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Executive Summary

The Global Power System Transformation Consortium (G-PST)! maintains a Research Agenda that
captures the highest priority technical needs for power systems to ensure reliability, stability, and
affordability as these systems evolve to meet growing demand and country-specific energy targets. This
document synthesizes input from a broad stakeholder group including system operators, researchers,
practitioners, and industry experts. It further serves as the guiding document to define the consortium’s
priorities and focus the efforts of G-PST’s workstreams. The agenda describes the 48 research questions
that system operators urgently need to address across six key programs: Inverter-Based Resources (IBRs),
Stability, Distributed Energy Resources (DERs), the Control Room of the Future (CROF), Services, and
Planning. These research programs and enabling topics are shown in Figure ES - 1.

The G-PST Research Agenda is an intentionally ongoing effort. Since the inaugural publication in 2021,
the G-PST has revisited the agenda annually to evaluate progress and identify new priorities. This year
the review confirmed our evolving understanding of the critical research programs from previous reviews.
Consequently, the 2025 Research Agenda includes an updated section addressing questions on DERs that
are relevant to the system operator, and it contemplates explicitly how the different research programs
interact with one another and how they map to other initiatives. This edition includes additional treatment
of lower technology-readiness-level technologies and topics, which augments high technology-readiness-
levels included in the inaugural version.

6 Research Questions

Stability

5 Research Questions

Planning

12 Research Questions

U
o G-PST
) Research
= Agenda
m g
(2} 48
(] Research
2 Questions
o =)
=3 35 Services CROF
9‘ o 9 Research Questions 9 Research Questions
T P

DER

7 Research Questions

% &
0. % g
/‘9 (o4 0 so\e
%, % pa?
%, Y
B

Figure ES - 1. G-PST Research Agenda 2025 with 48 research questions across six research
programs and enabling topics.

! The G-PST consortium brings together system operators, researchers, and industry from around the world to
develop and deploy technical solutions that system operators need at scale. G-PST’s workstreams include system
operator research and peer learning; technical assistance; workforce development; technology standards; and open-
source tools. See https://globalpst.org/.
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1 Introduction

The Global Power System Transformation (G-PST) consortium? published its inaugural Research Agenda
in 2021 [1]. The inaugural Research Agenda had 59 research questions and was deemed to be a consensus
set of questions that, if solved, would allow system operators globally to plan and operate reliably and
affordably as power systems transition. The transition from synchronous generators to variable
renewables (wind, solar photovoltaics, and inverters, i.e. Inverter-Based Resource (IBR)) is gathering

pace for economic and policy reasons.

The G-PST and many others globally have been focused on solving these research challenges over the
past 4 years, ranging across all technology readiness levels (TRL) [2] [3]. The G-PST Research Agenda
focuses on both high and low TRLs. This is enabled by the G-PST topical councils, task forces, and
working groups®, who ensure system operator and industry engagement in solution development at all
TRLs and who support rapid application of research outputs and identification of new priority questions®.
The low TRL focus has been enabled by, for example, the $15 million Electric Power Innovation for a
Carbon-free Society (EPICS?) Global Centre for use-inspired research that is dedicated to the Research
Agenda of the G-PST, along with research in the enabling topics of data sciences, economics, social
sciences, policy, and regulation.

There has been significant progress in addressing the Research Agenda in the past 4 years®, almost
halfway through the inaugural Research Agenda 10-year horizon, although many of the efforts to address
some of the questions are nascent. Multiple research initiatives led by industry, research centers, and
academic institutions to tackle these research questions and challenges are compiled in the G-PST
research repository,’ an online database. There have been some changes of emphasis and priorities in part
due to the observation of real events on systems (e.g., increased IBR-driven oscillations) and some
additional challenges (e.g., rapid deployment of data centers). The use of “inaugural” in the title of the
Research Agenda published in 2021 was indicative of the intent of the G-PST to regularly renew and
refresh the Research Agenda to reflect progress or changes in focus, and the possibility of adding research
challenges as they have emerged. Internally within the G-PST, we have reviewed the Research Agenda
annually and acted accordingly to ensure robustness and efficiency. Through these reviews, we have
found that while it was a robust document and progress in addressing the research questions is significant,
there are shortcomings. There was a lack of emphasis on some increasingly important topics, a degree of
repetition, and areas where there was uncertainty regarding the precise meaning of some of the research

questions.

2 The G-PST consortium brings together system operators, researchers, and industry from around the world to
develop and deploy technical solutions that system operators need at scale. G-PST’s workstreams include system
operator research and peer learning; technical assistance; workforce development; technology standards; and open-
source tools. See https://globalpst.org/.
3 The G-PST consortium has two topical industry councils on grid-forming resources and control room of the future.
4 The G-PST’s work is done collaboratively where possible with other organizations that share similar objectives,
particularly our core team e.g. Energy System Integration Group (ESIG) etc.
5 For more information, see https://www.imperial.ac.uk/uk-electric-power-innovation/.
® The inaugural Research Agenda was published in March 2021, and this iteration began in March 2025.
7 For more info, see https://globalpst.org/what-we-do/system-operator-research-peer-learning/research-repository/.
This repository is not up to date as it is a constant work in progress.
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1.1 Research Agenda Update Process

This document is the first published update of the Research Agenda, and it addresses the above identified
shortcomings and developments. The process to update this document has been conducted in three phases.

