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Abstract——This paper captures an engaging—and at times 
heated—Power-Globe (PG) discussion of evolving definitions of 
smart grid technologies. The exchange took place between De‐
cember 2024 and January 2025. The primary objective of this 
paper is to clarify some of the ambiguities surrounding the 

term “smart grid” over the past two decades, as highlighted in 
the spirited PG debate. “Smart grid” has sometimes been advo‐
cated as a panacea to resolve the tension between competing ob‐
jectives for the provision of electricity (specifically, making it re‐
liable, clean, and affordable). This paper examines the term 

“smart grid” in terms of raw technical functionalities, applica‐
tions, and use cases, some of which may get closer than others 
to meeting the aspirational promises. While smart technology 
should expand our menu of options, it will not absolve us of the 
need to make hard decisions.

Index Terms——Smart grid, power system, definition, function‐
ality, application, ues case.

I. INTRODUCTION 

THE concept of “smart grid” has been widely advocated 
to describe a set of transformative solutions for modern 

power systems. However, despite the ubiquity of the term in 
operation, policy, and industry discourse, the precise defini‐
tion of a “smart grid” remains ambiguous, with interpreta‐
tions varying across technical, regulatory, and market-driven 
perspectives.

This paper was motivated by a lively Power-Globe (PG) 
debate, which reflected ongoing concerns and differing view‐
points regarding what constitutes a “smart grid”. With over 
8300 subscribers worldwide, the PG e-mail forum (created 
by G. T. Heydt during his tenure at the National Science 
Foundation) includes academic researchers, teachers, stu‐
dents, industry professionals, and interested observers from 
diverse fields such as electric grid planning, engineering, op‐
erations, economics, and policy.

The debate emerged organically from an e-mail sent by 
one of the group members with the subject line: “Definitions 
of Smart Grids a Decade Ago—What Has Changed?” The 
ensuing discussion thread reflected a wide range of perspec‐
tives we aim to capture in this paper. It also highlighted the 
potential and limitations of smart technologies in mitigating 
existing power system constraints, emphasizing that while 
such advancements expand the range of solutions available, 
they do not eliminate the fundamental trade-offs that must 
be managed.

Accordingly, the objective of this paper is to examine the 
term “smart grid” from a technical perspective, focusing on 
its core functionalities rather than its aspirational promises. 
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By dissecting practical applications and constraints of smart 
grid technologies, this paper aims to contribute to a more nu‐
anced understanding that can better inform policymakers, in‐
dustry stakeholders, and the broader public.

Some key topics that generated discussion and even 
strong disagreements are the following:

1) Are “smart grid” definitions just vague buzzwords, or 
do they refer to real achievable things?

2) Have the objectives established for the “smart grid” 
been accomplished, and to what extent?

3) Have metrics and parameters been correctly selected 
and verified to validate conclusions?

4) Are the definitions and views from different sectors too 
fragmented for a common understanding?

5) To what extent has the energy trilemma of sustainable, 
cheap, and reliable electricity been solved, and what is the 
origin of discrepancies in performance?

II. HISTORICAL CONTEXT FOR ELECTRIC GRID DESIGN AND 
OPERATIONAL PRACTICES 

Power systems originated in the 1880s as localized, verti‐
cally integrated systems with generation, delivery infrastruc‐
ture, and load designed and built by single companies. Isolat‐
ed systems in major cities became interconnected to improve 
their load factor and to share generation reserves between ar‐
eas, made possible by increasingly higher-voltage transmis‐
sion and buoyed by economies of scale of increasingly effi‐
cient steam turbines.

Key advances in the early 1900s included the develop‐
ment of protective relays and electromechanical controls. By 
necessity, power systems were designed to be operable and 
robust with the minimal reliance on telecommunications. 
Crucially, system-wide supply and demand balance could be 
maintained using only locally measured variables.

Regulatory frameworks were established as investor-
owned utilities emerged as major players. Guided by varying 
political and economic approaches across different countries, 
access to electricity eventually extended throughout the 20th 
century from urban centers to rural areas inherently more ex‐
pensive and less profitable to serve.

The post-World War II period saw significant grid expan‐
sion and reliability improvements in industrialized nations, 
driven by rapid economic growth, rising electricity demand, 
and increasing societal dependence on electricity. Relying 
primarily on coal-fired, oil-based, hydroelectric, and nuclear 
power plants, electric grids evolved from fragmented local 
systems into highly interconnected national networks with 
centralized control.

