet project  [30] is 
presented in  [114]. Nonetheless, in such market-based flexibility mech-
anisms, flexibility is procured before real time (shortly before, in case of 
near-real-time market segments), to be activated during real-time opera-
tion. As such, the element of uncertainty on the availability of flexibility, 
from the FSP’s side, and uncertainty regarding the network state evolu-
tion and hence the flexibility need, from the SO’s side, are important 
in defining how an FSP bids in the market and how SOs define their 
flexibility needs to be procured via the market. In addition, stochastic 
forms of TSO-DSO coordinated market clearing formulations can be also 
proposed in this respect, akin to uncertainty-based market clearing for-
mulation for wholesale markets.

Next, we compare between these different TSO-DSO coordinated 
flexibility market models by focusing on: 1) How do their efficiencies 
compare and the drivers thereof (Section 4.2), 2) stability of cooper-
ation between the TSO and DSOs in a joint market and cost alloca-
tion schemes for the jointly procured flexibility (Section 4.3), 3) how 

4 In Flexibility markets bids can be submitted by aggregators of different DERs 
or by individual users depending on the market rules and participation require-
ments (minimum bid size, full activation time constraints, among others).
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Table 2 
TSO-DSO coordinated flexibility markets.
 Market  Flexibility & Network Information Sharing
 Model  Clearing  Stages  TSO resource  DSO resource  Network info.
 Disjoint TN-level  Indep.  N/A  No
 Disjoint DN-level
 Common  Joint  1  Complete sharing  Yes
 Fragmented  Sequential  2  Indirect  No  No
 Multilevel  Direct (w. DSO priority)  Yes (Layer 2)

network constraints can be accounted for in the market clearing mod-
els (Section 4.4), 4) risks of FSP strategic bidding in each and impacts 
thereof (Section 4.5).

4.2.  Market model efficiency comparison

Several dimensions can be considered when comparing between the 
presented market models. Nonetheless, one of the key comparison com-
ponents is their efficiency, i.e., the cumulative costs of procuring flexi-
bility to resolve the different grid needs, as this has a direct impact on 
consumers’ bills and on the ability of SOs to economically and practically 
rely on flexibility mechanisms to support (and at instances, delay or even 
replace) network investments. The economic efficiency of the aforemen-
tioned TSO-DSO coordinated market models, focusing on their ability to 
procure flexibility at minimum system cost, was extensively analyzed in 
[11]. The common market achieves the theoretically highest efficiency, 
as all SOs jointly procure flexibility from a unified resource pool under 
full network constraints. However, this market structure faces network 
sharing information and governance challenges that hinder its practical 
implementation. In terms of efficiency, several structural factors influ-
ence relative efficiencies across the models.

A central driver is the pricing of the TSO-DSO interface flow [11,53,
62,115], which governs the cost of indirect flexibility sharing in sequen-
tial designs. As shown in  [11] When the interface flow is unpriced, mul-
tilevel and fragmented markets tend to procure unnecessary downward 
flexibility in their local layers, creating costly imbalances subsequently 
corrected by the TSO. Appropriate interface pricing mitigates this inef-
ficiency. Indeed, as proven in  [11], under optimal pricing (a pricing 
reflecting the dual variables of the interface flow constraint), both mul-
tilevel and fragmented markets can theoretically match the efficiency 
of the common market, although deriving such optimal prices may be 
challenging in practice (this element is further elaborated in Section 4.4.

Entry barriers, such as minimum bid sizes, also significantly affect 
efficiency. While the common market benefits from full pooling and co-
optimization, stringent participation requirements may exclude small-
scale resources  [115]. In contrast, multilevel and fragmented schemes 
enable local participation in Layer 1, partly offsetting the efficiency loss 
caused by market fragmentation. However, in fragmented and disjoint 
distribution-level markets, locally participating resources cannot serve 
TSO needs, limiting overall efficiency gains. As a result, efficiency rank-
ings depend on the specific level of the resulting entry barriers.

The ability for an FSP to aggregate flexibility resources is impacted 
by the market design and TSO-DSO coordination scheme in place. Ag-
gregation enables an FSP to combine multiple flexibility resources into a 
portfolio capable of delivering system and grid-level services. This facil-
itates compliance with market requirements (e.g., minimum bid sizes, 
response times) while allowing the FSPs to further improve the eco-
nomic optimization of flexibility offering and delivery, thereby enhanc-
ing their market participation potential, as well as the liquidity and effi-
ciency of the flexibility market, as a result. The separation between mar-
ket layers – i.e., the transition from common to multilevel, fragmented, 
or disjoint market structures – can affect the aggregation potential of 
FSPs. However, aggregation feasibility depends not only on the mar-

ket design/TSO-DSO coordination scheme, but also on grid operational 
conditions and the locational requirements of the procured flexibility 
service. For system-wide services such as balancing, aggregation across 
resources connected at different distribution levels can be feasible when 
local network constraints are non-binding, as such services require lim-
ited locational granularity. Conversely, when local constraints become 
active, detailed locational information is required to ensure that flex-
ibility activation does not compromise distribution-grid security. This 
is reflected in the common market and in Layer 2 of the multilevel 
market, where distribution-grid constraints must still be represented in 
the market-clearing process even when the procured service is intended 
for the TSO. Similar requirements arise for grid services such as con-
gestion management and voltage control, which inherently rely on de-
tailed network-location information. Consequently, although common 
markets are structurally more supportive of aggregation, active local 
constraints and location-sensitive services can significantly limit aggre-
gation possibilities, even under fully integrated market designs.

Bid formats further influence efficiency outcomes as investigated 
in  [115]. The common market is relatively robust to minimum clearing 
requirements introduced by partially divisible bids due to its larger re-
source pool. Fragmented and sequential models, with smaller and tiered 
pools of flexibility bids, exhibit greater efficiency losses when such con-
straints restrict substitution options, e.g., a cheap bid with high mini-
mum clearing requirements can be cleared in a common market due to 
the large common flexibility needs, but might not be cleared in any of 
the sequential layers of the multilevel market.

4.3.  Stable TSO-DSO cooperation and cost allocation

As discussed, collectively, the common market can return a 
minimum-cost solution to all participating SOs. However, here, several 
questions arise: (i) Would each participating SO be individually better 
off joining this grand coalition (cooperation between all SOs) as com-
pared to acting alone (disjoint market) or forming a sub-coalition? (ii) 
When joining this grand coalition and jointly procuring flexibility, how 
should the costs of this collectively procured flexibility split among the 
participating SOs? (iii) What are the potential cost allocation methods 
that can be implemented and what are their mathematical properties 
and practical implications? These challenges were addressed in [10], 
which casts the TSO-DSO cooperation as a cooperative game, namely, 
as a characteristic-function cost game, where the value of each coali-
tion corresponds to the minimum flexibility procurement cost under the 
associated sub-common or common market.

