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About this Document

The GridWise Architecture Council was formed by the U.S. Department of Energy to promote and enable
interoperability among the many entities that interact with the electric power system. This balanced team of
industry representatives proposes principles for the development of interoperability concepts and standards.
The Council provides industry guidance and tools that make it an available resource for smart grid
implementations. In the spirit of advancing the much-needed large-scale transformation of the grid in a
systematic and accelerated manner, this document summarizes the uses and benefits of the practice of Grid
Architecture, and introduces few selected Grid Architecture techniques. You are expected to have basic
knowledge of grid operations. Those without this technical background should read the Executive Summary
for a description of the purpose and contents of the document. Other documents, such as checklists, guides,
and whitepapers, exist for targeted purposes and audiences. Please see the www.gridwiseac.org website for
more products of the Council that may be of interest to you.
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Executive Summary

The global electric power sector is undergoing its most profound transformation since its founding over a
century ago. Power systems are shifting from a centralized, one-directional, fossil-fuel-based past toward
an increasingly decarbonized, decentralized, and participative future. This transition is characterized by
the rapid growth of customer-owned distributed energy resources, such as rooftop solar, batteries, and
electric vehicles, alongside rising shares of renewable generation and increasingly bidirectional power
flows.

The scale of change represents a true systems transformation challenge. While it includes traditional grid
modernization efforts, it also demands fundamentally different ways of thinking and acting. In more
stable periods, change could be managed through isolated interventions. Today, however, multiple parts
of the system are evolving simultaneously, with changes in one area creating cascading effects across
others—dynamics that intensify as transformation accelerates.

Navigating this complexity requires new tools and approaches. Conventional governance models
primarily advance change through targeted interventions within the legacy grid—a predominantly
“present-forward” approach. In transformational contexts, this must be complemented by a “future-back”
perspective that respects current system realities while enabling exploration of future requirements. The
construction of the iconic Sydney Harbour Bridge provides a useful metaphor: Built simultaneously from
both shores, the spans met in the middle. Similarly, effective transformation requires progress from both
present-forward and future-back perspectives, converging over time.

In practice, persistent cultural and institutional barriers remain, including short planning horizons, slow
regulatory adaptation, supply-side bias, and resistance to change. The familiar “wait and see” response to
disruption often elevates rather than reduces risk. While tactical risks may be managed, strategic risks
frequently remain unaddressed—Ieading to inefficiencies, rising costs, reliability challenges, and the
erosion of economic and societal value.

Successfully navigating this transition therefore requires not only new tools, but a shift in how change is
organized and governed. Established “business-as-usual” structures—optimized for safety, reliability, and
efficiency—must be complemented by more agile, cross-functional mechanisms that enable exploration,
learning, and coordinated action. This dual capability creates the space to examine long-term futures, test
pathways, and converge on credible transition options while ensuring the system continues to operate
securely.

To guide this effort, a broader, future-oriented “balanced scorecard” of customer and societal objectives is
proposed, spanning outcomes such as dependability, affordability, adaptability, empowerment, and
societal benefit. The expanded set of objectives informs multi-stakeholder considerations and supports
explicit trade-off choices.

Finally, the Three Horizons model provides a practical framework to connect these objectives across
time—Ilinking current system performance (Horizon 1), emerging innovations and tensions (Horizon 2),
and a future state that balances these objectives (Horizon 3). The model provides a simple, structured
framework for turning long-term thinking into a visual, step-by-step process.

In summary, the report sets out several critical elements of a coherent approach to forging shared vision,

multi-stakeholder collaboration, and collective action that enables the transition of our electric power
systems to more effectively serve the needs of the twenty-first century.
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About the GridWise® Architecture Council

The GridWise vision rests on the premise that information technology will revolutionize planning and
operation of the electric power grid, just as it has transformed business, education, and entertainment.
Information technology will form the “nervous system” that integrates new distributed technologies—
demand response and distributed generation and storage—with traditional grid generation, transmission,
and distribution assets. Responsibility for managing the grid will be shared by a “society” of devices and
system entities.

The mission of the GridWise Architecture Council (“the Council”) is to enable all elements of the
electricity system to interact. We are an independent body that believes tomorrow’s electricity
infrastructure can be made more efficient and secure by integrating information technology and
e-commerce with distributed, intelligent networks and devices. To achieve this vision of a transformed
electricity system, the Council is defining the principles for interaction among the information systems
that will effectively and dynamically operate the grid. The Council, which is supported by the U.S.
Department of Energy, includes 13 representatives from electric energy generation and delivery,
industrial systems control, building automation, information technology, telecommunications, and
economic and regulatory policy.

