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Abstract—The growing penetration of distributed energy
resources (DERs) has motivated a large body of literature on
transmission system operator (TSO) and distribution system
operator (DSO) coordination. Yet despite this research activity,
pilot projects and commercial deployments remain much more
limited. Existing reviews classify coordination schemes by
architecture or market design, but provide limited insight
into the practical barriers affecting deployment readiness.
This paper introduces a multidimensional scoring framework
that evaluates TSO-DSO coordination approaches across five
dimensions: modeling assumptions, operational dynamics, val-
idation at scale, communication requirements, and regulatory
constraints. The framework is applied to 47 selected studies,
divided into pilot and non-pilot works. Our analysis shows that
pilot and non-pilot studies are similarly developed in modeling
and operation, but diverge on validation, communication, and
regulatory alignment. These results suggest that the primary
bottleneck for deployment is not necessarily algorithmic com-
plexity, but rather the lack of integration of non-technical
and systemic constraints. The proposed framework highlights
key research gaps and proposes directions for developing
coordination methods better suited to commercial deployments.

Index Terms—TSO-DSO coordination, distributed energy re-
sources, deployment barriers, power system operations, energy
transition.

I. INTRODUCTION

Power systems are undergoing a fundamental transfor-
mation. In the traditional top-down paradigm, transmis-
sion system operators (TSOs) ensured system-wide security,
while distribution system operators (DSOs) managed net-
works passively. This structure is increasingly challenged
by the growing penetration of distributed energy resources
(DERs), including photovoltaic systems (PVs), electric ve-
hicles (EVs), and battery energy storage systems (BESSs).
While these technologies offer clear benefits, such as sup-
porting decarbonization and lowering marginal costs, they
also introduce significant operational challenges, notably
bidirectional power flows and increased uncertainty in both
demand and generation.

These challenges are driving the transition from tra-
ditionally centralized operation toward more distributed

paradigms, a shift sometimes referred to as a Copernican
revolution [1]]. As DERs increasingly participate in system
operation, coordination between TSOs and DSOs becomes
necessary to ensure efficient congestion and voltage manage-
ment across network levels. Regulatory initiatives, including
the European legislation [2] and the German Redispatch 2.0
[3[], further accelerate this evolution by requiring DERs at
the distribution level to participate in redispatch processes.

Consequently, TSO-DSO coordination has shifted from
a theoretical concept to an operational necessity. Yet, the
notion of coordination is not always clearly defined across
studies. In this work, we define TSO-DSO coordination as
the exchange of information and joint decision-making to
improve network planning and operation. It typically aims to
ensure network-wide security and lower-cost energy supply,
and is achieved through various mechanisms, including
software and hardware design, mathematical optimization,
and market interactions. The existing literature proposes
a wide range of coordination paradigms (e.g., centralized,
decentralized, and hybrid) and technical approaches (e.g.,
joint planning processes, local markets, aggregators, oper-
ational envelopes) to reconcile the different objectives and
operational timescales of TSOs and DSOs [4]], [5].

However, despite numerous theoretical studies, very few
have progressed beyond pilot projects to commercial de-
ployment. This limited transition appears to be associated
with multiple technical and non-technical factors. Existing
reviews predominantly classify coordination schemes by
architecture or market design, offering limited insight into
practical deployment barriers. Without a structured way to
assess deployment readiness, the field risks developing new
methods under the same limiting assumptions that prevented
earlier work from scaling.



TABLE I: Multidimensional scoring framework and distribution of characteristics across the reviewed literature.