The analysis  [10] proved that the game takes the form of a linear 
production game, enabling the application of classical cooperative-game 
results. A central theoretical contribution is the proof of non-emptiness 
of the Core, implying that the grand coalition of all SOs is stable, and 
that cooperation naturally arises without external incentives. Multiple 
cost-allocation mechanisms were investigated, and SV emerged as the 
theoretically strongest mechanism. The SV for joint TSO-DSO cost al-
location has also been explored in [116], which analyses coordination 
mechanisms among TSOs, DSOs, and retailers for the procurement of 
distributed flexibility. However, the SV suffers from high computational 
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Fig. 2. ADMM mechanism for distributed market clearing (figure replicated 
from [11]).

complexity (being NP-complete), which can limit its practical imple-
mentation at instances. Other methods [10], such as the Lagrangian-
based allocation, Equal-Profit method, and proportional cost allocation, 
could provide adequate practical alternatives when SV implementation 
is prohibitive in terms of computational cost, albeit they miss a few 
mathematical properties (e.g., additivity and anonymity properties). A 
key finding of [10] is highlighting that different cost-allocation mech-
anisms can generate significant disparities in how costs are distributed 
among SOs, with some methods shifting the burden more heavily onto 
specific parties (DSOs or TSOs) despite identical market conditions, ne-
cessitating proper negotiation frameworks for the setup of common mar-
kets.

4.4.  Network constraints considerations

When considering the use of distributed flexibility in TSO-level mar-
kets, namely, in Layer 2 of a multilevel market, or in centralized schemes 
similar to the common market, the challenge always arises with respect 
to ensuring that the procurement and activation of distributed flexibility 
in centralized markets do not lead to constraint violations in DNs, where 
this flexibility is located. Beyond the overarching key challenge of in-
cluding complex distribution-level network representations in the mar-
ket clearing constraints (which is addressed in Section 4.6), this presents 
a heightened challenge, as TSOs typically lack practical access to DN 
models and cannot practically include distribution-system constraints in 
their market-clearing formulations. Several approaches have been pro-
posed in the literature to address this challenge. We next explore three 
different solutions thereof: (1) distributed market-clearing approaches, 
(2) operating envelopes as a proxy to full network representation, and 
(3) prequalification and sequential market structuring.

4.4.1.  Distributed/decentralized solutions
To avoid the need for network information sharing, the work in [11] 

has proposed the use of distributed solutions to the common and multi-
level markets, in which each SO/MO solves a local problem (similar to 
the disjoint markets, thus not requiring network information from ex-
ternal grids) and an iterative mechanism is put in place based on the 
ADMM to converge on the optimal interface quantities and prices. This 
ADMM mechanism is highlighted in Fig. 2.

This approach also allows the calculation of optimal interface flow 
pricing in a distributed manner, which is a feature of prime importance, 
as when the interface flow is priced optimally, the solutions of the com-
mon market, multilevel market, and fragmented markets are proven to 
converge (thus not requiring the sharing of network information) as 
shown in [11] and discussed in Section 4.2. This method, however, 
requires ICT in place for TSOs and DSOs, allowing them to exchange 
interface flow quantity and prices calculations to converge to the opti-
mal and grid-safe solution. In addition, even when theoretical require-

ments for convergence are met [117], ADMM can require many serial 
iterations between the TSO and the DSOs’ problem, which may become 
time-prohibitive for practical deployment. When these ICT capabilities 
prove to be challenging, other non-iterative approaches, as introduced 
next, can provide practical alternatives.

4.4.2.  Flexibility region and operating envelopes integration in market 
clearing

A proxy for incorporating full DN models/constraints at the 
transmission-level market can be achieved using flexibility regions at the 
TSO-DSO interface (introduced in Section 2.2) – which can include static 
limits or dynamic (𝑃 ,𝑄, 𝑉 ) flexibility curves to provide active voltage 
regulation and ASs in a VPP-like manner  [118] –, or through P/Q limits 
at each user connection points, which typically fall within the realm of 
what is defined as (dynamic) OEs  [119–122]. Generally, FRs and OEs 
specify safe power ranges at the different grid connection points, thereby 
aiming to ensure that when inside the specified PQ chart, the flexibility 
actions remain grid-safe for the DN. From a flexibility markets perspec-
tive, these FRs/OEs can then be used in TSO-level flexibility market 
formulations [107,123,124]. In other words, FR/OEs can be computed 
at the pre-qualification stage (i.e., prior to the market runs), generating 
P/Q power ranges which can then be included in the flexibility market 
clearing problem, e.g., in Layer 2 of the multilevel market or even in 
the common market to avoid the need for the DSO to share network 
information with the TSO or with third-party MOs (wherein, only the 
permissible power ranges would be shared), while still aiming at ensur-
ing the distribution grid safety of the flexibility activation. Indeed, the 
integration of OEs in transmission-level markets has been particularly 
analyzed in [123,124], in which several OE calculation methods have 
been explored and compared in terms of their grid-safety guarantees and 
impact on market efficiency, showcasing a tradeoff between these two 
dimensions. Indeed, the tighter the imposed limits, the lower the risks 
of grid-constraint violations. However, this would lead to conservative 
solutions that discard an unnecessarily high volume of flexibility, result-
ing in increased procurement costs, as well as fairness and transparency 
challenges for participating FSPs. The works in [123,124] also showcase 
that not all OE methods can guarantee grid safety. Indeed, their perfor-
mance depends on the calculation method used but also the power flow 
model employed in the calculation. For ensuring grid-safety, an increas-
ingly complex grid model might need to be used (from linear to convex 
to nonlinear AC formulations, up to unbalanced 3-phase formulations 
to really capture the distribution grid power flows), which hinders the 
scalability of the OE computation.

c) Prequalification Measures and Market Design Reorganization
As the computation of FRs/OEs can be challenging in practice, al-

ternative methods for enabling the DN safe use of distributed flexibility 
in transmission-level markets have been proposed in large-scale demon-
stration projects and academic literature, which have been modeled and 
analyzed in [64].