Phase 1: Based on the continuous review process by system operators and researchers in the past four
years, a first pass of the Research Agenda resulted in an initial updated set of research questions. The
changes were characterized by removal of repetition or redundancy by merging or removing redundant
questions, and accounting for known progress on the research question by updating the wording.

Phase 2: The initial updated research questions were circulated in a targeted fashion to highly relevant
research-active individuals and system operators with several focused review questions. These questions
asked whether the research question is important, if it was rephrased and/or was a merger of some of the
inaugural Research Agenda questions, was it now better. Information on the state of the art, recent
progress, and salient research on addressing the research question were also sought to gauge progress.

Phase 3: Phase 2 resulted in another updated version of the research questions. This complete Research
Agenda was circulated to nearly two dozen system operators for their review. In this process of extensive
system operator engagement, it became evident that it would be insightful to map the research questions
to the European Network of Transmission System Operators for Electricity’s (ENTSO-E) Research,
Development and Innovation (RDI) Roadmap [4]. The research questions were also mapped to the
International System Operators Network (ISON) priorities [3].

Finally, there is a lot of activity across many of the research questions, and some illustrative examples of
these activities are also described in this update to give it some context.

2 G-PST Research Agenda 2025

Figure 1 summarizes the G-PST Research Agenda 2025. It consists of 48 research questions organized
into six research programs: IBRs, Stability, Control Room of the Future (CROF), Distributed Energy
Resources (DERs), Services, and Planning.

The inaugural Research Agenda was organized into six research programs: Inverter Design, Stability
Tools & Methods, CROF, Planning, Restoration & Black Start, and Services. The 2025 version of the
Research Agenda has two main changes to these programs: (1) the addition of distributed energy
resources (DERs), and (2) the merging of Restoration & Black Start into Services. On the first point of
DERs, the inaugural Research Agenda intentionally lacked emphasis on DERs, as the G-PST Research
Agenda is focused on bulk power systems. DER-related research in the G-PST Research Agenda is only
focused on the DER as an asset for the bulk power system, and the G-PST wanted to avoid the impression
that the G-PST Research Agenda was also focused on the distribution system. However, G-PST Research
Agenda 2025 has now introduced the DERs research program clearly focused on DERs as an asset on the
bulk power system. On the second point, Restoration and Black Start was a research program in the
inaugural Research Agenda with just one research question. This research question in an updated form is
now in the Services Research Program.
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Figure 1. G-PST Research Agenda 2025, with 48 research questions across six research programs
and enabling topics.

The enabling topics highlighted in Figure 1 indicate additional research areas which although outside of
the G-PST core focus on the technical needs of bulk power systems, are centrally relevant to the six
research programs. First is Power Electronics and Control, which underlies the dramatic increase in
IBRs. Highly related to the control dimension is Data Science. Effective Policy, Economics, and
Regulation has always been essential to power systems. As power systems transition interactions of these
topics with power system planning and operations become more complex, with additional Social Science
disciplines becoming relevant as consumers become more active participants. The core discipline in
power system transformation is electrical power system engineering, and this transformation is the central
part of electrification and larger energy system transformation (i.e. transport, heating etc.) which links
strongly to the final enabling topic, Other Engineering Disciplines.

In the following sub sections, each research program is introduced with its sub-set of the 48 research
questions in the Research Agenda 2025. Within each of the six research programs there are distinct sub
3



programs of research questions. These are identified within a summary table of each of the research
programs. The research questions as described are extremely succinct—that is, getting a consensus on a
more detailed statement is very difficult and unnecessary. The organization into six research programs is
also somewhat fluid with research questions clearly having the potential to be in other research programs
highlighting the interconnected nature of the Research Agenda (see later in Section 3). In many cases,
there are answers evolving to some of the research questions, but they are still worth asking as we need to
get the solutions further proved out and demonstrated. The G-PST Research Agenda should be viewed as
a signposting exercise, not as a detailed research proposal.

2.1 IBRs Research Program

The IBR challenge [5] is core to system operators’ responsibilities and are presenting unique challenges
right now on power systems globally. These challenges originate from both inverter-based generation
units, power-electronic loads and transmission (high voltage direct current), whose dynamic behaviors
differ fundamentally from conventional rotating machines. Data centers are the most prominent power
electronic load and are in a period of extreme growth fueled by the artificial intelligence (Al) boom [6],
see also Text Box A. The grid-forming debate has been dominating the research community in power
systems for the past 4 years. As one example, the $25 million funding of the UNIFI consortium® by the
US. Department of Energy in 2021 was an early sign of this trend. As another example, one of the EPICS
focus areas is also on IBRs.

Reflecting system operator priorities, the first topical council for tackling challenges and sharing applied
solutions to be set up by the G-PST was the Grid Forming Implementation Council (GFMIC). The
GFMIC, with membership from system operators, original equipment manufacturers, project developers,
consultants, software developers, and standards and regulatory bodies, was set up in 2022 and had its first
meeting in Brussels at ENTSO-E. The GFMIC aims to break the chicken-and-egg cycle that exists with
respect to the commercial application of grid-forming inverter-based equipment and to accelerate the
pathway to deployment of this enabling technology [7]. This cyclical challenge, which is faced by many
emerging technologies across sectors, results from system operators not knowing what capabilities

to specify, original equipment manufacturers not having the technical specifications of the equipment
capabilities that are needed, and there being little guidance from codes and standards organizations to
specify the equipment for procurement by the project developers. The IBR research questions (Table 1)
are central to this cyclical challenge, as the research results must be implemented in hardware and
software that can be used to operate the power system of the future. This also highlights the
characteristics of some parts of the Research Agenda, with implementation and research happening in
parallel. This characteristic was part of the reason for establishing the GFMIC.