Dimension Sub-dimension Characteristic Score Total Non-Pilot Pilot
.. DC formulation 0 29 (76%) 23 (77%) 5 (63%)
Transmission network .
AC formulation 1 9 (24%) 7 (23%) 3 (37%)
Distribution network DC formulatllon 0 6 (16%) 5 (17%) 1 (13%)
. AC formulation 1 32 (84%) 25 (83%) 7 (87%)
Modeling Balanced 0 31(82%) 26 (87%) 5 (63%
Phase balance alanced system (82%) (87%) (63%)
Unbalanced system 1 7 (18%) 4 (13%) 3 (37%)
. Not considered 0 11 (29%) 9 (30%) 2 (25%)
Reactive power .
Considered 1 27 (711%) 21 (70%) 6 (75%)
Single timestep 0 12 (32%) 10 (33%) 2 (25%)
Temporal resolution H(.)urs 1 18 (47%) 15 (50%) 3 (37%)
Minutes 2 5 (13%) 3 (10%) 2 (25%)
Operation Seconds 3 3 (8%) 2 (6%) 1 (13%)
Deterministic 0 20 (53%) 17 (57%) 3 (37%)
Uncertainty management Scenarios 1 15 (40%) 10 (33%) 5 (63%)
Robust optimization 2 3 (8%) 3 (10%) 0
Small 0 18 (47%) 16 (54%) 2 (25%)
Network size Medium 1 11 (29%) 7 (23%) 4 (50%)
Validation Large . 2 9 (24%) 7 (23%) 2 (25%)
Not mentioned 0 1 3%) 1 3%) 0
Network type Standard test-case 1 22 (57%) 22 (74%) 0
Real network 2 15 (40%) 7 (23%) 8 (100%)
Not considered 0 27 (69%) 27 (82%) 0
Infrastructure .
Considered 1 12 (31%) 4 (18%) 8 (100%)
Communication  Data standardization Not ?OHSldered 0 29 (74%) 29 (54%) 0
Considered 1 10 (26%) 2 (6%) 8 (100%)
. Not considered 0 22 (56%) 22 (71%) 0
Privacy .
Considered 1 17 (44%) 9 (29%) 8 (100%)
L - Not considered 0 28 (712%) 28 (90%) 0
Regulation incompatibility .
Considered 1 11 (28%) 3 (10%) 8 (100%)
Regulation Objective alignment Not 90ns1dered 0 24 (63%) 23 (77%) 1 (13%)
Considered 1 14 (37%) 7 (23%) 7 (87%)
Strategic behavior Not c.ons1dered 0 30 (83%) 26 (93%) 4 (50%)
Considered 1 6 (17%) 2 (7%) 4 (50%)




To address this gap, the main contributions of this paper
are the following: i) we introduce a scoring system ac-
cording to five dimensions: modeling, operation, validation,
communication, and regulation, ii) we discuss and highlight
limitations across each dimension, iii) we compare pilot
and non-pilot studies, iv) we discuss why pilots have not
transitioned to commercial deployment.

The remainder of the paper is structured as follows.
Section [ describes the multidimensional framework and
presents an analysis of the limitations within the literature.
Section [[1I] introduces the pilot and non-pilot categorization
and presents an assessment using the proposed scoring
methodology. Section analyzes why pilot projects have
not yet transitioned to commercial deployment. Section [V]
discusses the limitations of this work. Section [VI| concludes
the work by summarizing key findings and proposing future
research directions. Finally, the appendix presents details on
the review methodology and the scoring mechanism.

II. ASSESSMENT OF COORDINATION LIMITATIONS
ACROSS FIVE DIMENSIONS

To analyze deployment barriers, we structure the assess-
ment around five dimensions: modeling, operation, valida-
tion, communication, and regulation. This approach extends
the classification in [|6] by explicitly incorporating model-
ing assumptions and validation constraints alongside sys-
temic factors. We apply this multidimensional framework to
evaluate the limitations of existing TSO-DSO coordination
approaches by analyzing 47 selected studies, following the
methodology detailed in Appendix [A] Table[l|details the con-
sidered sub-dimensions, associated scoring criteria, and the
distribution of characteristics across the analyzed literature,
pilot, and non-pilot studies. For each characteristic, the table
reports both the number of papers and the corresponding
percentage within each category.

A. Modeling

This dimension evaluates the mathematical simplifications
used to represent power systems. Assessment focuses on
network representation (AC or DC), phase imbalance, and
reactive power constraints.

The literature favors computational tractability over physi-
cal realism. At the transmission level, linear DC formulations
dominate, while distribution networks are generally mod-
eled using AC power flow. Beyond power flow equations,
the vast majority of studies assume balanced distribution
systems, often ignoring local constraints, which may lead
to optimistic estimates of available flexibility. The necessity
of this computational trade-off is evident in pilot projects.
For example, in CoordiNet [42], a hybrid approach based
on simplified DC models is used for maintaining tractability
during market clearing and is followed by an AC power flow
validation to ensure feasibility.

B. Operation

The operation dimension covers temporal granularity
(ranging from a single snapshot to sub-minute resolution)
and stochasticity management.

There is a temporal mismatch between theoretical simula-
tions and actual grid operations. Most studies rely on hourly
resolution, neglecting intra-hour dynamics such as frequency
deviations and rapid voltage variations that are critical to
system security. This coarse temporal representation fails to
capture the fast-acting nature of DER flexibility, limiting the
ability to assess its true operational value. Beyond temporal
resolution, uncertainty management remains insufficiently
addressed, with most studies relying on deterministic frame-
works. Since DER generation and demand are inherently
stochastic, deterministic approaches risk producing overly
optimistic coordination schemes and potentially infeasible
under real operating conditions.