Three solution methods are examined in [64], namely: (i) a three-
layer ex-post corrective market scheme, ii) a bid pre-qualification 
method, and (iii) a bid aggregation method. These three methods are 
depicted in Fig. 3.

The first method, a three-layer corrective market scheme, mitigates 
the impact of unsafe bids on DNs by adding a corrective local-market 
layer after transmission-level clearing. In this design, all remaining bids 
from the first layer are forwarded to the second-layer TSO market, whose 
market-clearing formulation does not consider DN constraints, which 
may potentially lead to constraint violations. To correct for these viola-
tions, once both layers have been cleared, DSOs run an additional local 
market to procure any extra flexibility needed to resolve distribution-
level congestion induced by the second-layer flexibility procurement. 
This approach essentially acts as a redispatch stage and mirrors the 
structure of the Layer-1 market, but with updated cleared quantities 
and a fixed interface flow taken from Layer 2.
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Fig. 3. Methods for safe use of distributed flexibility in transmission-markets.

The second method is a bid pre-qualification5 approach, in which 
DSOs filter the bids that can be forwarded to the TSO market. The ob-
jective is to identify, ex-ante, the subset of bids that can be cleared 
at the transmission level without creating local congestion. As such, 
only pre-qualified bids (or portions thereof) are then forwarded to the 
transmission-level market, which does not then include DN constraints 
in its market-clearing formulation.

In the third method, bid aggregation, rather than forwarding individ-
ual bids, each DSO sends step-wise aggregates of feasible flexibility, ex-
pressed as changes in the interface flow, to the transmission-level market 
(Layer 2),6 which is relevant in scope to [53,63]. Each step in this step-
wise function, dubbed the RSF, represents a grid-safe level of flexibility 
that the DSO can deliver, along with an associated price derived from 
an optimization problem that considers its own grid constraints. RSFs 
are generated by solving the first-layer market problem repeatedly for 
different fixed interface flow values. Earlier formulations priced these 
steps using dual values of the interface-flow constraint, making them 
less-transparent and potentially sub-optimal, whereas the formulation 
in [64] has also adopted price steps using the DSO’s optimal primal 
costs, offering a more transparent interpretation.

The three approaches differ substantially in performance and regula-
tory compatibility. The three-layer corrective approach is computation-
ally light and aligns with existing regulatory practices, but only guaran-
tees grid safety when sufficient distribution-level flexibility is available. 
The pre-qualification method reliably filters unsafe bids but may yield 
suboptimal outcomes. The bid aggregation approach generally provides 
grid-safe market outcomes with the highest efficiency. However, it is 
computationally more demanding and potentially challenging from a 
regulatory standpoint, as it requires DSOs (or designated third parties) 
to aggregate and forward bids on behalf of the FSPs, which faces regu-
latory challenges.

4.5.  FSP strategic bidding

The efficiency analysis and comparison between the different TSO-
DSO coordinated market models has focused on the market formulation 
itself. Nonetheless, this efficiency is also directly impacted by how FSPs 
may strategically bid in different TSO-DSO coordinated flexibility mar-
kets. This bidding behavior can change based on the market scheme in 
place, thus yielding different impacts for different market models. In-
deed, an efficiency analysis must also explore the possible exercise of 
market power  [125], which can be a key factor of extra costs (and 

5 Pre-qualification is a typical step in flexibility markets in which the SO 
checks whether the FSP can effectively deliver the service and abide by the 
product requirements of the service procured. Pre-qualification tests can focus 
on elements such as ICT requirements, technical capability to deliver the service 
requirements, impacts on the grid, among others.
6 This scheme is labeled local market model in SmartNet.

inefficiency) of a market. In the traditional wholesale market setting, 
market power is a strategic action carried out by single market partici-
pants or by a colluding set of participants that aim to reduce the amount 
of generation offered to the market, or to offer it at a price above the 
marginal cost of generation, with the aim of influencing market prices 
and drawing extra profits. In a sequential market setting, an additional 
opportunity of market power resides in players strategically bidding in 
the first market layer to create an artificial need that they themselves 
can resolve in the subsequent market, thus reaping financial benefits 
(this setting is known as inc-dec gaming) [126]. Indeed, several works in 
the literature have explored market player strategic bidding in whole-
sale markets, and impacts thereof, in different market settings, including 
general auction design in electricity wholesale markets  [127–129] with 
additional focus elements on the existence and properties of Nash equi-
librial  [127,130] and the impacts of transmission capacity limitation 
in zonal and nodal markets  [131,132], among others. A large body of 
literature has also focused on the bidding behavior of aggregators in an-
cillary services markets  [133]. Such strategic behavior can also apply 
to TSO-DSO coordinated flexibility markets.

As in any competitive electricity market, FSPs can be expected to bid 
strategically, choosing offers to maximize profit given their marginal 
costs, the market design (structure, pricing, and clearing rules), and 
beliefs about rivals’ bids. In imperfectly competitive settings, such be-
havior can materially affect market efficiency. Since incentives differ 
across different TSO-DSO coordinated flexibility market designs, eval-
uating bidding incentives in each is essential to determine: (i) which 
strategic behaviors a design induces, (ii) their efficiency impacts, (iii) 
the mechanisms driving them, and (iv) mitigation measures to limit ef-
ficiency losses.

For instance, the works in [134,135] have focused on the impact 
of FSP strategic behavior on the efficiency of different TSO-DSO coor-
dinated market models.7 This requires first determining how FSPs op-
timally select their bids under different market structures, and subse-
quently evaluating market efficiency when these strategically chosen 
bids are submitted. As an FSP’s revenue and bidding incentives depend 
on these interactions, strategic behavior can naturally be represented as 
a game among competing agents.

The results in [134,135] show that rational and strategically moti-
vated FSPs have substantial opportunities to manipulate prices, and that 
the extent of this impact depends on the coordination scheme (common, 
fragmented, or multilevel), network topology, grid constraints, and the 
number and spatial distribution of FSPs. Fragmented market designs, 
in particular, increase the likelihood of market power as they reduce 
the volume of competing bids available to system operators, thereby 
weakening competition in each market stage. Unpriced interface flows 
further accentuate this effect by creating additional transmission-level 
needs that must be resolved using a smaller set of bids. In contrast, joint 
or common markets support higher liquidity and can partially mitigate 
the impacts of unilateral or collusive strategic behavior. Structural con-
gestion can also give rise to local market power or even monopolistic 
conditions when parts of the network become electrically isolated and 
served by only a few FSPs, an issue that affects all TSO-DSO coordi-
nated market models. These findings indicate that network constraints 
and the spatial concentration of FSPs must be actively monitored when 
designing coordinated flexibility markets.