The IBR research program has six research questions split into two sub programs. The first sub program
focuses on how the IBRs are fundamentally evolving the power systems into something different and
therefore altering the system’s needs by replacing synchronous generators. The second sub program
focuses on the IBRs as providers of services to meet the needs. This highlights that the challenges of the

8 For more information, see https://unificonsortium.org/.
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transitioning power system can be addressed within the power system or at the level of the devices (i.e.,
IBRs and/or data centers [Text Box A]).

Table 1. IBRs Research Program

# Question Sub Programs

1 What is the future of active power balance as the synchronous generation Power system evolution with
fraction reduces? For example, might tightened or loosened frequency (or high IBR shares
similar proxy for active power balance) limits lead to a more reliable, secure,
lower-cost IBR-based power system?

2 How will protection systems need to change to accommodate high
penetrations of IBRs, and what possible actions might an inverter take during
a fault that would help fault detection and location?

3 How could the IBR control paradigm change from replicating synchronous
machines to exploiting wider IBR flexibility without introducing integration
challenges during the transition?

4 What are the appropriate inverter capabilities and, consequently, control IBR design standards and
design methods for operation in grids with high percentages of IBRs, and are capabilities
standard configurations and combinations of services helpful in simplifying
operational decision-making?

5 What recommendations for standard IBR frequency characteristics and
responses should be identified to help system design? For example, should a
contribution to damping be mandatory at certain frequencies?

6 What requirements (e.g. impedance) should be placed on IBRs to control
negative sequence currents for protection and harmonics suppression?




Text Box A: Data centers and power systems

Fueled by the recent Al boom, there is unprecedented growth and uncertainty in the speed and scale of
development of data centers. For many system operators, it is now the single most important challenge
on their agenda. Data centers are creating challenges in planning and operations of power systems.
This is reminiscent of the early days of the growth of variable renewable energy (VRE) resources, and
much can be learnt from those experiences. The most important lesson is that the integration of any
new technology is a two-sided challenge where a balance (economic or similar) is sought, i.e. how can
the power system adapt to the data centers and how can the data centers adapt to the power system
(Figure S - 1).

Figure S - 1. Data centers should adapt to the power system and vice versa. The balance between these
two complementary approaches is typically based on economics.

While there are similarities with the growth in VRE from a technical research perspective, from a
regulatory perspective there are significant differences as data centers are on the demand side and VRE
was initially on the supply side. This highlights the blurring between demand and supply side that is a
central part of the energy transition. Data centers are electronic loads and share many IBR
characteristics. For the Research Agenda, this growth in data centers has been addressed not by adding
any dedicated data center research questions but by integrating the data center challenges as use cases
to be considered in many of the 48 research questions. For example, the IBRs and Stability research
programs, Research Questions #2, #5, and #11 relate to dynamic models and performance requirements
under ride-through conditions, including frequency-domain characteristics and device design
considerations. For IBRs and data centers these Research Questions need to be addressed with different
models and characterization. Research Questions #16, #21 and #29 address flexibility, coordination,
and the role of all resources (including data centers as transmission or distribution connected) as
flexibility enablers and service providers. Finally, in the Planning research program, Research
Questions #42, #43, and #45 focus on how flexibility and uncertainty should be represented in planning
models, considering demand growth (e.g. data centers) and other uncertainty drivers.




2.2 Stability Research Program

Increasing shares of IBRs are transforming the nature of power system stability problems and the way
they manifest. The Stability research program (Table 2) has five research questions split into two sub
programs. The first sub program with only one research question focuses on operations while the second

sub program is on Planning.

Poorly damped subsynchronous oscillations resulting from IBRs are increasing in number globally and
are cause for concern amongst system operators. They are by no means the only stability phenomenon of
concern. Some blunt countermeasures are currently being used by system operators to address these
challenges, including conservative curtailment of the IBRs, which is not a sustainable long-term solution.
Research Question #8 (Table 2) addresses these subsynchronous oscillations, while the other four
research questions address other stability challenges that are all rooted in the increased penetration of
IBRs (and more recently to data centers).

G-PST in collaboration with the Energy System Integration Group (ESIG) ran a 1-day workshop on
subsynchronous oscillations from IBRs in Tucson, Arizona, on March 28, 2024. Approximately 30 people
attended, including several system operators, manufacturers, U.S. national laboratories, academia, and
consultants. There was broad agreement that, with higher penetration of IBRs, we do not have a robust set
of methodologies at all stages of the planning and operating of power systems to guard against reliability
concerns that such stability problems pose. A “back to basics” approach is called for, with low TRL
research required to address the stability challenges, which will only become more severe as the
penetration level of IBRs increase [8]. This area has seen significant progress within the research
community in the past few years but there is more to be done to support project developers, system
operators, regulators etc. in the proper application of IBRs without degrading the reliability of the power
system (see Text Box B for more details).



Table 2. Stability Research Program

# Question Sub Programs

7 What approaches can be taken to track the dynamic response of IBR- Tools for real-time operation of
dominated systems near real time and detect any emerging stability IBR-dominated systems
problems?

8 What methods, including data types, and analyses can be used to identify Methods for planning and
the risk of poorly damped IBR-induced oscillations in planning studies and operation of IBR-dominated
trace their root cause? power systems

9 What analytical tools and models should be provided to planners and

operators for robust assessment of system performance in IBR-dominated
power grids?