Starting around 1973, vigorous growth in capacity gave 
way to other transformations of electric grid operations in re‐
sponse to increased volatility of oil prices encouraging shifts 
to other fuel types (see Fig. 1 from https://visualizingenergy.
org/world-electricity-generation-since-1900), exhaustion of 
ever-improving economies of scale, and an increasing empha‐
sis on sustainability. This era marked the emergence of early 
digital computing in power system analysis and planning, 
laying the groundwork for more information-intensive grid 
management technologies. The rise of solid-state electronics 

revolutionized measurement, control, and communication, 
with the tools such as supervisory control and data acquisi‐
tion (SCADA) systems that allow digital and remote moni‐
toring of large-scale networks. Soon afterwards, the energy 
management system (EMS), with its associated suite of ap‐
plications (state estimation, N - 1 security assessment, pre‐
ventive, corrective, and optimal control, forecasting, etc.), be‐
came the cornerstone for the reliable operation of power sys‐
tems, almost three decades before the “smart grid” notion 
was coined.

The integration of renewable energy sources such as wind 
and solar also accelerated dramatically since 2000, supported 
by advancements in power electronics as well as energy stor‐
age and demand-side management. Meanwhile, the liberaliza‐
tion and deregulation of electricity markets in many regions 
around the turn of the millennium introduced new operation‐
al and economic dynamics, with increased competition and 
deployment of decentralized energy resources.

Until around the late 1990s, the electric grid was almost 
exclusively a one-way delivery system with centralized con‐
trol. While utilities adopted SCADA/EMS systems for moni‐
toring and control, these lacked real-time intelligence, adapt‐
ability, and automated recovery mechanisms. Large-scale 
blackouts exposed the vulnerabilities of a growing but rigid 
and aging power infrastructure.

Technological responses to these challenges included real-
time data analytics, automated control systems, and distribut‐
ed generation, which have seen different degrees of adoption 
across the industry. Most recently, new analytical tools such 
as artificial intelligence (AI), machine learning, and block‐
chain technology have been introduced to reshape grid opera‐
tions with applications such as predictive maintenance, cy‐
bersecurity enhancements, and decentralized energy trading. 
The transition toward electrification of transport and digitali‐
zation is further reshaping demand patterns and grid flexibili‐
ty as of the 2010s, with many voices calling for more resil‐
ient and adaptive energy systems.

Although engineers have been steadily working to im‐
prove power systems since their inception, it was from circa 
the late 1990s that information as such became the pivotal 
aspect for their evolution. Consider that electric grids pre‐
date computers, pocket calculators, and even telephone infra‐
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Fig. 1.　Historical data depicting world electric power generation by fuel 
type (1900-2017).
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structure. To be tractable by pencil and slide rule, their de‐
sign, analysis, and operation had to be based on many sim‐
plifying assumptions, along with generous overdesign to ac‐
commodate margins of uncertainty. Only recently has it been 
possible to contemplate a profoundly more detailed, yet com‐
prehensive view of the largest technical systems ever built 
by humans.

The term “smart grid” emerged in public technical docu‐
ments at the end of 1997 and was pioneered among other in‐
dividuals by Dr. M. Amin, while he was at Electric Power 
Research Institute (EPRI), USA. This vision encompassed 
the integration of sensing, communication, control, automa‐
tion, and cybersecurity across the entire energy system—
from fuel source and generation to transmission, distribution, 
and end-use. The initiative developed several enabling tech‐
nologies, including fast look-ahead modeling and simulation, 
self-healing networks, wide-area situational awareness with 
actionable intelligence via phasor measurement units 
(PMUs), fast state and topology estimation, reinforcement 
learning, and adaptive, automated control systems based on 
AI. These breakthroughs aimed to transform the grid from a 
reactive system into a predictive adaptive infrastructure.

A bibliometric analysis of use of the term “smart grid” in 
the context of “electric grid” from 1998 to 2024 is presented 
in Fig. 2 (constructed by Scopus).

III. SMART GRID DEFINITIONS 

The PG debate offered many possible definitions of 
“smart grids”. The most-cited definition was from the U.S. 
Energy Independence and Security Act (EISA) of 2007, 
which informally expressed this definition by means of appli‐
cation examples and policy objectives as follows:

1) Increased use of digital information and control technol‐
ogy to improve reliability, security, and efficiency of distribu‐
tion grids.