The GridWise Architecture Council is shaping the guiding principles of a highly intelligent and
interactive electricity system—one ripe with decision-making information exchange and market-based
opportunities. This high-level perspective provides guidelines for participant interaction and for
interoperability between technologies and automation systems. We seek to do the following:

¢ Develop and promote policies and practices that enable electric devices, enterprise systems, and their
owners to interact and adapt as full participants in system operations.

e Shape the principles of connectivity for intelligent interactions and interoperability across all
automation components of the electricity system, from end-use systems, such as buildings or heating,
ventilation, and air conditioning systems, to distribution, transmission, and bulk power generation.

o Address issues of open information exchange, universal grid access, distributed grid communications
and control, and the use of modular and extensible technologies that are compatible with the existing
infrastructure.

The Council is neither a design team nor a standards-making body. Our role is to bring the right parties
together to identify actions, agreements, and standards that enable significant levels of interoperation
among automation components. We act as a catalyst to outline a philosophy of inter-system operation that
preserves the freedom to innovate, design, implement, and maintain each organization’s role and
responsibility in the electricity system.



Acronyms and Abbreviations

DER distributed energy resource
EV electric vehicle
H Horizon
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1.0 Introduction

The global electric power sector is experiencing a scale of change unseen since Edison and Tesla in the
early twentieth century. Power systems are transforming from a highly centralized, one-directional past,
served largely by fossil fuel generation, to an increasingly participative, bidirectional future served by
many types of generation, storage, and high levels of renewables.

These profound shifts are compounded by rapid growth in the electrification of transport, industrial
processes, heating and cooling, and more, which together are redefining how we design, operate, and
regulate electric power systems. As some of the largest and most complex systems ever created by
humans, vital to the functioning of modern societies, a critical question explored by this paper is

How might we build the societal capability to constructively explore what we need from
our electric power systems in their second century and converge on the best pathways for
getting there?

1.1 A Future-Ready Approach to Grid Transformation

The first half of the twentieth century witnessed waves of innovative change in the emerging electric
power sector. As the sector evolved, it gradually stabilized in the second half of the century, underpinned
by wide range of legal, regulatory, and technological architecture. During this period of comparative
stability, while technological enhancements occurred, change occurred relatively slowly and
incrementally. The overarching structure providing centralized, one-directional delivery of electricity to
millions of largely nonparticipating consumers remained almost entirely unchanged.

By the early 2000s, industry experience, reports, and academic studies began to testify to an expanding
range of trends that were starting to impact the sector in new ways. Now a quarter into the twenty-first
century, these transformational forces are now driving unparalleled change in the global electric sector.
These include the following:

¢ Distributed and diverse: An increasingly wide diversity of generation, storage, and flexibility
sources, types, and locations, which must be visible, predictable, and able to participate in a mutually
beneficial manner.

¢ Unidirectional to bidirectional: Significant shifts in the physical location of generation resources,
with 25 to 50 percent of annual volumes ultimately being produced at the opposite end of the system
from where generation was traditionally located (i.e., distribution rather than transmission connected).

¢ Increasingly participative: Democratization of energy technologies, enabling wider participation in
electricity production, storage, and trade, with the involvement of tens of millions of consumer-
owned assets.

¢ Wider societal trends and expectations: Innovations in business models and digitally enabled
consumer technologies, electric vehicles (EVs), and other energy resources are reshaping both
customer expectations and system operations.

While the exact proportions of these trends will vary across different nations, states, and jurisdictions, it is
widely recognized that twenty-first-century grids are becoming increasingly decentralized, decarbonized,
and democratized (known as the “3-Ds”). Navigating an increasingly turbulent operating context while
“keeping the lights on” requires the application of purpose-built system transformation and strategic
foresighting disciplines.



By analogy, in the 1930s, the iconic Sydney Harbor Bridge was constructed simultaneously from the
south and north banks of the harbor, with both spans meeting in the middle (see Figure 1). Applied to
transforming electric grids, the power sector’s conventional incremental and “present-forward” approach
to change has proven adequate in more stable times of slow change. Unsurprisingly, such approaches are
entirely inadequate for guiding the scale and pace of change now faced.

Figure 1:  The construction of the Sydney Harbour Bridge provides a metaphor of building
simultaneously from the “future-back” and “present-forward.”

In periods of large-scale system transformation, effective action must be informed by interrogating the
emerging trends that are driving change, considering a range of plausible future scenarios, and the
identification of least-regret options relevant across all scenarios. In other words, effective and cost-
efficient action in transforming environment requires the development and application of both present-
forward and future-back perspectives.

1.2 Readying Our Electric Power Systems for the Future

In the transformational context we now face, perhaps one of the most critical questions is how to build the
capacity to reimagine and re-engineer our power systems for a very different future while we continue to
securely operate them in the present?

The following pages explore these important challenges and opportunities by considering the following:
1. Why is grid transformation so challenging?
2. What scale of transformation may be required?

3. How do you get from here to there?

2.0 Why Is Grid Transformation So Challenging?

The global electric power sector is experiencing a scale and pace of change without parallel in its more
than 100-year history. Power systems are transforming from a highly centralized, one-directional past,



served largely by fossil fuel generation, to an increasingly participative, bidirectional future served by
tens of millions of generation, storage, and flexible resources.