10  What methods and tools should be used in planning and/or operation to
determine the appropriate mix, location, and capabilities of grid-forming and
grid-following inverters to mitigate stability problems for a given power
system?

11 In what form and fidelity should the original equipment
manufacturers/developers and system operators exchange the IBR and grid
models for comprehensive stability assurance of IBR-dominated grids?




Text Box B: State-of-the-Art in Identifying the Sources of Oscillations

Dissipating energy flow (DEF) techniques have proven effective in identifying the sources of forced
oscillations, particularly those originating from synchronous resources [A1]. The standard DEF
method assumes the oscillation source behaves as a voltage source rather than a current source, which
does not necessarily hold for IBR-induced subsynchronous oscillation, but ongoing research is
exploring possible workarounds. For example, the Grid Impedance Scanning Tool [A2]. However, the
tool requires dynamic frequency scans on electromagnetic transient simulation models under different
operating conditions. A recent research result from the EPICS consortium highlights a promising
model-free method that only requires synchronized phasor data from a number of busses. This has been
tested on real event data from Energinet (Figure S - 2) and results show that it can identify the source
of the oscillations while other methods fail (e.g. DEF).

Mode freq 0.16 Hz

1 T T T T T T T T T T T T T T T T T T

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Location ID #

Figure S - 2. Data-driven participation factors (P") for the Danish transmission system. Location19 is
the top contributor to 0.16 Hz oscillation and is confirmed by the system operator Energinet [A3].

Other methods are also being successfully deployed. For example, Electric Power Research Institute ’s
Forced Oscillation Localization Tool has been successfully applied to identify photovoltaic plants with
battery energy storage systems as the source of forced oscillations in the Salt River Project area [A4].

[A1] Maslennikov, S., and Litvinov, E. 2021. "ISO New England Experience in Locating the Source of
Oscillations Online." IEEE Transactions on Power Systems 36 (1): 495-503.

[A2] S. Shah, P. Koralewicz, E. Mendiola, V. Gevorgian, R. Wallen, and W. Yan, Grid Impedance
Scan Tool (GIST): Software for Stability Analysis of IBR Power Systems’, NLR, 2023.

[A3] Y. Chen, D. Bhattacharjee, B. Chaudhuri, M. O. Malley, N. Qin, and A. P. Expethit, ‘Data-Driven
Post-Event Analysis with Real-World Oscillation Data from Denmark’, arXiv:2511.20939, 2025.

[A4] E. Farantatos, M. Rhodes, Y. Wen, H. Fu, W. Yu and Yilu Liu, “Inverter Induced Forced
Oscillation Source Location Estimation Using Synchrophasors: SRP Case Study, NASPI Work Group
Meeting Apr 15, 2025 - Apr 16, 2025, Minneapolis, Minnesota.
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2.3 DERs Research Program

In the inaugural Research Agenda, 10 of the 59 research questions indirectly related to DERs (including
photovoltaics, storage, electric vehicles, heat pumps, flexible demand, etc.) through their impact on
operating and planning bulk power systems (6 in CROF, 2 in Planning, and 2 in Services [1]). In this
updated version of the Research Agenda, DER is its own research program, and the impact is now
characterized across three broad sub programs The first sub program focuses on bulk system services and
is aligned with the G-PST’s overarching approach that there are changing needs in the bulk power system
and that some of these needs can be met through services provided by DERs. Once identified, these
changing needs and services must have a certain minimum level of visibility and/or flexibility to be
implemented while maintaining cost-effective reliability. Addressing these requirements is the focus of
the second subprogram on DER aggregation, measurement and control. The third subprogram focuses on
the implementation advantages and disadvantages of intelligent aggregation and data and control
architecture choices, given that DERs are in many instances ubiquitous and numerous.

The DER research program (Table 3) is the outcome of a G-PST task force’ on DERs that was set up
specifically to look at the DER research questions in more detail and to refine and update these questions
with the intention of initiating additional research activity in this area.

Table 3. DERs Research Program

# Question Sub Programs

12 What mechanisms and appropriate aggregate DER representations and Bulk system services
data are necessary to account for DERs in system-wide operation and
planning, and in techno economic evaluation?

13 How can system operators quantify the bulk-level energy and service
opportunities from DER, and how can these services be shared among
distribution operators, bulk operators, aggregators and (where applicable)
customers?

14 How can bulk-level services provided by DER be valued as a compromise
between simplicity and, for example, a complex full cost-reflective
approach?

15 What aggregate quantities must be monitored, screened, and validated to DER aggregation,
ensure reliable service provision from different DER categories and at what measurement, and control
temporal and/or spatial resolution must these processes occur?

16 What is the communication capability needed to support monitoring and
coordination of DER in terms of reliability, latency, bandwidth and (cyber)
security?

17 What is a scalable data architecture for DER monitoring, modelling, and Data and control architecture
coordination in real-time that would be suitable for the control room?

18 What are the relative merits of different coordination architectures for DER
with respect to appropriateness for device characterizations, accounting for
practical constraints around communication and computation, different
types of aggregators, different DER objectives and heterogeneity and
existing distribution system operator/system operator schemes?