Several works in the literature have in particular focused on the FSP 
strategic behavior that can arise in sequential market structures  [136]. 
A two-level game was developed in  [137] to compare a few TSO-DSO 
coordination schemes considering a sequence of DA followed by the AS 
market. The work explored different architectures: namely, (S1) a one-
stage architecture in which wholesale energy and TSO-DSO services are 
jointly optimized, (S2) a two-stage structure in which the DA market 

7 This approach has been evaluated as part of the CoordiNet  [111] and 
OneNet  [30] projects.
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runs first followed by a joint TSO-DSO market, (S3) a three-stage set-
ting in which the DA market runs first followed by two separate TSO and 
DSO auctions in which each SO can only access resources connected to 
its own network, and (S4) a three-stage structure composed first of the 
DA energy market, followed by a local DSO market, whose unused flexi-
bility is then forwarded to the third layer in which the TSO procures flex-
ibility from the residual distribution-level flexibility and transmission-
level flexibility. The work identified a risk in S4 due to strategic behav-
ior concerning load-shedding actions in which distributed flexibility can 
manipulate its bidding behavior, including the submission of elevated 
prices sure to be cleared at the transmission level to reap additional fi-
nancial benefits. The work reverted to a preference towards S3 due to 
that risk.

4.6.  Key practical challenges

The body of literature on TSO-DSO coordinated flexibility markets 
have already introduced solid contributions, enabling initial piloting ac-
tivities and moving those pilots towards operational/commercial imple-
mentation. There are, nonetheless, still a number of theoretical and prac-
tical challenges facing those markets, a key set of which is highlighted 
next.

4.6.1.  Network representation: market clearing constraints vs. actual grid 
power flows

Different network formulations can be included in market-clearing 
problems. However, as these are optimization problems, using non-
convex formulations (such as AC power flows and 3-phase unbalanced 
representations for the distribution grid) can make the problem solu-
tion intractable8 For these reasons, different market-clearing formula-
tions opt for relaxed and/or linearized power flow formulations, such as 
linear or second-order cone programming formulations. However, these 
relaxations do not always naturally compute feasible solutions of the 
original problem, except for specific conditions, which can at instances 
be difficult to meet for more complex practical grid models. To avoid 
grid complexity, the market problem can be, for example, adapted to 
specific critical limitations of the grid to be considered, via a set of crit-
ical lines/elements, instead of a full network representation, supported 
by abstraction techniques such as via pre-qualification mechanisms or 
OE-based methods. Indeed, the flexibility market-clearing goal is not 
to run precise power flow calculations, but rather to ensure that the 
flexibility procured effectively solves the flexibility needs of the system, 
without causing additional constraint violations. This, as a result, re-
laxes the need for precise power flow modeling.

In addition, quite often, full visibility of the DN is not available to 
the DSO  [138,139], which puts limitation on the complexity of the 
market clearing grid models that can be implemented. In this regard, 
stochastic representations can be considered to accommodate this un-
certainty  [140,141].

4.6.2.  Baselining
One key requirement for the use of distributed flexibility in a (TSO-

DSO coordinated) flexibility market setting is the ability to verify the 
volume of flexibility actually delivered. This volume is measured as the 
change in net consumption over a certain period with respect to a coun-
terfactual consumption level, i.e., what the consumption level would 
have been, had no flexibility been activated. This counterfactual con-
sumption profile is known as the baseline. Computing this baseline is 
quite challenging, especially when considering an aggregation of dif-
ferent types of flexibility assets  [142]. A number of baseline methods 
have been proposed in the literature, which rely on historical averages 

8 Other discrete variables pertaining to complex bid types or to discrete grid 
topology reconfiguration actions can even further complicate these problems 
and their decomposition possibilities.

(known as X of Y methods, considering averaged consumption values 
from a subset of X days from a set of Y valid historical days), or direct 
metering before and after activation (known as meter-before, meter-
after), and other machine-learning-based forecasting methods that fac-
tor in other impacting features such as weather data and location among 
others, to estimate baselines. The work in  [142] has surveyed the dif-
ferent proposed baseline methods in the literature and analyzed them 
with respect to the service to be delivered to the grid and the nature 
of the flexibility. Different methods return different scoring in terms 
of their accuracy, simplicity, and integrity (i.e., robustness to manipu-
lation), hindering their practical implementation. Baselining is still to 
date one of the main challenges to be faced by flexibility markets which 
use low/medium-voltage flexibility.

4.6.3.  Scalability
Different TSO-DSO coordinated flexibility markets, especially when 

pooling a large number of flexibility bids which may also include bi-
nary/integer conditions on their purchasing, can face practical compu-
tational challenges. In addition, iterative approaches proposed to solve 
TSO-DSO coordinated markets are not always guaranteed to converge, 
and if they do, their convergence time can become challenging for prac-
tical implementation. This challenge is typically mitigated by simpli-
fying assumptions on the constraints and processes included and the 
stochasticity thereof. As such, there is a need for the introduction of 
efficient solution mechanisms for these markets, when they enter their 
practical operational stage.

For example, recent works [107] have focused on addressing more 
complex TSO-DSO coordination models, including essential yet chal-
lenging practical operation requirements, i.e. the N-1 security criterion 
at TSO level, operation uncertainties and time coupling at both TSO 
and DSO levels, and emerging flexible assets (energy storage devices 
and flexible demand with intertemporal constraints). This leads to a set 
of large NLP problems to be solved.

There is, generally, no approach that retains tractability in the pres-
ence of the most computationally heavy model features (stochasticity, 
multi-periods, N-1 security, and – quite importantly – realistic grid rep-
resentation), thus requiring simplifications for practical implementa-
tion.

In summary, the challenges faced in terms of network accuracy, scal-
ability, and baselining are key research directions to be further pursued 
to fully support the practical implementation of TSO-DSO coordinated 
flexibility markets, and fully unlock their potential.

5.  Technological aspects

5.1.  Architectures of OT and IT systems in DNs to enable flexibility 
provision

A clear distinction must be made between market processes and grid 
processes when analyzing the technical aspects of TSO-DSO interaction 
in unbundled power systems. In Fig. 4, the right column represents the 
principal market-related functions, ranging from wholesale electricity 
markets to supply companies (load serving entities) and aggregators, 
and extending to EMS deployed in residential, commercial, and indus-
trial facilities. RESs and flexible loads appear at the lower end of this col-
umn, forming the interface between local energy resources and market-
oriented coordination mechanisms. DERMS may operate at the EMS 
level for localized optimization or at the aggregation level for regional 
coordination.