2) Dynamic optimization of grid operations and resources, 
with full cybersecurity.

3) Deployment and integration of distributed resources 
and generation, including renewable energy sources.

4) Development and incorporation of demand response, 
demand-side resources, and energy-efficiency resources.

5) Deployment of “smart” technologies (real-time, auto‐
mated, interactive technologies that optimize the physical op‐
eration of appliances and consumer devices) for metering, 

communications concerning grid operations and status, and 
distribution automation.

6) Integration of “smart” appliances and consumer devic‐
es.

7) Deployment and integration of advanced electricity stor‐
age and peak-shaving technologies, including plug-in electric 
vehicles (EVs) and hybrid EVs, and thermal-storage air con‐
ditioning.

8) Provision to consumers of timely information and con‐
trol options.

9) Development of standards for communication and in‐
teroperability of appliances and equipment connected to the 
electric grid, including the infrastructure serving the grid.

10) Identification and lowering of unreasonable or unnec‐
essary barriers to the adoption of smart grid technologies, 
practices, and services.

One PG debate participant summarized this definition as 
“increased use of digital information technology to improve 
reliability, security, and efficiency of electric grid opera‐
tions”.

The European Technology Platform SmartGrids, created in 
2005, defined the smart grid as “a electricity network that 
can intelligently integrate the actions of all users connected 
to it—generators, consumers, and those that do both—in or‐
der to efficiently deliver sustainable, economic and secure 
electricity supplies”.

A 2011 U.S. Department of Energy document titled “What 
the Smart Grid Means to Americans” epitomized the aspira‐
tions in its subtitle: “The Smart Grid will save us energy, 
protect consumers, safeguard our environment and ultimately 
save money for all Americans.” Specifically, this report envi‐
sioned that a smart grid would: “enable active participation 
by consumers; optimize asset utilization and efficient opera‐
tion; anticipate and respond to system disturbances; accom‐
modate all generations and storage options; provide power 
quality for the digital economy; enable new products, mar‐
kets, and services; and operate resiliently against attacks and 
natural disasters”.

PG debate participants expressed strong skepticism as to 
whether, nearly a quarter century later, these aspirations have 
materialized: “We were promised a revolution, and what we 
got (for the most part) were automated meter reads and re‐
mote connects/disconnects.” The discussion reflected signifi‐
cant disagreement regarding the extent to which the various 
objectives, visions, and implementations had been accom‐
plished. Specifically, multiple participants agreed that there 
has been overpromise, although many also believed the high-
level objectives remain valid.

More profoundly, there was skepticism about the useful‐
ness of attempting to converge to a single coherent defini‐
tion: “Every user of the term has their own individual under‐
standing or interpretation and definition of the term accord‐
ing to the local needs and requirements. The meaning of the 
term smart grid varies according to the system requirements 
and conditions of each individual country.”

One participant pointed out that “smart grid” is a target 
concept. Systems will be in a diversity of degrees in assimi‐
lating the concept, so there is no system in a pure “smart” 
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Fig. 2.　Number of published documents featuring “smart grid” per year 
from 1998 to 2024.
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state. Consistent with this view, another offered a simple yet 
comprehensive definition: “A smart grid is an electric grid 
that affords visibility and control at higher resolution in 
space and time.”

A short informal survey among PG debate participants 
asked which term related to the modernization of electric 
grids they considered is the most adequate. As shown in Fig. 
3, the term “smart grid” continues to be the most popular.

IV. KEY QUESTIONS ARISING FROM PG DEBATE 

As seen in Section III, the PG debate regarding the mean‐
ing of “smart grid” has raised the following important con‐
siderations:

1) Is “smart grid” the most appropriate term?
2) Are the promised features functioning as intended?
3) Has the public understanding of the term improved?
4) Has the integration of digital information and control 

technologies improved the reliability, security, and efficiency 
of electric grid operations?

5) Is “smart grid” a product, a service, or a framework?
6) How is it applied—does it exist as a single entity or as 

multiple interrelated components?
From the end-user standpoint, several practical questions 

emerged, such as:
1) Have “smart grid” developments reduced electricity 

costs, improved reliability, and increased resilience and flexi‐
bility?

2) Have energy storage solutions or advancements in elec‐
tric mobility provided tangible benefits for participants in 
power systems?

The following additional questions were largely drawn 
from the PG open discussions:

1) What is the essence of an electric grid?
2) Is an electric grid just a physical network, or does it in‐

clude other aspects such as the socio-technical systems and 
human interactions it supports?