% A final report of the task force is expected in 2026.
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2.4 CROF Research Program

Control rooms are the heart of a power system, and they embody the uniqueness of electricity, as supply
and demand must be balanced instantaneously unlike any other commodity. They are in essence the
symbol of system operators. Research-wise they are the convergence of power systems and data sciences.
The CROF research program (Table 4) has 9 research questions split into five sub programs. Reflecting
the importance of flexibility, the first and largest sub program focuses on flexibility assessment. This is
followed by sub programs in data and digital architecture, and security with two research questions each.
Finally, there are two sub programs with one research question each in visualization methodologies and
incorporation of risk-based methods.

To date, in the G-PST, CROF research has been led by the system operators [9]. The CROF
Implementation Council (CROFIC), led by 50Hertz is the second implementation council of the G-PST
and had its inaugural meeting in Copenhagen in June 2024. The council recognizes the need for
innovative solutions that address the unique challenges faced by control room operators, such as real-time
data processing, grid stability, and operational flexibility. Traditional research methods often result in
lengthy timelines and complex projects that do not align with the urgency of industry needs. S0Hertz is
undertaking its own revolutionary control room redesign internally with the design of the Modular
Control Center System (MCCS), which is meant to overcome the problems with the conventional
approach to control center design. To streamline this integration process, the council launched the
“Research Challenge for Innovation in Power Systems” under the leadership of 50Hertz'®. This initiative
focuses initially on addressing four control room research challenges and providing researchers with
manageable tasks and essential resources, including access to real-life projects, data, knowledgeable staff,
and funding to produce actionable results. The challenge is designed to bridge the gap between academic
research and the urgent needs of the power sector, ensuring that innovations can be implemented quickly
and effectively in control room operations.

The CROFIC unites system operators, academic leaders, research institutions, and software project
developers from around the globe. Key participants include system operators such as S0Hertz and
TransnetBW (Germany), New York Independent System Operator, academic institutions like Imperial
College London and Johns Hopkins University, research institutions like the Electric Power Research
Institute, the National Laboratory of the Rockies (NLR), and Fraunhofer, software project developers like
GE Vernova Digital, and other industrial (system operators, etc.) and academic research organizations
like the Collaborative Research for Energy System Modelling. They all contribute expertise and
collaborate to explore and develop innovative solutions.

In September 2025, 50Hertz hosted a three-day combined meeting of their own MCCS and a Global
System Operations Summit that consisted of a G-PST CROFIC meeting, a German-system-operator-led
Topology Optimization Symposium and a focus on EPICS and the G-PST Research Agenda''. These

19 For more information, see https://www.mccs.com/en/latest-updates/20251113 _mid-term-meeting-elia-group-
research-challenge.

' For more information, see
https://events.50hertz.com/public/event/invited/MzI1 Y TYzN]EtOGISYSO00OGU4LWEyYZjOtNjRiMGJIYmRmZWE

y?lang=en.
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collaborative events are an example of the G-PST philosophy of working together to scale up and speed
up the pace of the transition.

Given the nature of control rooms, tools such as Al have the potential to play a key role in supporting
(near) real-time decision-making. For example, G-PST is exploring the possibilities of Al in addressing
the Research Agenda (see Text Box C)'%. There are many other Al research initiatives in the electric

sector!3.

Table 4. CROF Research Program

# Question Sub Programs

19 How can the capabilities of grid-enhancing technologies (such as FACTS, Flexibility assessment
SPS, RAS, DLR, PFC, WAMPAC') be integrated into the operational
decision-making process?

20 How can grid topology be flexibly adapted to be reliably integrated into the
operational decision-making process with outage scheduling, transfer limit
increase, and post contingency remedial actions?

21 What applications are required to assess adequate flexibility from all
resources, including those on the transmission, distribution and coupled
energy systems (e.g., heat, electric vehicles, etc.) in the near term, and how
can these resources be applied to address uncertainty during real-time
applications?

22 What type of digital architecture is best placed to enable modularity and the | Data and digital architecture
variety of software required to operate a control room in real time, near-real
time, and in auto pilot mode?

23 What is the best way to integrate large datasets, streaming information, and
historical system performance to create actionable operational insights in
an increasingly complex environment with multiple phenomena occurring
within overlapping timescales?

24 How can the risk of high-impact low-probability events (weather-related and | Security assessment
otherwise) be incorporated into security assessments in real time and
operations planning?

25 What metrics and their definitions (system strength, inertia, or others) need
to be appropriately monitored or calculated to assess system dynamic
behavior in real time, and what monitoring capabilities are necessary to
support these assessments?

26 What improvements can be made to predictive tools and visualization Visualization methodologies
methodologies in operational applications within the control room to
support decision-making in real-time operations?

27 How can risk-based methods (e.g. probabilistic forecasting techniques) be Incorporation of risk-based
better incorporated into operational decision-support tools and used methods
consistently across multiple stages (e.g., real-time, day-ahead, intraday
planning)?

12 The inaugural Research Agenda nor this 2025 update explicitly feature Al in the research questions. Al is a
methodology that can potentially be used to solve a research question, and it is not appropriate to bias the solutions
in advance.