While power system transformations vary, global trends generally reflect a growing proportion of
generation being served by variable renewable energy sources. As this occurs, our grids experience
increasing levels of operational volatility, system balancing, and power quality challenges. Together with
rapid growth in the electrification of transport, industrial processes, heating and cooling, and more, these
transformational forces are already fundamentally reshaping the future of our electric power systems,
their business model, and regulatory structures. The question is, are we even close to being ready?

2.1 What Is Under the Hood of Our Modern Power Systems?

Our modern electric power systems are often hailed as some of the greatest engineering achievements of
the twentieth century. What is generally less well known, even within the power sector itself, is that each
large-scale grid is a complex “system of systems.”

In other words, their enabling architecture involves six different but deeply interdependent structures that
determine what a power system can reliably and efficiently achieve. As illustrated in Figure 2, this
complex of structures includes the following:

1. Electric Infrastructure
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efficient transformation of the
grid without a rigorous and
holistic approach supported
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Figure 2: Modern power systems are a network of
interdependent structures that must be transformed
in a holistic manner.!

Understanding the multi-

structural nature of our

modern power systems helps comprehend why their large-scale transformation is challenging, if not

impossible, when attempted primarily via any number of incremental, issue-in-isolation changes. As we

! GridWise Architecture Council, 4 Practical Introduction to Common Grid Architecture Techniques, April 2024.



must redesign these ultra-complex systems for the future while securely operating them in the present,
advanced, new, systems-based tools are needed to “tame” the structural complexity. To succeed in this
undertaking, the Systems Engineering and Systems Architecture methodologies employed in many other
complex sectors? become vital. Applied to the power sector, these are known as Grid Architecture or
Power Systems Architecture and can be further enhanced with the application of advanced tools such as
Model-Based Systems Engineering.

By integrating insights from complex systems science, control theory, electrical engineering, and
regulatory policy, these purpose-built methodologies and tools enable deep analysis of the many future
options while they are still on paper—delivering better societal outcomes and potentially saving trillions
of dollars.

2.2 The Need to Build Transformational Capability

Electric grids are some of the largest and most complex systems ever created by humanity and are a vital
part of modern societies. In the context of complex economic and regulatory structures, power systems
can appear largely impervious to the sectoral disruptions that have reshaped many other major industries.
In a long-established sector, this typically perpetuates the confidence that continued tactical changes,
largely as extrapolations from the past into the future, will be sufficient, as illustrated in Figure 3. In all
disruptive periods this works well, until it doesn’t.

YOUR CHALLENGE: UTILITY REGULATORY FRAMEWORK
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Figure 3: It is possible to advance traditional forms of innovation that address issues in relative
isolation without the ability to identify and respond to wider structural shifts.

? For example, the global aerospace, defense, transport, and related sectors.



Two well-documented phenomena of sectoral disruption are the “It won’t happen to us” mindset and the
“Let’s wait and see” response by senior decision-makers. As such periods present significant challenges
and high levels of institutional discomfort, instead of facing the facts early, incumbents almost universally
comfort themselves in a form of collective denial about what is happening all around them. This helps
explain why many incumbent entities start with all the advantages, capital, and customers but finish either
greatly diminished or no longer in existence.

Compounded by the massive complexity of grid transformation, these mindsets are perhaps especially
tempting in a highly regulated sector like the power sector, which can make it seem impervious to
disruptive transformation. However, the long history of sectoral disruptions shows this only heightens the
scale of economic value destroyed as the transformational effort required is resisted until it is too late.

Therefore, the critical and urgent question is how do we build the capacity now to redesign our electric
power systems for a very different future while we continue to securely operate them in the present?

As with all transformational periods, and indeed the art of leadership itself, credible responses to this
question require the professional and institutional courage to confront the sheer scale of change we must
traverse over the next decade or more.

Doing what we have always done simply will not, and cannot, get us to the future-ready solution we need.
And when it comes to deciding when is the right time to act, as the old saying goes:

“When is the best time to plant a tree? Answer: Twenty years ago.

When is the next best time? Answer: Today!”

3.0 What Scale of Transformation May Be Required?

Early in its 140-year history, the electric sector developed somewhat organically, as what we may now
call a decentralized system of simple local power systems. Over time, these early “microgrids” were
networked together into an increasingly centralized structure enabling economies of scale, with power
being generated in large central power plants.

3.1 Conventional Grid Characteristics

For much of the ensuing century, the increasingly centralized structure was largely uncontested as the
dominant model. In a time of comparatively slower change, the grid became increasingly complex, as
incremental enhancements were made to technological, market, and regulatory structures. Some of the
defining characteristics of this dominant centralized model became the following:

¢ Centralized Generation: Generation requirements were met by a fleet of large, centralized units
located on the “supply-side” of the system.

o Unidirectional Flow: Power flowed in one direction only—from large generators located upstream
to consumers located downstream on the “demand-side.”

o Passive Consumers: End-users were generally considered to be passive recipients of electricity from
the centralized system, with few if any alternative sources of supply.

e Centralized Control: The power system was largely operated from a top-down perspective by the
System Operator or electric utility.



e Load-Following: The system was kept in balance by ramping generation capacity up or down to
follow variable consumer load requirements, which were relatively predictable.

e Predicated on Load Growth: The sector assumed relatively stable year-on-year load growth, with
electricity consumption and economic growth being highly correlated.

e Minimal Competitive Risk: Incumbent utilities faced negligible threats from alternative energy
products or providers at scale.