3) Is an electric grid a unified entity, or is it an aggrega‐
tion of interconnected but separately managed and operated 
systems?

4) What are the boundaries of an electric grid? Are they 
physical or conceptual? And by what means are these bound‐

aries set and maintained?
5) How has the energy transition affected the reality and 

understanding of electric grids? Have changes in electric 
grids made them more dependent on digitalization, AI, and 
machine learning?

6) Is the primary purpose of an electric grid to ensure a 
flexible supply of electric power to meet customer power de‐
mands and grid reliability requirements, or does its role ex‐
tend to enabling larger social goals such as a cleaner envi‐
ronment, societal progress, and societal connectivity?

7) How can utilities develop sustainable business models 
within the smart grid ecosystem?

8) What policies are needed to standardize “smart grid” 
technologies and ensure compatibility across regions?

9) How can regulators balance innovation with consumer 
protection and grid stability?

V. TECHNOLOGIES AND APPLICATIONS 

“Smart grid” technologies include, on the one hand, en‐
abling technologies such as digital communications, ad‐
vanced metering infrastructure (AMI), controllability of de‐
vices, blockchain transactions, and big data processing capa‐
bility for grid analytics. On the other hand, they also include 
technologies such as EVs, cryptocurrency mining, and data 
processing whose increasing use imposes new demands on 
electric grid performance. For each category, below, we brief‐
ly outline some of the major needs and opportunities (with‐
out claiming to be exhaustive).

A. Load

Modern electrical loads are evolving, driven by rapid ad‐
vancements in power electronics that enable more responsive 
and flexible power demands and supplies, and by large in‐
creases in power usage due to EVs, electrolyzers, data cen‐
ters, cryptocurrency mining, and switches from gas to elec‐
tric heating. Some of this growing power usage, such as for 
EVs and electric heating, also presents opportunities for 
“smart grid” technologies. Because it is both large and intrin‐
sically flexible, it can be coordinated with renewable supply 
to mitigate costs and carbon emissions.

B. Generation and Storage

Solar and wind generation as well as batteries present 
themselves to AC grids as inverter-based resources (IBRs) 
with different physics from traditional rotating machines. 
IBRs lack inherent inertia. However, using power electron‐
ics, IBRs can be controlled to provide synthetic inertia and 
fast frequency response. These controlled IBRs can help en‐
sure voltage stability as well as angle or frequency stability.

Supply fluctuations due to resource variability can be miti‐
gated to some extent by improved forecasting and by in‐
creased flexibility of grid operations. Energy storage systems 
(ESSs) such as batteries, pumped hydro, and flywheels are 
key to managing renewable variability. PG debate partici‐
pants expressed support for the view that “smart grid” ap‐
proaches to integrating storage with IBRs and rotating ma‐
chines will be key for the future sustainability and reliability 
of grid operations.
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C. Infrastructure Hardware

Modern power systems rely on advanced infrastructure 
hardware to ensure efficient, stable, and reliable electricity 
transmission and distribution. Technologies such as high-volt‐
age direct current (HVDC) systems play a crucial role in 
long-distance power transfer with minimal losses, especially 
for interconnecting asynchronous grids and integrating large-
scale renewable energy sources. Power electronic converters 
enable the seamless transition between AC and DC power, 
facilitating the operation of HVDC systems and renewable 
energy integration.

Additionally, flexible AC transmission systems (FACTSs) 
can improve power flow control, voltage stability, and over‐
all grid efficiency by dynamically adjusting transmission con‐
trol parameters. Innovations such as superconducting trans‐
mission lines could further reduce losses and increase capaci‐
ty, if economically viable.

Effective voltage control mechanisms are essential for 
maintaining grid stability, particularly with increasing IBR 
penetration. Robust protection systems safeguard electric 
grids against faults and disturbances, ensuring quick fault de‐
tection and isolation. Advanced sensor integration enhances 
real-time monitoring, enabling predictive maintenance and 
smarter grid management. Together, these technologies are 
envisioned to serve as the backbone of a resilient, efficient, 
and future-ready power infrastructure.

D. Software and Communications

The modernization of power systems in the 21st century re‐
lies heavily on digital communication technologies that en‐
able seamless data exchange across locations and applica‐
tions. PG debate participants emphasized the crucial role of 
data availability “in terms of issues, volumes, and sampling 
frequencies that were not very clearly imagined before”.