13 See for example, https://msites.epri.com/opai.

14 Flexible alternating current transmission systems (FACTS), special protection schemes (SPS), remedial action
schemes (RAS), dynamic line rating (DLR), power flow controllers (PFC), wide area monitoring, protection and
control (WANPAC).
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Text Box C: Al and the G-PST Research Agenda

In collaboration with the University of Edinburgh Department of Mathematics, G-PST and EPICS
organized a one week brainstorming workshop on Al as applied to solve G-PST Research Agenda
questions. There were approximately 90 participants during the week in February 2024, with
approximately 30% from industry and 70% from academia. The industry was represented mainly by
system operators from Europe and North America (National Grid Electricity System Operator
(NGESO), SwissGrid, EirGrid, 5S0Hertz, Austrian Power Grid, Energinet, the Electric Reliability
Council of Texas) and organizations from North America (North American Electric Reliability
Corporation, Western Electricity Coordinating Council, GE Vernova, Electric Power Research
Institute, Energy Systems Integration Group). The research community had representation from
Massachusetts Institute of Technology (MIT), Georgia Tech, University of Edinburgh, Imperial
College London, University of Manchester, the NLR, Warwick, Exeter, etc. The U.S. government was
also represented by the U.S. Department of Energy. Candidate topics were workshopped extensively'’.
There was clearly one research question in the G-PST Research Agenda that came out on top: Research
Question #20 (Table 4) on Topology Optimization. Since February 2024, a small group of system
operators (50Hertz, NGESO, Swiss Grid, etc.) and academics (MIT, Georgia Tech, etc.) have
progressed on developing a program of research around Topology Optimization (Figure S - 3). In
September 2024, there was an in-person meeting hosted by Elia (Belgium System Operator) in
Brussels. In September 2025 at the 50Hertz hosted meeting there was a dedicated Topology
Optimization Symposium (see above) and the National Energy System Operator (formerly NGESO) in
the UK recently published a forward leaning analysis on topic!®. It is likely that several projects on this
topic will move forward in 2026.

The linearized optimal transmission Fixing the integers is equivalent to Each slice contains a subset of the feasible space of the
switching problem has approximate solutions taking a slice of the mixed-integer AC problem (or may include no feasbile space!) In each
at the vertices of the feasible space AC feasible space case the locally optimal AC feasible solution can be found
T-0 T-1 T-2
T-0 T1 - - -

" ) ™ ' ' {3 iR A R e . - ! A b gmrmmEmae - s |
Candidate N : . . X
solutions & o =0 .

(not AC DC Linearized g ALMINLP | ¢ . X S
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Figure S - 3. The AC optimal transmission switching problem is a mixed integer non-linear problem
that cannot currently be solved at scale. By searching for candidate integer solutions from the linear
problem we can increase our chance of finding a near-optimal AC feasible solution'’.

15 For more information, see https://globalpst.org/news/newsletter-march-2024/.
16 For more information, see https:/smarter.energynetworks.org/projects/nia2_neso087/.
17 For more information, see https:/arxiv.org/pdf/2510.20089.
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2.5 Services Research Program

Echoing the introduction section above, the objective of this Research Agenda is to allow system
operators globally to plan and operate reliably and affordably as power systems transition. Thus, it is
necessary to define the system’s needs, and the services required to meet them, to achieve this objective.
Details of how the services are procured are outside the scope of G-PST'® and this is where markets
become relevant in many jurisdictions.

With synchronous generators being replaced with IBRs, the definition of system needs and services has
become a very challenging undertaking, particularly in the light of the chicken-and-egg challenge
mentioned in Section 2.1 (IBRs). One of the first initiatives of the G-PST in 2021 was the formation of
the System Needs and Services Task Force. This task force produced a foundational document outlining
the System Needs and Services for Systems with High IBR Penetrations [10]. While research is ongoing
(e.g., one of the main thrusts of EPICS is in services) and new services are being developed and deployed
by system operators, there is still no coherent set of methodologies to develop these in a consistent
manner, and services remain a central part of the Research Agenda (Table 5). Two sub programs are
identified: system needs and services design, which are somewhat complementary to the two sub
programs in the IBR research program (Table 1) and highlights the integrated nature of the Research
Agenda (see below

Figure 2). Additionally, the Research Agenda links with enabling topics is also highlighted by the
Services research program which is very strongly linked with markets (see Text Box D).

18 But this is a very active research activity amongst colleagues and collaborators as highlighted by markets research

in EPICS and industry/academic fora such as the Future Power Markets Forum https://powermarkets.org/.
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Table 5. Services Research Program

# Question Sub Programs

28 What system services are needed across different timescales and to the System needs
extent that services coexist within the same timescale, how should these
services be designed to avoid competition and overlap?

29 What are the needs of a power system expressed in technologically neutral
form and how do these needs map to services that any resource (including
data centers, other IBRs, DERSs, high-voltage direct current links, etc.) can
provide?

30 How can system performance requirements be translated into reliable new
technology solutions?

31 For each service, how feasible is it to provide from IBR, what “cost” does it
add, what limitations exist on its magnitude and duration and what are the
tradeoffs between the provision of services?

32 How should system restoration services be structured and organized in Services design
systems with few or no synchronous machines, relying on IBR technologies
and variable energy resources?

33 How should the definitions of services for IBR-dominated grids be
structured and can standard services and standard characteristics be
defined as reasonable for large and small IBRs and across variable
renewable energy, storage, demand response interfaces and for differing
procurement mechanisms?

34 What methods could determine the need, sufficiency, and locational nature
of IBR voltage control and system strength services for a given area?

35 What models and methods, including testing, are necessary to quantify the
ability of variable renewable energy to provide essential reliability services
to the grid, and how do system operators quantify the value of these
reliability services (for example, as an input to system-specific
market/incentive design questions)?

36 What system services can be designed to enable response from IBRs that
can be a substitute for inertia (i.e. very fast frequency response)?