3.2 Emerging Forces of Change

Unlike much of the twentieth century, recent years have seen the emergence of numerous drivers of
transformational change in the global electric sector. Several of the most prominent factors that are
eroding the dominance of the highly centralized model include the following:

o Less Conventional Generation: Aging fossil-fuel-based generation plants are gradually being
withdrawn, therefore declining as a proportion of the overall fleet.

e More Renewable Generation: The expanding deployment of utility-scale wind and solar introduces
variability and intermittency into power generation while replacing spinning mass with electronic
inverter-based generator-grid interfaces.

¢ Emergence of Distributed Generation: Consumers are actively investing in Distributed Energy
Resources (DERSs) such as rooftop solar, battery storage, and EVs.

e Bidirectional Flows: Power distribution systems that host high levels of DERs are increasingly
experiencing bidirectional flows that, in extreme cases, can involve almost tidal behaviors over a
24-hour period.

e More Active Customers: A growing proportion of residential, commercial, and industrial customers
are exercising agency and participating in new energy services.

e More System Actors: As the volume, diversity, and location of energy resources transform, the
number of actors involved in ensuring secure and efficient local and whole-system operations
expands.

¢ Flexible Demand: An increasing number of time windows may require the ability to ramp demand
(in addition to generation) up or down to better match the variable output from renewable generation.

o Negative Demand: At times, renewable energy production exceeds demand, creating operational
challenges for balancing supply and consumption and heightening the need for more flexible demand.

These drivers of change are transformational rather than incremental—they involve a dimension of
“crossing the chasm,” as illustrated in Figure 4 below. As their impact grows, the complexity of managing
system operations increases by orders of magnitude.
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Operational
conditions

3.3 Scale of Difference: Inherited Versus Required Characteristics

The scale of difference between the inherited characteristics of our conventional grids and those needed
by our future grids is stark. In grids originally configured for unidirectional supply from large, upstream
resources, unlocking the full system and societal benefits of millions of DERs located downstream will
require new models of power system design, operation, regulation, and compensation. Table 1
summarizes several aspects of the transformation, many of which are occurring in parallel and will
ultimately need to be addressed holistically.

For example, while the entire power system is impacted, significant new operational challenges are
emerging at the distribution level, where localized generation, increased electrification demands, and the
proliferation of large data center loads are placing unprecedented strain on the grid. While variability
tends to average out at higher levels of the system, it can be particularly problematic at lower levels, such
as individual circuits. Variations in building electrification, EV adoption, and DER penetration can create
circuit-specific impacts, necessitating different approaches to utility operations depending on local
conditions.

3 Australian Energy Market Operator (AEMO), Engineering Framework: Interim Roadmap, Dec. 2021.



Table 1: Examples of the wide range of customer, societal, technical, and operational shifts occurring as electric power systems
transition from their twentieth century origins to serve twenty-first century needs.

Aspect 20" Century Electric Grids 21% Century Electric Grids
. . Wide diversity of customer types and preferences: active prosumers
Customers Largely passive receivers/consumers of energy. L
through traditional consumers.

Power Flows Unidirectional, comparatively predictable. Bidirectional, increasingly volatile.

AL el B M 0) 911y M Top-down, hierarchical, unicentric. Layered, collaborative, polycentric.

= . Hundreds of large-scale, centralized generation Tens of millions of diverse energy resources located both upstream

cneration plants located upstream. and downstream.

. Progressively integrating supply-following flexibility during low
Balancing Paradigm Load-following. - SR B = 4 2

load periods.
e System flexibility primarily provided by large-scale =~ Hybridized combination of dispatchable generation, flexible

Flexibility Sources . . . .

dispatchable generation. demand, and energy storage/buffering across all system tiers/layers.

. Synchronous generation providing rotational inertia, = New sources of rotational and synthetic inertia and frequency

System Services . . . . .

frequency control, and ancillary services. control ancillary services required.

. Centralized data processing. Fragmented digital Ubiquitous and mission critical. Expanding dependance on

Data/Communication . .

landscape. decentralized data processing.



This variability poses substantial challenges for managing supply and demand, maintaining peak demand
levels, and adhering to reliability and power quality standards. Furthermore, in many cases, almost half of
all infrastructure capacity is required only a fraction of hours annually. As DER adoption and transport
electrification advances, continued primary dependance on infrastructure augmentation to meet peak
demand increases will only drive greater cost inefficiencies and consumer rate increases. In other words,
where a proactive and holistic approach to transformation may unleash new operational efficiencies and
cost savings from DER at scale, its absence can be expected to negatively impact the same over time.