The left column of Fig. 4 contains the grid-related systems. These in-
clude control centers–primarily deployed at transmission and subtrans-
mission levels–and grid cockpits, which provide situational awareness 
and supervisory functions for MV and LV networks. Below these, in-
telligent edge devices have emerged as a new operational layer. These 
devices coordinate protection, automation, and monitoring functions 
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Fig. 4. TSO-DSO interaction related OT and IT systems and major functions.

within secondary substations, with their specific roles varying accord-
ing to grid topology and national system architecture. In many Euro-
pean distribution systems, such devices are typically located at the in-
terface between MV and LV levels. In North America, they are inte-
grated into the MV distribution grid. These edge devices can also serve 
to manage, control and protect large-scale wind, PV or even EV charg-
ing parks equally to secondary substations, but with adapted functions
setups.

Smart meters constitute the lowest layer of the grid-side architec-
ture. While originally designed for billing purposes, they increasingly 
provide time-synchronized measurements relevant to grid state estima-
tion, power flow monitoring, and DG visibility. However, this strongly 
depends on regulatory frames in the respective countries.

Although conceptually distinct, market processes and grid processes 
exhibit strong interdependencies, particularly in congestion manage-
ment. Classical control centers have traditionally operated within iso-
lated OT environments based on dedicated hardware, proprietary com-
munication protocols, and physically segregated networks. Despite this 
isolation, OT systems require information from external IT-based sys-
tems and must also transmit operational requests to them. For example, 
control centers rely on generation schedules from market participants 
and must issue setpoint changes or redispatch instructions during con-
gestion events. At lower grid levels, DSOs collect information on DG and 
provide it to TSOs to support system-wide operational planning. In sev-
eral jurisdictions, redispatch signals for DG units are transmitted from 
higher to lower grid levels, requiring coordinated OT-IT data exchange. 
At transmission and subtransmission levels, SCADA systems within the 
OT domain remain the standard for real-time control center operation. 
In contrast, MV and LV networks still lack widespread monitoring infras-
tructure, creating visibility gaps that must be addressed through emerg-
ing technologies such as edge devices and advanced metering. A struc-
tural distinction persists between OT systems used for real-time grid op-
eration and IT systems supporting market processes, customer services, 
and enterprise functions.

IT systems typically rely on public communication infrastructures, 
including the internet and mobile networks. Consequently, effective 
TSO-DSO interaction increasingly depends on secure, interoperable data 
exchange mechanisms bridging OT- and IT-based environments. A func-
tional bifurcation is also emerging between DNOs, responsible for as-
set management, maintenance, outage response, and traditional relia-
bility objectives (gray), and DSOs, responsible for DER coordination, 
flexibility markets, real-time optimization, and digitalization (green). 
In North American practice, Grid Cockpit functionalities are often em-

bedded within ADMSs, which integrate OT-based monitoring with IT-
based analytics and forecasting, often supported by the AMI. Notably, a 
growing trend toward convergence of DNO and DSO roles is observable–
particularly in DER-dominated and highly digitized grids–leading to uni-
fied DSO models even within vertically integrated utilities. This evolu-
tion underscores the need for adaptive regulatory frameworks and tech-
nical architectures capable of supporting hybridized operational respon-
sibilities.

The following subsections detail emerging grid supervision and con-
trol systems, including grid cockpits and edge devices, as well as the 
corresponding market-side systems such as aggregators and energy man-
agement platforms. Trends in communication and data infrastructure 
are also examined, with emphasis on their implications for secure and 
scalable TSO-DSO coordination.

When prioritizing system functions, the most critical component is 
the grid cockpit at the distribution level, as it represents the digital coun-
terpart to the TSO control center. It serves as the central hub for aggre-
gating all operationally relevant data. Edge devices can enhance system 
resiliency; however, certain functionalities may also be integrated di-
rectly into the grid cockpit. On the market side, the greatest added value 
is provided by aggregators and energy management systems, which col-
lect distributed flexibility and translate it into services for both the mar-
ket and the grid.

5.2.  Grid cockpit

Highly branched and ramified DNs exceed the capabilities of current 
SCADA architectures. In these network segments, cloud-based solutions 
from vendors are increasingly deployed [143]. An open-source activ-
ity for flexible modularization of functions has been established [144]. 
These systems represent grid structures in a topological form and inte-
grate technical data, including grid state information, for analytical and 
operational purposes. They rely on IT and therefore use cloud infras-
tructures [145] as well as public internet and mobile communication 
networks for the transmission of measurement data and control signals. 
Key specifications of such grid cockpits include:

• Adaptation to customer requirements solely through parameter set-
tings
– only one software version is maintained for all customers
– no development of customer-specific software versions
– central patching of instances within a few minutes

• Strict separation between core functionalities, modular applications, 
and customer-specific parameters such as grid data and measure-
ments
– software applications and functions can be added when needed
– interfaces between TSOs and DSOs can be implemented with low 
effort, for example, for redispatch at DSO level

• Use of security mechanisms inherent to cloud technologies
Modern grid cockpits, which can safely be considered as special-

ized applications within ADMS, aim to serve as the central digital twin 
for grid operation and, increasingly, for grid planning and asset man-
agement [143]. As a result, they integrate a growing number of DSO 
processes within one system architecture. Traditionally, control cen-
ter operation, grid planning, and asset management have been orga-
nized as separate processes supported by distinct software tools and data
models.

5.3.  Edge devices

An edge device in a substation is essentially a local system for compu-
tation and measurement [146]. The concept is to deploy a single device 
that integrates multiple functions rather than several dedicated devices 
that each perform only one or a few functions, like a protection or fault 
direction indication device today. The number and content of the func-
tions can be updated and extended over time [147].
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The fundamental role of an edge device is to acquire raw measure-
ment data, pre-process it, and provide it to the local applications of the 
system. To enable the execution of several functions on one device, the 
individual applications must be encapsulated, for example, through soft-
ware virtualization and container technologies [148]. At lower grid lev-
els, which are not supervised manually through control centers, edge 
devices constitute the primary data sources for grid cockpits. They fil-
ter measurement data, detect malfunctions, supply topology informa-
tion [149], and forward the processed data to the grid cockpit. Local 
measurement units can achieve high sampling rates up to 200 kHz, de-
pending on the hardware provider. This enables additional functional-
ities (besides protection and fault direction indication) such as power 
quality monitoring, state estimation [150], phasor measurement [151], 
congestion management, and coordination of local voltage control
[152].