15




Text Box D: A holistic view of grid services

The Energy System Integration Group Fall Technical Workshop 2025 in Philadelphia featured a deep-
dive workshop on the holistic view of grid system services. The workshop brought together over 25
researchers and industry professionals from organizations including Electric Power Research Institute,
Energy System Integration Group, Georgia Tech, Johns Hopkins, Imperial College London, National
Energy System Operator (formerly NGESO), Polaris Systems Optimization, Resources for the Future,
and Telos Energy. The issues highlighted in the presentations and discussions included the
development of technology-agnostic metrics to quantify system services, the interactions between
evolving system needs during operation and their influence on service provision, and the implications
for market mechanisms and grid code mandates for acquiring these services (Figure S - 4).

Resource

Metrics Needs characterisation

Demand-side Verification

Grid operator needs

Supply-side
Service providers

Quantification

validation

Performance
indicators

Interactions
and cross-couplings

Acquisition

Grid code

Figure S - 4. An integrated ecosystem for system services.

System needs can be categorized by system operability areas (i.e., frequency, voltage, thermal,
stability, and restoration), time frames, and spatial requirements, making the needs highly intertwined,
location-dependent, and dynamic. From the grid operator’s perspective, when quantifying the need for
different services, the challenge lies in understanding the “knock-on effects” of one service on another.
Accurately quantifying grid services require full accounting for the strongest interactions, which in
turn, presents the challenge of co-optimizing different service markets.

Grid services are generally acquired through competitive markets, cost-recovery mechanisms, or grid
code mandates, though some occur naturally without compensation. The session highlighted that
practical considerations, such as unintended consequences arising from interactions, specific location
constraints, and financial risk, must be evaluated before mandating a service or creating a market
product. For instance, shifting from a five minute to a one-minute dispatch interval can eliminate the
need for certain reserve products, fundamentally altering the financial benefits and risks for the system
operator and service providers.

The issues highlighted in the discussions emphasized the importance of aligning market incentives
with physical system needs and of avoiding unintended consequences when designing service markets
effectively, leaving a key research gap: how to design simple metrics that can translate physical
characterization and the underlying dynamics of grid services into actionable requirements for market
design and/or grid code compliance.
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2.6 Planning Research Program

Planning, by its nature, brings together all elements of the Research Agenda (Figure 1). It is instructive to
consider the primary physics-based challenge of the energy transition — the inverter. The inverter, when
combined with a resource such as wind, storage, photovoltaics, is an IBR. With more IBRs, this leads
immediately to the stability challenge that can arise when more than two IBRs are used, each with a
control objective that may not be compatible with the other. Many of the IBRs are DERs, adding another
dimension to the research challenges facing system operators. IBRs, stability, and DERs all come together
in an integrated manner in the CROF. The organization of this, be it in a market setting or not, requires
the quantification of needs and identifying services to meet these needs. How does it all work together?
This is the planning problem, specifically the notion of “integrated planning” to capture all dimensions
and relevant timescales, including stability and resource adequacy (Table 6) as well as other energy
sectors such as natural gas or heat. This “bringing it all together” characteristic of the planning research
questions is reflected well in the activity of the Integrated Planning and Resource Adequacy Research
Team!? of the G-PST and by complementary activities by for example, ESIG?. In August and September
2023 G-PST hosted a series of online and one in person workshop on Resource Adequacy that was
attended by over 100 people, 59 in person, from an extremely wide variety of stakeholders including
system operators, regulators, planners, modelers, power system dynamic experts and power electronics
experts. A paper on the outcomes of those workshops will appear shortly [11].

The Planning research program has three natural and inter-related sub programs: (1) resource adequacy,
which continues to challenge system operators globally because of the increased penetration of many new
technologies like wind, solar photovoltaics, batteries, etc.; (2) uncertainty, which is a major challenge
across many different dimensions; and (3) high impact events, including extreme weather events, which

are becoming more frequent.

19 For more information, see https://globalpst.org/resources/resource-adequacy-research-team/.

20 For more information, see https://www.esig.energy/integrated-planning/.
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#
37

Table 6. Planning Research Program

Question

What studies and metrics are required to identify long-term scarcity of
resources (capacity, energy, flexibility etc.) to maintain reliability?

38

How should grid enhancing technologies be included in the planning
processes?

39

What technical models need to be added to long-term planning methods
and studies to consider other reliability services in addition to traditional
resource adequacy and deliverability? For example, how should sufficient
restoration capability be modeled in long-term reliability studies?

40

What studies and metrics are required to evaluate resource adequacy with
hybrid plants (e.g., photovoltaics-plus-storage) and virtual power plants?

Sub Programs

Resource adequacy

41

What additional probabilistic planning methods and tools are necessary for
planning a power system with a high share of IBRs and in particular,
variable renewable energy resources?

42

What additional planning models and methods are needed to plan for
various levels of uncertainty and no-regrets investments in a paradigm of
increasing electrification and growing IBR and DER penetrations?

43

What changes can be incorporated into the transmission planning process,
especially inter-regional planning, to unlock multi-value system benefits
and accommodate new drivers of uncertainty (e.g., large growth due to
electrification or low growth due to increased use of DERs)?

44

What methods, processes, and products (e.g. services) can support
effective valuation, integration, and procurement of long-duration energy
storage?

45

What additional load and resource forecasting models are necessary to
account for electrification, including large loads (e.g., data centers),
coupling of the transportation and building sectors, and demand-side
flexibility?