3.4 The Conventional Approach to Change in the Power Sector

The power sector historically approached change from what might be called a present-forward
perspective. This approach, which projects forward based largely on prior experience, is feasible where
the future may safely be assumed to be like the past.

For much of its history, this approach was sufficient. The sector’s centralized generation model operated
within a stable framework of slow technological evolution, steady demand growth, and limited threats to
its incumbent structure. Solutions to challenges were typically treated as discrete issues, tackled one at a
time through targeted interventions. Examples include expanding transmission lines to meet peak
demand, deploying additional generation capacity to address shortfalls, or implementing specific
regulatory adjustments to resolve localized inefficiencies. These interventions were designed to optimize
the existing system without fundamentally altering its architecture or underlying principles.

This incremental, issue-in-isolation approach reflects the sector’s historical reliance on predictability and
its focus on optimizing for safety, reliability, and affordability within a largely static context. However,
this approach is increasingly ill-suited to the scale and complexity of the changes now unfolding.

3.5 Defining the Problem

Following decades of comparatively steady-state operations, formal change mechanisms typically include
some or all of the following commonalities:

e Time Horizon: Many change initiatives are targeted and focused on a relatively short time horizon
(2 to 5 years).

o Extrapolation: Primarily consider grid transformation as a form of extrapolation from (and
adaptation of) the historical system arrangements and trends that were developed in the mid-twentieth
century for a unidirectional power system.

o Assumed Scalability: Generally, assume that the inherited structural arrangements of the grid are
capable of being made future ready via a primary model of change that involves recurring phases of
tactical enhancements.

o Segmented Focus: Problem analysis and solution development are often compartmentalized within
discrete segments or functional siloes of the legacy system (rather than from a systemic or whole-
system perspective).

¢ Future Direction: Lacks the formal political mandate and/or commercial imperative for considering
longer-term, whole-system vision(s) for the grid in question.



For example, change efforts are often highly tactical and poorly comprehend the wider transformational
context in which they occur. Commonalities may include the following:

Lack of shared future vision: A general lack of clarity or shared societal vision about the future
power system(s) being developed and, typically, no process of any kind for converging on such a
vision.

Dominance of historical path dependencies: Processes are focused on relatively short time horizons
and attempt to advance toward the future by extrapolating from the historical model, significantly
constraining creativity and the freedom to explore (or even discuss) all plausible options.

Limited alignment across functional siloes: Transformation efforts often suffer from the perception
of inadequate alignment across multiple change initiatives, which is further compounded by a lack of
architectural clarity and integrative oversight.

Supply-side + incumbent bias: Considerations of industry changes generally have a strong supply-
side and capital bias, which tends to reward economic power, reinforce incumbent dominance, and
understate the potential of decentralized and demand-side solutions.

Slow, incremental, and complex: Conventional models of change are slow and almost always
playing catch up. This is compounded by often out-dated statutory and regulatory frameworks that are
complex, prescriptive, and unhelpfully restrictive.

As Figure 5 illustrates, it is common in
any sector experiencing profound
transition for a significant gap to emerge

Martec’s Law
between the between the rate of societal _
and technological change and that of et bl ms\///v
institutional and organizational change. logarithmically o
Table 1 provided examples of the wide ‘@95’/
range of customer, societal, and o@@y@?’/
operational shifts occurring < ecffﬁ’}/
simultaneously, as electric power systems yd
transition from their twentieth century = Organizational change slow

origins to serve twenty-first century needs.

In the case of highly regulated electric
power systems, the rate of
institutional/organizational change was
already slow—arguably by design for a
relatively slow change context. As the
complex set of forces impacting grids
drives the fastest and most significant
structural transformations in their history,

the risks of this divergence grow exponentially.

Figure 5:

Martec’s Law highlights that technological
change typically outpaces organizational/
institutional change by orders of
magnitude.



4.0 How Do We Get from Here to There?

4.1 System Transition Is Both Complex and Simple

As discussed above, electric power grids are some of the largest and most complex systems ever created

by humanity. The unfolding transformation is impacting almost every dimension of these systems of
systems at unpreceded pace and scale.

At face value, this appears to present intractable challenges: truly wicked problems. At the same time, it is
helpful to recognize that all transitions—not dissimilar to a vehicle navigation system—ultimately boil
down to three core considerations (see Figure 6):

e Where are we now?
e Where are we going?

e How do we get there?

2. Where are we going?

Target future power system

3. How do we get there?

Roadmapping from the future / \

back
P \ /
PR
= -
- = 10“0
-
o - 1_030
/ \ -~
202°

1. Where are we now?

As built power system

— Energy Catalyst

Figure 6: Transition design for a large-scale complex system is challenging but can ultimately be
summarized in the three key points in this illustration.*

4 Image: Energy Catalyst
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4.2 Navigating Transition Confronts Difficult Questions

While an acceleration in grid transformation is widely recognized, many conventional change initiatives
remain highly tactical and focused on issues in relative isolation. Pragmatically, this is appealing, as it
avoids the need to engage with larger questions such as preferred destinations. At the same time, the
resulting lack of clarity and shared vision exacerbates misalignment, deepens inefficiencies, and
ultimately increases the fragility of the system.