Depending on the operational strategy of the DSO, certain functions 
are executed directly on the edge device, whereas others are imple-
mented centrally in the grid cockpit. Functions that rely on measure-
ment data with a low update frequency, such as state estimation, can be 
implemented centrally but heavily rely on the communication infras-
tructure. For improving system resiliency, it may be advantageous to 
execute specific functions locally on the edge device. For instance, con-
gestion in LV or MV grids can be identified through a local state estima-
tion and mitigated by temporarily limiting flexible power consumption 
on the customer side, such as EV charging or RES control [153]. Such 
a function can solve problems automatically on the lowest grid levels. 
However, the grid data for such functions, which are usually maintained 
centrally in the grid cockpit, have to be provided as a set of parameters 
to the edge devices. Simulation plays a critical role in bridging observ-
ability gaps where SCADA, AMI, and grid-edge sensing remain limited. 
Modern ADMS platforms from major vendors increasingly rely on this 
capability to support real-time state estimation in partially or fully unob-
servable feeders, generating hybrid measurement sets that combine real 
and pseudo-measurements [154]. When data is scarce, these simulation-
enhanced estimates significantly strengthen the situational awareness 
and decision-support functions of grid cockpits.

5.4.  Data

Effective coordination across grid levels requires the exchange of in-
formation while maintaining the confidentiality of certain data. This 
applies both to interactions between grid operators and to relation-
ships among market participants. For this reason, decentralized and dis-
tributed database concepts are increasingly being considered. Decen-
tralized databases become part of a federated system through a set of 
essential services and agreements that enable their interoperability.

Federation is widely regarded as a foundational principle for achiev-
ing sovereign data exchange among participants on a peer-to-peer basis 
[155]. Such systems reconcile two competing requirements by allow-
ing an appropriate level of information sharing while preserving the 
autonomy of each participating component, in this case, the individ-
ual databases [156]. Federated systems typically exhibit physical dis-
tribution, heterogeneity, and varying degrees of operational indepen-
dence [157]. Overall, this approach reduces the amount of data that 
must be exchanged between system instances. Effective TSO-DSO co-
ordination increasingly depends on high-quality, high-frequency data 
exchange supported by cloud storage and AI analytics [158].

As grids generate massive volumes of SCADA, AMI, PMU, DER, and 
grid-edge data, cloud platforms provide the scalable infrastructure to ag-
gregate and standardize these datasets into a shared operational layer. 
AI models trained on this unified data improve load and generation fore-
casts, detect anomalies, and simulate congestion or flexibility scenarios 
across both transmission and distribution boundaries. This continuous, 
data-driven exchange replaces periodic reporting with real-time situa-
tional awareness, enabling TSOs and DSOs to jointly manage variability, 
congestion, and DER flexibility with greater precision and transparency.

5.5.  Communication

The underlying communication paradigm is that energy, power, 
and communication systems are mutually dependent and together form 
cyber-physical energy and power systems [159]. In this context, an im-
portant paradigm shift is the move from "security by obstruction" to 
"security by design." Rather than treating cybersecurity as a mecha-
nism that obstructs, restricts, or isolates communication, security by de-
sign embeds cybersecurity requirements into the architecture of cyber-
physical energy and power systems from the outset. Cybersecurity then 
acts as an enabler that protects the integrity, availability, and confi-
dentiality of the information flows required for innovative approaches, 
including monitoring, coordination, and restoration. Accordingly, the 
communication system must remain capable of delivering its services 
during and after major disturbances, including blackouts and cyberat-
tacks. It should operate on a regional basis and must not exhibit single 
points of failure that could trigger system-wide outages, as observed, for 
instance, when the failure of routing servers in mobile communication 
networks led to a complete loss of service [160].

Local and regional communication infrastructures should therefore 
be designed to be resilient against disturbances, enabling the coordina-
tion of lower grid levels and, in the future, the operation of islanded 
regions for emergency supply [161]. The next generation of 6G mobile 
communication should be designed to fulfill the criteria for critical in-
frastructures, such as distributed power and energy systems [162].

Communication at the edge is becoming a cornerstone of TSO-DSO 
coordination, supported by a telecom stack that spans NAN, WAN, 
and substation networks. At the distribution level, edge computing de-
vices rely on NAN technologies–RF mesh, PLC, Wi-Fi, LTE/5G, and 
MQTT/AMQP messaging–to collect, fuse, and validate high-frequency 
data from sensors, DERs, and protection devices [163]. These NAN 
infrastructures must meet strict latency, reliability, and interoperabil-
ity requirements, following standardized protocol stacks such as DNP3, 
Modbus TCP, IEC 61,850 mappings, and OSI/TCP-IP layering [164]. Up-
stream, TSO-level substations increasingly operate on IEC 61850-based 
Ethernet networks enhanced by software-defined networking and pro-
grammable data planes, enabling deterministic routing, multicast man-
agement for GOOSE/SV traffic, and in-band telemetry for real-time vis-
ibility [165]. Together, this integrated telecom-protocol fabric–edge-
level NAN connectivity, standardized data models, and programmable 
substation networks–creates a synchronized, low-latency communica-
tion backbone that allows TSOs and DSOs to exchange high-quality op-
erational data and coordinate actions in real time.

IT systems that rely on cloud infrastructure and the internet are 
highly centralized. In the future, an alternative may be decentralized dis-
tributed systems equipped with edge functionalities. Such systems could 
operate in island mode, thereby offering high resilience to the overall 
power system. Decentralized functions would monitor, for instance, in-
dividual branches of the LV network. Considering this architecture more 
broadly, the interactions across all grid levels, not just the interaction 
between TSOs and DSOs, impose numerous requirements when provid-
ing services such as power flexibility for grid and market use. These 
requirements include distributed communication, data, and computing 
infrastructures at each grid level and within each region. The result-
ing structure forms a system of systems, referred to as a holonic system
architecture in [166], which specifies the details of such an approach.