Advanced metering and sensor measurements can provide 
real-time insights into power usage, system performance, 
and disturbances, supporting more efficient grid manage‐
ment. Modern control rooms integrate these data streams, en‐
hancing operators’  ability to monitor, analyze, and respond 
to grid conditions in real time. Geographic information sys‐
tems (GISs) provide the basis for locational cross-referenc‐
ing of data in diverse planning and operational applications. 
Recently, the U.S. Department of Energy (DOE) has coined 
the term “grid-enhancing technologies”, which embrace new 
devices, sensors, and software intended to better exploit ex‐
isting transmission and distribution (T&D) assets such as 
FACTS, dynamic line rating, and demand response.

Another use of digital technology involves facilitating eco‐
nomic transactions between and among different participants 
in grid operations, including new types of participants (e.g., 
aggregators of distributed energy resources or controllable 
loads) as well as traditional utilities and consumers.

The large amount of data potentially generated lends itself 
to AI-driven analytics that can enable predictive mainte‐
nance, demand forecasting, nowcasting, and operational opti‐
mization. Additionally, the blockchain technology has been 
advocated as a tool for securing transactions, improving 
transparency, and enabling decentralized energy trading.

As digitalization increases, cybersecurity becomes a criti‐
cal concern. Cyber threats grow with both the sophistication 
of adversaries and the increasing attack surface. Beyond stan‐
dard techniques for cyber-protection, grid-specific approach‐
es include intrusion detection, anomaly prediction, and AI-
based security monitoring.

E. Sample Smart Grid Use Cases

“Smart grid” applications vary across countries, compa‐
nies, locales, and voltage levels; they are too numerous to 
list exhaustively here. Three examples serve to illustrate the 
interdependence among technical components necessary to 
realize some of the more ambitious application objectives.

AMI or “smart metering” provided early support for real-
time energy consumption monitoring and demand-side man‐
agement, and a basis for faster automated demand response 
(ADR). Leveraging AMI data for operational purposes such 
as voltage management requires additional integration be‐
tween utility departments and software.

Preventive responses to disturbances leverage predictive 
analytics and real-time data to mitigate potential failures be‐
fore they occur, in the interest of improving system reliabili‐
ty and resiliency. Preventive responses depend on detailed 
and timely data delivered from diverse sources (e.g., the sta‐
tus of grid assets and weather conditions), validated algo‐
rithms to crunch these data, and devices that can be quickly 
actuated (e.g., isolating a circuit section or initiating demand 
response).

An important use case is to accelerate recovery from dis‐
ruptions. The ultimate vision of self-healing networks im‐
plies that every step of the way is automated, from fault de‐
tection and identification to the use of algorithms for opti‐
mizing reconfiguration strategies and actuators for perform‐
ing the reconfiguration almost instantly, while honoring the 
inherent hazards of field switching operations.

VI. NEW ARCHITECTURES AND FRAMEWORKS 

Beyond the individual components and participants, the 
structure or connectivity of an electric grid as a whole is of 
interest. As one PG debate participant pointed out, the para‐
digm change hinges on a massive parallel and bi-directional 
communication system, along with the presence of distribut‐
ed intelligence—far exceeding the specifications of typical 
hardware and infrastructure in place today. For example, few 
distribution grid assets today are capable of identifying their 
neighbors or their location on a circuit. Increasing controlla‐
bility, communication, and state awareness introduces new 
opportunities for system-wide coordination across all time 
and length scales. A key to designing a decentralized archi‐
tecture is designing the control or price signals required for 
an architecture to deliver good whole-system outcomes. The 
space of possibilities can be characterized in terms of four 
dimensions as follows:

1) Available input data from sensors and communication 
infrastructures ranging across voltage and current sensors, de‐
tailed waveform measurements, and economic information 
such as real-time prices. All these come on a variety of tim‐
escales.
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2) Available actuators, i. e., devices subject to intentional 
control, which now include demand-side distributed genera‐
tion, smart appliances (e. g., water heaters), and storage as 
well as high-voltage transmission-level components. Com‐
bined with demand-side connectivity such as Wi-Fi and Blue‐
tooth, this extends controllability and coordination to lower 
voltage levels.

3) Two-way networking and coordination between actua‐
tors and information sources essential for information pro‐
cesses (e.g., edge computing), and for design architectures in‐
tended to facilitate coordination among different parties. 
This two-way connectivity is foundational for various de‐
grees of decentralized and distributed control.