As noted in Figure 6 above, a key dimension of navigating transition does involve the question of
destinations. Nevertheless, what is a critical consideration is also typically one of the most vexing
societally. Unsurprisingly, it is skirted around or avoided entirely. Anecdotally, many senior decision-
makers in the sector express relief that their approaching retirement will save them from being the ones to
confront such matters.

If our end-to-end power systems were fully owned and operated by a single entity, this might be an easier
question to resolve, although unlikely for the greatest customer and societal benefit. In practice, however,
modern power systems are foundational to every part of life, directly involve hundreds of investors and
entities in the provision of electricity, and have hundreds of millions of stakeholder customers.

It is the inherently “socio-technical” character of the electric power system that makes transition so
challenging, especially in the context of polarized climate and energy narratives. There is a sense in which
the grid has its own political economy.

Nevertheless, unless we are willing to explicitly own defeat, navigating transition
e Cannot avoid the question, Where does this transition lead us?

e Or more strongly and applied to the grid, What type of future power system are we wanting/trying to
create as a society?

e Perhaps even, What type of future power system will achieve the greatest societal benefits?

And those hard questions suddenly appear comparatively easy when confronted with the thorniest
question, Whose preferred view of the future grid wins?

We will come back to that pivotal question shortly with reference to the importance of principles and
objectives. But first a few additional foundations.

4.3 Navigating Transition Requires Space and Intentionality

Conventional governance structures are designed for and effective at maintaining order, reliability, and
efficiency in a relatively steady-state environment. However, they tend to be too slow, linear, and
procedural for effectively navigating fast-evolving transformations by which they become increasingly
outpaced.

Times of rapid transformation benefit from the development of what Harvard’s Prof. John Kotter’ refers
to as a “dual operating system,” which operates in parallel with Business as Usual “keep the lights on”
priorities (see Figure 7). While Parallel Path 1 continues to operate and “tweak” the existing critical
system, Parallel Path 2 provides the multi-stakeholder context to explore alternative futures and distill
credible navigational options for consideration by formal policy and regulatory processes.

3 J. P. Kotter, “Accelerate!,” Harvard Business Review, vol. 90, no. 11, pp- 45-58, Nov. 2012.
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Parallel Path 1:

Grid adaptations and localised

solutions to ‘Keep the lights on’ in

the present
QOutcome of addressing numerous individual issues
Parallel Path 2:
1930's Legacy Complex System Targeted structural interventions to
create a scalable and ‘future-ready’
power system
Qutcome of future-oriented design
—
—
— Energy Catalyst
Figure 7:

Navigating transition benefits from the development of a “dual operating system” that provides the context for collaboratively
examining longer-term transition directions and pathways.¢

% Image: Energy Catalyst
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Importantly, this model recognizes that periods of transformation require both conventional governance
mechanisms and the dual operating system. The former keeps the existing system and mechanisms
running effectively. The latter is established for a time to function as a “change accelerator” through agile,
cross-functional collaboration, innovation, experimentation, and structured debate. This enables greater
convergence on the most credible, future-ready options and transition pathways that may be proposed for
further consideration by the formal governance mechanisms.

4.4 Navigating Transition Requires a Future-Back Mindset

As noted above, conventional change processes tend to be slow and incremental—in many cases, for
good reason. One further characteristic of conventional processes is what might be called a predominately
present-forward approach to change. It is a model that mainly builds incrementally on historical precedent
and practice. At base, it largely navigates toward the future by extrapolating from the past.

In a societal context of contested narratives, a concept understood by strategic foresighting practitioners is
that the future is less contested than the present. Naturally, that is a generalization. But it often does
present a powerful context for a level of multi-stakeholder collaboration that is otherwise impossible,
working from the present “trench warfare” forward.

As Johnson and Suskewicz’ note, cultivating the capacity for future-back thinking enables an entirely
different dynamic for exploring alternative futures, achieving “rough consensus” and reverse-engineering
transition pathways through hard issues. As a natural complement to the dual operating system described
above, this enables stakeholders to work backward, identifying key milestones, capabilities, and decision
points needed to accelerate the transition.

Key distinctions between these approaches are illustrated in Table 2.

Table 2: Comparison of present-forward and future-back modes of thinking.