5.6.  Aggregator / energy management system

Aggregators and EMS, including DERMS, form the market-side coun-
terpart of the grid-side digital platforms described above. Together, they 
provide the mechanisms through which DERs become visible, control-
lable, and dispatchable for both TSOs and DSOs  [167]. Their role is es-
sential in unbundled and DER-dominated power systems, where flexibil-
ity must be mobilized across millions of small-scale devices while ensur-
ing DN feasibility. At the customer level, household and industrial EMS 
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coordinate devices such as HPs, PVs, BESS systems, EVs, and other flex-
ible loads. They respond either to local optimization objectives–such as 
self-consumption and time-of-use tariffs–or to external price or flexibil-
ity signals supplied by an aggregator or retailer. Through such schemes, 
local flexibility is extracted and transformed into standardized services 
that can be offered to electricity markets or to grid operators [168]. 
Depending on local regulation, the connection capacity may be fixed 
contractually or dynamically adjusted by the grid operator during con-
gestion events via setpoints originating from the grid cockpit or edge 
devices.

At a higher level, aggregators combine the flexibility of large num-
bers of customers and participate in wholesale electricity markets, bal-
ancing markets, or ASs. They also provide flexibility directly to DSOs for 
congestion management, voltage support, or remedial action schemes. 
In this respect, aggregators act as intermediate system orchestrators, 
translating device-level behavior into aggregated flexibility envelopes 
while ensuring compliance with DSO-imposed constraints and TSO 
scheduling requirements. This aligns with the evolution from tradi-
tional demand response schemes to fully integrated VPPs, which oper-
ate as software-defined power stations [169] capable of delivering volt-
age and frequency response, fast reserve, congestion management, and 
even black-start-like functionality across diverse jurisdictions. Recent 
research on DER coordination proposes a unified hierarchical DERMS 
architecture that naturally complements TSO-DSO operational coordi-
nation [170]. Three layers, depicted in Fig. 5 can be distinguished:

1. U-DERMS – Operated by the DSO, with access to the full DN 
model, state estimation functions, and operational constraints. The 
U-DERMS validates all flexibility bids submitted by aggregators, en-
sures DN feasibility, and performs constrained optimization to coor-
dinate DER flexibility with grid-side objectives.

2. A-DERMS – Operated by flexibility service providers, responsible for 
managing thousands of heterogeneous DERs, forecasting available 
flexibility, and constructing feasible flexibility regions that can be 
communicated to the DSO and TSO. The A-DERMS functions as an 
abstraction layer, transforming individual DER constraints into ag-
gregated models suitable for network-level optimization.

3. R-Level Controllers – Located in customer EMS or device-level con-
trollers, execute setpoints derived from A-DERMS scheduling. These 
controllers ensure local feasibility while obeying distribution-level 
constraints passed down through the hierarchy.

This hierarchical design appears consistently across three complemen-
tary studies [170–172]. The first formalizes a DERMS hierarchy capable 
of managing heterogeneous DER fleets at scale. The second introduces 
mathematically grounded aggregation techniques–such as homothetic 
polytopes, voltage-sensitivity estimation, and the Sequential Adjustment 
Method–allowing the U-DERMS to solve reduced-complexity OPF prob-
lems with reliable real-time voltage compliance. The third integrates 
VPP concepts into the DERMS stack, highlighting that future grid flex-
ibility will not be delivered by individual devices but by aggregated, 
software-defined portfolios with predictable behavior and standardized 
interfaces. In this framework, VPPs and A-DERMS become operational 
intermediaries that translate TSO requirements–balancing needs, con-
gestion limits, remedial actions–into feasible feeder-level setpoints is-
sued through U-DERMS. Conversely, the DSO validates and constrains 
aggregator bids before allowing participation in wholesale markets, en-
suring that system-level actions remain consistent with local grid condi-
tions. This two-way dependency reinforces the central role of aggrega-
tors in future TSO-DSO interoperability structures. Overall, aggregators, 
EMS, DERMS, and VPPs constitute the "market-side digital ecosystem" 
that mirrors the grid-side OT/IT stack (control centers, ADMS, grid cock-
pits, and edge devices). Together, they establish the cyber-physical coor-
dination fabric required for next-generation flexibility mobilization, en-
abling DSOs and TSO to activate DER-based services safely, efficiently, 
and at scale.

Fig. 5. Technologies for hierarchical coordination among TSO/wholesale mar-
ket: u-DERMS (DSO), VPP/A-DERMS, and customer EMS/DER controllers.

All coordination and interaction between different systems on both 
the grid and market sides must account for computation and communi-
cation latencies in order to provide specific services. In particular, an-
cillary services for grid stability may require fast and strictly real-time 
behavior. Control center actions initiated by the TSO and propagated to 
the DSO for congestion management during thermal overload can typ-
ically be executed within several minutes and still remain effective. In 
contrast, voltage stability issues following faults must be resolved within 
seconds, which can impose time-critical constraints on cascaded system 
architectures.

Market-related services generally operate on slower timescales–
typically no faster than 5 minutes before the 15-minute market interval–
and are therefore largely uncritical from a real-time perspective across 
different system instances. Fast ancillary services, however, may need to 
be prepared and coordinated preventively at higher system levels, such 
as the control center or the grid cockpit, while their execution must oc-
cur locally at the lowest feasible level, for instance, within edge devices 
or energy management systems during event-driven situations. Overall, 
coordination between the different systems remains a challenge, despite 
advances in computer systems, and requires careful investigation.

6.  Conclusions and outlook

This paper has highlighted the complexities of TSO-DSO coordina-
tion and introduced some challenges that remain unaddressed or not 
fully solved.

6.1.  On flexibility harvesting and DN equivalents

Aggregators and VPPs are expected to manage thousands of de-
vices for service provision while respecting device owners’ objectives.
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Although several works have focused on aggregation of the same device 
type, e.g., only water heaters or only EVs, coordinating heterogeneous 
DERs might unlock greater flexibility. Additionally, scenarios involving 
multiple aggregators operating within the same DN need to be further 
analyzed to identify potential counterproductive effects on the local grid 
arising from different service provisions.

Novel strategies are needed to increase flexibility in grid-constrained 
areas, as locational network constraints may reduce DERs and flexible 
load participation in grid services, driven by feeder conditions rather 
than device capabilities. This could create disparities, as some end-users 
would participate consistently in service provision, while others would 
be frequently curtailed by grid operational constraints.

Future studies attempting to aggregate small-scale devices to support 
TN’s voltage and frequency need to account for the potential discon-
nection of devices during large disturbances, and investigate how long 
DER and flexible loads can sustain a service. Also, the FRs are mainly 
computed for normal operating conditions. The extent to which these 
regions shrink during TN disturbances needs to be evaluated.