C. Validation

Validation reflects the scale of the tested network, cate-
gorized as small (<500 nodes), medium (500-2000 nodes),
or large (>2000 nodes), and the test network used (e.g.,
synthetic or real-world networks).

The literature primarily validates coordination schemes
on small or medium-scale synthetic topologies rather than
real networks. Real-world experiments, such as the Smart-
Net project [38]], encountered significant computational lim-
its when performing simulations of integrated TSO-DSO
topologies at scale, necessitating the development of simpli-
fied network representations to maintain tractability without
sacrificing important physical characteristics [[12], [35].

D. Communication

This dimension identifies requirements for data exchange,
digital protocols, and privacy measures.

Although information and communication technology
(ICT) is recognized as the central nervous system of future
smart grids, it remains comparatively underexplored in much
of the academic literature. Requirements for data stan-
dardization and privacy compliance are largely ignored in
theoretical studies. Conversely, pilot projects like SmartNet
[38] and PLATONE [40] frequently expose the inadequacy
of existing data frameworks, often requiring the deployment
of supplementary IoT hardware and secure communication
protocols.

E. Regulation

The regulation dimension captures institutional con-
straints, including misaligned incentives, regulatory incom-
patibilities, and strategic behavior.

Regulatory and market-related aspects are among the least
addressed dimensions, despite their importance for real-
world implementation. In particular, TSOs and DSOs may
compete for the same DERs, where actions beneficial for



transmission-level balancing can conflict with local dis-
tribution constraints [54]. Existing frameworks, moreover,
lack adequate incentives for DSO participation [42], [47]:
regulated tariffs compensate capital expenditures (CapEx)
but not the operating expenses (OpEx) required to procure
flexibility, which constitutes a structural barrier beyond
technical design. Finally, strategic behavior is almost entirely
neglected, and the assumption of cooperative actors risks
producing mechanisms vulnerable to manipulation.

E. Summary of research gaps

The multidimensional analysis highlights distinct patterns
in how the literature addresses aspects relevant to TSO-
DSO coordination deployment. For modeling and opera-
tion, the field exhibits relatively low variance: most studies
converge toward a common set of assumptions, including
DC transmission, AC distribution, balanced systems, reactive
power consideration, hourly or single-time step resolution,
and no uncertainty handling. In contrast, validation, commu-
nication, and regulation display notably higher variability,
with aspects such as large-scale real-network validation,
communication infrastructure, interoperability, and regula-
tory integration frequently omitted.

III. PILOTS AND NON-PILOTS RESULTS

To investigate the high variability identified in the previ-
ous section, the analyzed literature is partitioned into pilot
projects and non-pilot studies.

A paper corresponds to a pilot project when it satisfies
three conditions: (i) real-life implementation involving actual
TSOs and DSOs; (ii) physical infrastructure and measured
data; and (7ii) direct influence on operational decisions;
whether in real-time, intraday, or day-ahead processes.
Studies using real-world network data without operational
integration are classified as case studies instead.

Following the scoring methodology detailed in Appendix
Bl each paper is evaluated across the five dimensions and
normalized to its maximum possible score. Figure [I] presents
these average normalized results, utilizing 95% confidence
intervals (ClIs) calculated via a Student’s t-distribution to cor-
rectly account for the smaller sample size of pilot projects.

Differences between pilot and non-pilot studies are negli-
gible when considering modeling and operation dimensions.
The overlapping Cls indicate that both groups face similar
trends in modeling physical systems and managing temporal
dynamics. This suggests that real-world implementations
do not necessarily rely on more advanced mathematical
or operational representations; instead, they operate under
the same simplifying assumptions and computational trade-
offs as theoretical studies. In contrast to these shared tech-
nical challenges, notable differences appear in the vali-
dation, communication, and regulation dimensions. While
simulation-based studies typically assume idealized infor-
mation exchange and simplified institutional environments,
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Fig. 1: Average normalized scores across the five dimensions for pilot and
non-pilot studies.

pilot projects are forced to explicitly navigate data interop-
erability, stakeholder conflicts, and regulatory misalignment.
This asymmetry suggests two interrelated observations.
First, pilot projects have largely integrated the state of the art
from existing academic studies in modeling and operation,
not relying on fundamentally more advanced algorithms
or temporal resolutions. Second, theoretical studies tend
to neglect validation, communication, and regulation, even
though these dimensions are critical for pilot execution
and, eventually, commercial deployment. As a result, co-
ordination mechanisms that perform well under idealized
simulation assumptions may face major challenges during
real-world deployment, particularly at large scale or under
imperfect communication and regulatory conditions.