Present-Forward Orientation Future-Back Orientation
Primarily focuses on “what is” Primarily focuses on “what could be”
Sustaining/continuous/linear Transformative/discontinuous/non-linear
Incremental enhancements of existing paradigm Considers transformative paradigms and step changes
Assumes stability, certainty, and clarity Assumes turbulence, uncertainty, and ambiguity
Analytical/reductive Imaginative/creative/systems thinking
History, facts, and data driven Assumptions and objectives-driven
Primarily targets and resolves individual issues Primarily targets and resolves systemic issues

" M. W. Johnson and J. Suskewicz, Lead from the Future: How to Turn Visionary Thinking into Breakthrough
Growth. Boston, MA, USA: Harvard Business Review Press, 2020.
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4.5 Navigating Transition Involves Convergence on Key Principles
and Objectives

In modern economies, electric power systems are a critical infrastructure that is deeply enmeshed in
almost all aspects of life. Although correctly categorized as socio-technical systems, it can seem
appealing to attempt grid transformation efforts without engaging in a wider societal debate about the
target destination(s). While this may enable initial progress, it ultimately drives misalignment and is
incapable of addressing cross-cutting issues and forging sufficient societal and political alignment to
make change possible.

Alternatively, grid futures have often been addressed in a technocratic manner that focuses on a debate
about preferred generation types. Naturally, the consideration of technological enablers is a vital
dimension of any grid transition. However, placing the primary emphasis here focuses on the means
rather than the desired end. It also tends to be reductionistic rather than holistic—meaning that it focuses
on individual parts/technologies rather than the system as a functioning and efficient whole. Like the
above, it also struggles to enable convergence of perspectives across diverse stakeholder perspectives.

By contrast, the successful transformation of large, complex, socio-technical systems like our electric
power systems must be directly informed by the consideration of evolving customer and societal needs
and priorities bounded by physics-based constraints. While this sounds great in theory, a key challenge
alluded to above is the diversity of strongly held and often hotly contested views. There is no single or
monolithic customer perspective or view. As a result, considerations about preferred futures must be
anchored in processes that develop and enable sufficient (not perfect) convergence on core principles and
objectives.

Arguably this was simpler when customers had few options beyond accepting a standard commodity
service. In that context, it was common to frame power system objectives assuming the primary means of
achieving them was via a centralized, unidirectional, infrastructure-centric grid owned and operated by a
comparatively small number of entities. The resulting statements of system objectives tend to reflect goals
most relevant to a supply-side production and delivery system. Typical examples include

e Safety
e Affordability
e Reliability and security of supply.

In more recent years, some jurisdictions have adapted their power system objectives to incorporate an
emissions-reduction objective. However, this has typically occurred in a manner that retains the primary
assumption of the objectives being achieved via efficient investment in and efficient operation of a
centralized system.

These more focused objectives continue to be helpful for informing trade-off choices relevant to
investments in and operation of the bulk production and delivery system. They are significantly less able,
however, to inform the expanded set of trade-off choices relevant to more participative and bidirectional
future power systems.
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4.6 Navigating Transition Involves a “Balanced Scorecard” of
Outcomes

Given the important role of principles and objectives and the inherent limitations of the more
conventional system objectives, a global meta-analysis® identified the set of eight customer and societal
objectives shown in Table 3, which are relevant to informing more holistic and future-oriented grid
transition.

Table 3: Eight customer and societal objectives for future grids.’

DEPENDABLE Safe, secure, adequate, reliable, and resilient
AFFORDABLE Efficient and cost-effective
SUSTAINABLE Enables 2030 and 2050 decarbonization goals
EQUITABLE Broad accessibility of benefits and the fair sharing of costs
EMPOWERING Advances customer and community agency, optionality, and customization
EXPANDABLE Enables electrification of transport, building services, and industrial processes

Flexible and adaptive to change, including technological, regulatory, and business
model innovation

ADAPTABLE

BENEFICIAL Socially trusted, public good/benefits, commercially investable, and financeable

More expansive than conventional sets of objectives, these eight objectives distill a future-facing set of
goals relevant to customers and policymakers in the context of increasingly decarbonized, distributed, and
participative power systems. At the same time, they also highlight the expanding range of different
customer and societal expectations, as well as the need for mechanisms to collaboratively evaluate and
prioritize them.

This is necessary but not simple. Delivering a balanced set of customer and societal outcomes to guide
grid transformation requires processes for constructive debate and trade-off choices between the various
objectives. For example, a power system may need to accommodate growing levels of new energy
resource types, but this may occur without jeopardizing system security. Similarly, the goal of
empowering customers with an expanding range of participation options may be a priority but must not
unintentionally penalize those less able to participate.

In summary, while each jurisdiction will consider, define, and prioritize the possible objectives
differently, the diversity of objectives plays a key role in focusing collective attention on the type of
future power system—and particularly its outcomes—that the stakeholders are wanting to create.

8 Energy Catalyst, Report 1 of 5: Future Customer & Societal Objectives v1.2, AR-PST (Australian Research in
Power Systems Transition) Stage 4 Topic 7, prepared for CSIRO, August 2025.

9 1q -
Ibid.
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4.7 Bringing It All Together: Three Horizons of Transition
As noted above, it is helpful to recognize that all transitions ultimately boil down to three core
considerations:

e Where are we now?

e Where are we going?

e How do we get there?