Recent events such as the April 28, 2025 Iberian Peninsula black-
out illustrate how inadequate voltage and reactive-power control, to-
gether with generation disconnections, can contribute to cascading fail-
ures [173]. Therefore, simplified P/Q representations may be insuffi-
cient when assessing voltage-support flexibility. Where possible and ap-
plicable, DERs should be modeled using voltage-control-capable repre-
sentations, such as PV-bus representation in static analyses and explicit 
voltage-control models in dynamic studies.

In terms of ADN equivalents for TN studies, the proposed black-box
models depend heavily on the quality of the training data. Future gray-
box models should better account for voltage diversity within the DN 
and consider the variation in load and DG composition across different 
times of day and seasons. Hence, robustness to uncertainty and limited 
information is needed to increase the trust in these models. Finally, more 
work is needed to guide DSOs on the information they must provide to 
the TSO to build these dynamic equivalents.

6.2.  On coordination mechanisms

While mathematically appealing, mainly due to non-convexity chal-
lenges (e.g., intrinsic non-convexity of equations, potential region holes 
and discontinuities), the topic of computing approximately the bound-
ary of ADN feasible region, in the space of active/reactive powers at the 
interface with the transmission system, has remained a favorite research 
topic. However, the paper argued that this topic has been conceptually 
and computationally narrowly approached via over-simplified methods. 
More importantly, this approach is inadequate for TSO-DSO coordina-
tion because it omits the indispensable utilization requirement of the 
cost of shifting active/reactive power within the region. Finally, the non-
convexity challenges are also common to many other problems in power 
systems space; focusing further research in this topic may not solve yet 
further complicates an already very complex problem of TSO-DSO co-
ordination while, in real-life, practical approaches are sought.

This paper has strongly advocated superseding such active/reactive 
power flexibility regions by simpler and practical ranges of active/re-
active power flexibility of ADN at the interface with the transmission 
system. Such an approach reflects practical characteristics of power sys-
tems (strong coupling between current and active powers as well as 
voltage and reactive powers) and fits the current structure of markets for 
ASs (e.g., congestion management, voltage control). As argued, the most 
important benefit of adopting flexibility ranges is to enable computing 
approximate (e.g., piece-wise linear) cost curves of active and reactive 
power flexibility. Such cost curves could be seamlessly integrated, with-
out compromising computation efficiency, in TSO tools for procuring at 
the least cost flexibility, including from ADNs. Still, computing tractably 
and with mathematical guarantees of feasibility such cost curves, espe-
cially under uncertainties and multiple coupled time periods, is an open 
question, for which reasonably accurate and scalable approximations 

are to be found. Despite the large number of papers proposing mecha-
nisms to coordinate TSO and DSO operations, three major research gaps 
persist:

• in terms of models employed, most works address over-simplified, in-
accurate problems at both TSO and DSO levels. Exact models should 
include key practical operation requirements, such as the N-1 secu-
rity criterion at TSO level, operation uncertainties and time coupling 
at both TSO and DSO levels, and emerging flexible assets (battery 
storage and flexible demand). Furthermore, these papers consider, at 
best, a few TSO-DSO interfaces, while in practice, there may be hun-
dreds of such substations. Finally, the downward ADNs at some sub-
stations, depending on the voltage levels, may be vast and meshed, 
as opposed to small and radial, as assumed exclusively. Meshed DNs 
entail that the flexibility that could be provided across some sub-
stations is strongly coupled. Finally, there are limits on how much 
flexibility could be harvested bottom-up across voltage levels (from 
low to high) to support the TSO, a topic that remains unaddressed.

• no proposed approach retains tractability in the presence of the most 
computationally heavy model features (stochasticity, multi-periods, 
N-1 security). The sizes of transmission and distribution systems on 
which coordination mechanisms have been tested are much smaller 
than in practice.

• Very few works consider the cost of aggregated active/reactive 
power flexibility of an ADN at the TSO-DSO interface.
In summary, despite immense research devoted to TSO-DSO coor-

dination mechanisms, the lack of accuracy and (numerically demon-
strated) tractability/scalability of the proposed methodologies prevents 
their practical adoption. Hence, from a practical perspective, similarly 
with many other topics tackled in academic power systems research, the 
work is still in its infancy.

6.3.  On algorithmic and regulatory tools

From the algorithmic point of view, partitioning the social-welfare 
optimization of huge systems into distinct, yet mutually coordinated sys-
tems, reduces the computational complexity (as the number of decision 
variables is lower) but introduces the necessity to iterate between the 
solution of the different interconnected systems or between them and 
a coordination level (e.g. Benders’ decomposition) with possible con-
sequences on convergence speed and even, sometimes, on the real at-
tainment of a system optimum. On the regulatory ground, coordinating 
different entities that exchange only border information facilitates sev-
eral aspects: there is no need to involve all decision-maker subjects at 
the same time, but each one optimizes its own subsystem, and data pri-
vacy constraints are fully respected because information on the single 
bidder does not go beyond the perimeter of the SO responsible for its 
area.

The need to replace system integration with system coordination will 
become even more significant in the future, when the need will arise to 
coordinate together with the electric system all non-electric energy car-
riers (gas, hydrogen, district heating) in a holistic multi-energy prospect 
in order to facilitate the provision of services across the systems: in that 
case, not only the number of decision variables and decision makers will 
grow significantly, but, as the regulation of the different sectors is much 
different, the dialogue between the different subjects will become more 
complicated. In conclusion, the frontier, and the open questions for fu-
ture investigation, consist in finding algorithmic and regulatory tools to 
cope with an increasing system complexity, which will push more in the 
direction of cooperation between the decision- maker subjects. In that 
sense, increasing the power of calculation machines will do just half the 
job. The rest will focus on deploying more powerful algorithms to solve 
coordinated systems, alongside regulatory measures to ensure effective 
coordination across separate actors, while maintaining a level playing 
field for all market participants and avoiding asymmetries that could 
enable discrimination.
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6.4.  On the technological aspects

The technical implementation of market services and ASs requires a 
joint consideration of hardware, software, and algorithms in the power 
system sector, as well as the associated data and communication sys-
tems. Manufacturers, however, face the challenge of achieving global 
standardization of technical solutions and processes while still accom-
modating the diverse regulatory market regimes. This is demanding be-
cause fundamental technical solutions must be adapted to the regional 
specificities of individual countries. Consequently, efforts must extend 
beyond purely technical aspects toward harmonizing the structures of 
market and system services. At the same time, any technical standard-
ization must account for international developments arising from the 
rapid evolution of ICT and data systems. Standards originating solely in 
the field of energy engineering may, in some cases, prove counterpro-
ductive.
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