IV. FROM PILOT TO COMMERCIAL DEPLOYMENT

Although pilot projects score significantly higher on
validation, communication, and regulatory alignment, they
still struggle to transition into widely deployed operational
systems. In particular, pilot projects exposed a range of
frictions that impacted their experiments. These include
computational tractability forcing simplified models; low-
voltage visibility suffering from weak DSO incentives; com-
munication requiring far more engagement than expected;
market design suffering from illiquidity and fragmentation;
and forecasting errors undermining operations. Even in di-
mensions where pilots score reasonably well by our metrics,
that level of integration may still be insufficient for robust,
commercial deployment. For instance, no pilot in our review
has demonstrated long-term stability under high degrees
of unbalanced loading, sub-minute volatility, or widespread
communication latency.

In summary, pilots demonstrate feasibility under con-
trolled conditions, not robustness against real-world vari-
ability. They remain intermediate tests, and the gap to com-



mercial deployment likely requires simultaneous advances
across all five dimensions, including those at which current
practice may appear mature.

V. DISCUSSION

The proposed multidimensional framework is intended
as a diagnostic tool, not an absolute metric of deployment
readiness, and several limitations must be acknowledged.

First, the analysis relies on peer-reviewed literature subject
to publication bias. Successful methodologies are overrepre-
sented, while operational failures, for instance, the scalability
limits of AC formulations on large real-world networks, are
rarely reported. Consequently, literature may underestimate
the severity of practical deployment barriers, producing
scores that reflect a best-case scenario rather than the typical
reality faced by system operators.

Second, applying equal weights to all sub-dimensions as-
sumes that a technical feature like three-phase unbalance car-
ries the same operational weight as a regulatory constraint.
Moreover, the normalized scores are sensitive to the choice
and granularity of sub-dimensions, meaning that cross-
dimensional comparisons (“modeling is more advanced than
communication”) are not meaningful. Consequently, the rel-
ative scores across dimensions cannot be directly compared
without explicitly acknowledging that the current framework
captures a curated subset of sub-dimensions, rather than an
exhaustive list of all requirements for a commercial solution.

Third, several deployment barriers are not included in the
five dimensions. For example, emerging technical threats
such as cybersecurity (e.g., false data injection, malicious
intrusions) are omitted [55]]. Furthermore, experiences from
system operators such as RTE and Enedis indicate that
effective coordination requires not only technical solutions
but also an operational culture shift supported by dispatcher
workflow integration [43], [44]]. This socio-technical di-
mension is often overlooked in the literature. As a re-
sult, achieving a perfect score in a given dimension—for
example, a pilot project that ticks all our communication
sub-dimensions—may correspond to fulfilling only a small
fraction of actual real-world operational requirements.

Fourth, the five dimensions are not strictly orthogonal:
regulatory requirements on data privacy directly constrain
communication architectures [6], and modeling assumptions
affect the tractability of large-scale validation. Because these
dimensions are interconnected, a low score in one area
may restrict the progress of another, meaning that achieving
real-world deployment requires a coordinated, simultaneous
advancement across all dimensions rather than isolated tech-
nical fixes.

Despite these limitations, the framework goes beyond
a classical literature review by providing a structured, vi-
sual, and quantitative analysis through which research as-
sumptions can be compared against deployment conditions.
Rather than simply listing existing approaches, it explicitly

highlights the gap between theoretical development and
real-world readiness, and offers a reproducible basis for
identifying where future research efforts are most needed.

VI. CONCLUSION

This paper presented a multidimensional analysis of ex-
isting TSO-DSO coordination literature to characterize key
barriers that limit the transition from theoretical frameworks
to commercial deployment. The analysis is performed over
five dimensions: modeling, operation, validation, communi-
cation, and regulation.

The results reveal an asymmetry in research attention.
Modeling and operation exhibit relatively low variability
across the literature, with most studies converging toward
similar assumptions. Validation, communication, and regu-
lation, in contrast, display notably higher variability, with
frequent omission of these aspects.

Moreover, the comparison between pilot and non-pilot
studies further refines this picture. Pilot projects address val-
idation, communication, and regulatory aspects more explic-
itly, while relying on modeling and operational assumptions
similarly to those adopted in academic studies. However,
pilot projects should not be interpreted as deployment-
ready solutions. They represent an intermediate level to
commercial implementation.

At the same time, the apparent convergence observed in
modeling assumptions should not necessarily be interpreted
as full maturity of the field. Current approaches rely on
tractable formulations and simplified operational settings,
which may be limiting as coordination moves toward com-
mercial deployment with higher uncertainty, stronger cou-
pling between transmission and distribution networks, and
faster operational timescales.