As we have noted, the question of Where are we going? is often very challenging and can be supported by
participative processes that balance a range of desired outcomes.

In considering the question of How do we get there?, it is common to assume that transformation moves
fairly directly from the old arrangements in decline to the new arrangements that are progressively
emerging. In practice, however, large complex systems like the grid tend to transform through a series of
overlapping phases or time horizons.

Curry and Hodgson’s'? globally respected Three Horizons model in Figure 8 examines the DNA of how
complex systems, like a gigawatt-scale power system, transform in practice and is extremely helpful for
mapping credible phases of transition.

N
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\
Time

Figure 8: Curry and Hodgson’s Three Horizons model of systemic transformation.'!

10°A. Curry and A. Hodgson, “Seeing in multiple horizons: Connecting futures to strategy,” Journal of Futures
Studies, vol. 13, no. 1, pp. 1-20, Aug. 2008.
"' Image: Adapted from H3Uni.
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For example, a long-established power system in its original form (Horizon 1 — Red line) does not
gradually transform directly into its long-term future state (Horizon 3 — Green line). Rather, as the
original system continues to operate, albeit with declining effectiveness, it moves into an increasingly
hybridized phase (Horizon 2 — Blue line). This is the often-confusing combination or “collision” of old
and new worlds. This intermediate condition may endure for a decade or more, reflecting what Oxford
University calls “TUNA” characteristics: Turbulent, Uncertain, Novel, Ambiguous.

While many foresighting tools are conceptually rich, they can seem quite abstract. By contrast, the Three
Horizons model is widely experienced as highly practical, as it provides a simple, structured framework
for turning long-term thinking into a visual, step-by-step process. In short, it helps connect today’s reality
with tomorrow’s possibilities through a simple, stepwise map.

In practice, having clearly defined both the opportunity (e.g., accelerated grid transformation in a manner
beneficial to customers and society) and the timeline in focus (e.g., 2035 and beyond), the process broadly
moves through the following steps.

e Map the Three Horizons

— Horizon 1 (H1): Describe the historical system—what is still working, what is breaking down,
what fundamental assumptions sustain and drive it?

— Horizon 3 (H3): Envision the long-term transformative future—what does success look like,
where a range of societal objectives are balanced? (Several combinations of future-state attributes
may be considered.)

— Horizon 2 (H2): Identify what is already emerging in the space where H1 and H3 already collide.
¢ Identify Patterns and Dynamics
— Interrogate the overlaps, conflicts, and barriers between H1 and H3.

— Note actors and initiatives operating in each horizon. Examine what needs to decline, evolve, or
emerge.

— Examine the specific issues and constraints that will block or slow progress from H1 through H2
to the desired H3.

e Engage Diverse Perspectives
— Involve participants from diverse backgrounds, disciplines, and perspectives.

— Encourage discussion rather than prediction—it is about multiple possible futures, not
forecasting.

¢ Synthesize Insights

— Identify “pathways of transition”—concrete steps or leverage points that move in both of the
following directions:

Future-back: H3 >> H2 >> H1
Present-forward: H1 >> H2 >> H3.

—  Where several combinations of desired H3 future-state attributes are considered, identify the key
requirements that are common to all (i.e., “least-regret” priorities).

— Document the implications for things like strategy, investment, technological innovation, and
capability building.

18



Taken together, the Three Horizons approach translates foresight from an abstract exercise into a
disciplined, actionable methodology that bridges present realities and long-term transformation. By
systematically mapping current systems, emerging disruptions, and desired future states, and then
interrogating the interactions between them, organizations can move beyond passive anticipation toward
intentional transition.

Importantly, the integration of diverse perspectives ensures robustness, while the synthesis of insights—
particularly through identifying transition pathways and least-regret priorities—grounds foresight in
practical decision-making. In this way, the model not only clarifies what the future could look like but
also illuminates how to navigate from today’s constraints toward that future in a structured and strategic
manner.

5.0 Conclusion

The transformation of electric power systems now underway is neither incremental nor optional—it is
structural, systemic, and already in motion. The question is not whether change will occur, but whether it
will be navigated deliberately or allowed to unfold in ways that erode value, increase risk, and constrain
future options.

This report has argued that meeting this challenge requires more than technical solutions. It requires the
capability to think and act differently: to operate today’s system with discipline and reliability while
simultaneously creating the conditions to explore, align around, and deliver a different future. The
combination of a dual operating system, a balanced set of societal objectives, and the Three Horizons
model provides a practical foundation for doing so—Ilinking long-term intent with near-term decisions in
a structured and actionable way.

Ultimately, successful transformation will depend on the willingness of institutions and stakeholders to
engage with the full scale of the challenge, to move beyond fragmented and reactive approaches, and to
work collectively toward a shared understanding of what the future system should deliver. With the right
frameworks, tools, and intent, the transition to future-ready power systems can be not only managed but
shaped—delivering enduring benefits for customers, economies, and society.
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