Planning under uncertainty

46

What additional methods, tools, and metrics are necessary to incorporate
resilience concepts and the ability to recover and adapt to adverse
conditions, considering uncertain future states into planning a power
system with a high share of renewables?

47

How do system operators adequately account for the overall system
impact of extreme events in planning studies, particularly those that
impact the system with a high share of flexible resources in both supply
and demand (wind, solar, demand-side flexibility)?

48

What additional planning models and methods are needed to plan for a
system that can withstand expected or unexpected lulls (e.g., an extended
wind drought, or a dunkelflaute)?

Extreme events
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3 Discussion

While most of the 48 research questions are focused on core electrical power system engineering, there
are many that are clearly interdisciplinary. Indeed, some may only require general understanding of
electrical power system engineering but do require a deep understanding of enabling topics (e.g. Research
Questions #16, 22, 23, and 26). The most dominant of these enabling topics are power electronics and
control and data sciences. Policy, economics, regulation, social sciences and other engineering
disciplines are the other relevant enabling topics. Affordability is fundamental to the objective of the
Research Agenda and therefore economics is embedded in the research questions, improving efficiency of
system operation and design of future systems, but research in economics is not included as a research
topic. For example, market design, a branch of microeconomics and game theory, is out of scope for the
G-PST, as markets tend to be more regional in nature than the more physics-related challenges. However,
services as a research program in the G-PST focus on the technical services needed to operate a power
system, that in a market setting are the products that are traded. Getting the services correct is
fundamental to the efficiency of the market and the overall power system. Getting policies and regulations
correct is equally important but are also not the focus of the G-PST. The rising penetration of IBRs that
are characterized by power electronics and control is without doubt the single biggest technical evolution
in power systems engineering since the electricity industry began over 140 years ago (e.g. Research
Questions #3 and 5). Other enabling topics include data sciences and other engineering disciplines as
applied to other energy systems, including gas, heat, and transport (e.g. Research Question #21).

These 48 research questions have a multitude of linkages within the six research programs, between
programs and, as mentioned above, with enabling topics. This leads to a complex research space that is
important to understand to navigate efficiently.

Figure 2 provides a graphical representation of the Research Agenda 2025 and illustrates some of the
linkages between the sub programs, reflecting the highly interconnected nature of the power system.

The 48 research questions of the G-PST Research Agenda are, not surprisingly, linked to similar
initiatives. For example, the European Network of Transmission System Operators represents 40
electricity system operators from 36 countries across Europe. In July 2024 ENTSO-E published its RDI
Roadmap [4]. The roadmap outlines the crucial steps needed to transform Europe’s energy system into a
sustainable, flexible, and digitalized powerhouse. The RDI Roadmap has six missions and each of these
has three milestones. We mapped the G-PST research questions into these missions/milestones i.e. the
research question needs to be solved for the missions/milestones to be completed. This mapping is shown
in aggregate in

Figure 3. Mapping of the Research Agenda 2025 to ENTSO-E Research Development and Innovation
(RDI) Roadmap . and highlights a very strong link between the G-PST Research Agenda 2025 and the
ENTSO-E 2024 RDI Roadmap. A similar mapping exercise was conducted on the ISON priorities [3] and
again a very strong correlation was found. In contrast to ENTSO-E, ISON and other organizations and
initiatives (e.g. GO15), the G-PST Research Agenda is truly global, welcoming all system operators and
researchers and is focused on mapping the current challenges into technical research questions.

Through G-PST’s workstream on Foundational Workforce Development, the G-PST has recognized the

central role of human capital to support the system operators in the transition. To address the 48 Research
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Questions remaining in the G-PST Research Agenda requires a unique cohort of this workforce and there
is a unanimous agreement amongst system operators and research organizations that this cohort is
insufficient (in numbers and in ability) and is the single biggest barrier to finding solutions at the pace
required. This highlights the importance of the G-PST’s multipronged approach of operator research and
peer learning; technical assistance; workforce development; technology standards; and open-source tools.
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Figure 2. Interactions between the 17 Sub Programs in the G-PST Research Agenda.

Note: Circular nodes, color coded to each Research Program represent each Sub Program and the size of
each node corresponds to the number of research questions in each Sub Program. The thickness on the
lines between Sub Program is indicative of the strength of the interaction. An analysis of the interactions
between individual research questions was also conducted and what is represented in this Figure is an
aggregate of that analysis.
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M6) of the RDI Roadmap.



4 Conclusions

This 2025 version of the G-PST Research Agenda summarizes the highest priority technical challenges
faced by system operators in meeting reliability, stability, and affordability. From its inception, the
Research Agenda was designed to be an evolving document, and as such, this document comprises
updates made since the inaugural version in 2021. Thus, it reflects industry-wide progress in satisfying
past needs, identifying new technical challenges, and highlighting the interaction of those challenges with
each other and with related engineering and policy considerations. Key changes since the inaugural
version include the addition of DER research questions and an update to the number and organization of
research questions based upon interim progress and new challenges. The resulting 2025 version includes
six distinct research programs: IBRs, Stability, DERs, CROF, Services, and Planning.

This 2025 version also engaged a larger and more globally representative group of system operators and
power system experts. The associated review process, with its increased participation from a broader set
of technical professionals, has increased both the relevance and robustness of the Research Agenda. As
with the inaugural Research Agenda, we view this update as an ever-evolving set of research questions,

and we anticipate future revisions.
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