Overall, the proposed framework provides a structured
way to identify where deployment-oriented considerations
remain underrepresented and to compare how different stud-
ies address operational realism beyond purely algorithmic
performance. More broadly, the results suggest that progress
toward large-scale TSO-DSO coordination will likely depend
on simultaneous advances across all five dimensions.
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APPENDIX

This appendix provides the supporting methodological
frameworks for the study. Specifically, Appendix [A| details
the literature review and paper selection process, and Ap-
pendix formalizes the scoring algorithm used for the
multidimensional analysis.

A. Literature search and selection process

This subsection presents the methodology used to evaluate
TSO-DSO coordination research papers and documents. The
proposed framework is designed to quantify the gap between
algorithmic development and real-world implementability.

1) Literature search strategy: the paper selection process
follows a structured methodology, inspired by the approach
proposed in [56]]. To ensure broad coverage of the multidisci-
plinary nature of TSO-DSO coordination, multiple scientific
databases and publishers are considered. The search pro-
cess is conducted with the Publish or Perish software tool
(©1997-2026, Anne-Wil Harzing), using Google Scholar,
Scopus, and Semantic Scholar as primary search engines.

The primary search query was designed to capture the in-
tersection of system operators and their coordination mech-
anisms:

(power OR electricity OR network OR grid OR
DER OR “distributed energy resource”) AND
(TSO OR “transmission system operator” OR
“electricity transmission””) AND
(DSO OR “distribution system operator” OR
“electricity distribution”) AND
(coordination OR cooperation OR interaction OR
interface)
The search is restricted to publications from 2015 onwards,
corresponding to the period during which the number of
TSO-DSO coordination papers increased.

2) Inclusion criteria: Papers were included if they met

all the following criteria:

o They are peer-reviewed publications or reports from
recognized institutions.

o They provide an explicit discussion of TSO-DSO coor-
dination or interaction mechanisms.

o They mention limitation(s) from Section either by
explicit acknowledgment, methodological choices, or
real-world evidence of implementation challenges.

3) Paper filtering process: The filtering process followed
PRISMA guidelines and is fully detailed in Figure 2} From
an initial pool of 886 records, the papers are progressively
filtered: duplicate removal (305), metadata and title screen-
ing (172 candidates), abstract and conclusion screening (65
articles), and final eligibility assessment (47 publications).
The selected publications are categorized in Table [[I}
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Fig. 2: PRISMA diagram of the paper selection process.
TABLE II: Summary of the 47 reviewed papers categorized by publication
type, comprising 23 journal articles, 8 conference papers, 8 pilot projects,
4 technical reports, 3 reviews, and 1 book, with 68% published between
2022 and 2026.

Category Articles

Journal (70, 181, 190, [10f, (L1, [12], [13], [14), [L5], [16],
(L7, (181, [191, [201, [21], [22], [23]], [24], [25], [26],
[271, 28], [29]

Conference [300, [31], (321, [33], 341, [35], [36], [37]

Pilot (38[1, 1391, [40), [41], [42[, [43], [44], [45]

Reports (46, [47], 48], [49]

Review (501, [51), [52]

Book [53]

B. Multidimensional scoring methodology

To support a structured comparison across the reviewed
literature, each paper is evaluated along the five dimensions
introduced in Section [[I| according to the following scoring
system.

For all scientific articles obtained from the process de-
scribed in Appendix we assign an index to each paper
(corresponding to its literature review entry) and define
the set of indices as 4. This set is partitioned into three
disjoint subsets: pilots P C A, non-pilots N' C A, and
other contributions @ C A. Only the papers in P U N
propose coordination schemes and are therefore included in
the scoring analysis.

Let D denote the set of dimensions along which the
papers are compared. For each dimension d € D, we define
the set of sub-dimensions I;. These two sets correspond,
respectively, to the first and second columns of Table [
(Dimension and Sub-dimension).

For each paper p € P U N, dimension d € D, and
sub-dimension i € I;, we define a discrete score s, q;
that depends on the characteristic of the paper for that
dimension and sub-dimension. Its value corresponds to the

entry reported in the fourth column (Score) of Table [I| for
the characteristic associated with the paper.
For each paper p, the scaled per-dimension score sq, is
defined as >
1€1y Sp.d,i
sqp = Si€laPidi (1
Diet, Sdi
where s7'2* is the maximum attainable score for dimension
d and sub-dimension .
Finally, the score of each paper group is given by the
average scaled score over pilots and non-pilots:

1
S = —_—
X.,d |X| E Sd,p »

peX

X e {P,N}. )

This yields, for each group and dimension, a normalized
score in [0, 1] that is directly comparable across the pilot
and non-pilot subsets.
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