4) Control logic, i.e., the collection of algorithms used for 
decision-making, which includes specification of the objec‐
tives to be optimized. New opportunities are emerging with 
the application of machine learning, AI, and associated com‐
putational techniques. While traditional approaches focus on 
achieving global optimality through centrally managed algo‐
rithms, alternative models involve decentralized or distribut‐
ed decision-making. These may lead to sub-optimal results 
but offer greater robustness against failures, mistaken as‐
sumptions, and the challenges of managing complex systems.

These possibilities together enable a vast range of possible 
designs and functionalities, and the appropriate choices of 
these designs and functionalities will be highly situation-de‐
pendent. It also bears repeating that the envisioned deploy‐
ments of these state-of-the-art digital technologies for elec‐
tric grids are still far from the practical reality on the ground 
at many utilities.

The combination of new technologies for measurement, 
communication, and computation represents an entirely dif‐
ferent paradigm from the earlier digital computing of the 
market liberalization era, never mind the pre-digital comput‐
ing era in which interconnected systems originally devel‐
oped. Thus, “smart grid” capabilities introduce countless 
new avenues for system coordination as well as different vi‐
sions for their best and most economical use.

Arguably, the operative question for the attainment of 
“smarter grid operations” has now changed from “what can 
we do, given technical constraints” to “what do we want to 
do”. There is of course a need to balance costs, benefits, and 
uncertainties, including the risk profile of innovations, and 
to identify and consider which parties carry (or should carry) 
specific risks, costs, and benefits—but these are choices, not 
givens.

The definition of a “smart grid” based on detailed observ‐
ability and controllability considerations might suggest that 
operating at greater granularity is “smarter” and thus “bet‐
ter”. However, new technologies can also introduce new fail‐
ure modes, ranging from cyber security risks to the need for 
the system to fail gracefully after faults, which must be con‐
sidered in system design.

Consequently, there are strategic decisions and trade-offs 
to be made, which will vary depending on historical, geo‐
graphic, regulatory, and political context. From this perspec‐
tive, smart grids are ultimately constrained by the smartness 
of the humans designing them.

VII. POLICY AND REGULATION 

Policy and regulatory frameworks play a critical role in 
shaping the evolution of power systems. The physical goals 
are to ensure grid security, reliability, resiliency, power quali‐
ty, and environmental compatibility. Economic design and 
operational goals include incentive alignment, resource ade‐
quacy, efficiency, fairness, conceptual coherency and trans‐
parency, minimal administrative intervention, internalization 
of externalities, and minimal transitional disruption. In addi‐
tion, most would also agree that the access to electric power 
should be affordable and equitable.

Physical and economic goals can be translated into perfor‐
mance metrics for “smart grids”, although quantifying them 
can be difficult and requires some comparative baseline. It is 
even more difficult to articulate trade-offs between and 
among objectives along these different dimensions of perfor‐
mance. Different countries and states employ different frame‐
works for implementing some combination of markets and 
governmental regulation toward these ends. These frame‐
works face significant challenges that transcend national, re‐
gional, or local jurisdictions.

For example, policymakers must craft regulations that fos‐
ter continuing innovation without exposing power system 
participants to undue risk. Another major issue is the harmo‐
nization of regulatory standards across jurisdictions that are 
physically coupled within the same interconnection. The ab‐
sence of unified policies can lead to inefficiencies, price vol‐
atility, and challenges in integrating clean energy sources ef‐
fectively.

Equity and affordability remain central concerns. Policies 
should address the social and economic impact of regulatory 
decisions, ensuring that vulnerable communities are not dis‐
proportionately burdened by energy transitions, while still in‐
centivizing investment in cleaner and more resilient power 
infrastructure.

Data governance and digitalization also present new regu‐
latory frontiers for power systems. The increasing use of 
smart meters, AI-driven grid management, and decentralized 
electric power markets raises questions about privacy, cyber‐
security, and market fairness—demanding policies that bal‐
ance technological potential with participant protection, in 
the context of enabling use of data for more economic and 
resilient grid operations.

Finally, “smart grids” and their rapidly evolving technical 
capabilities, including the transition to new resources and 
participation models, bring to the fore several challenges in 
the management of electric grids as coupled physical and 
economic systems. A danger is that operational difficulties 
can continue to arise for grid-supported electric power mar‐
kets when conceptually problematic physical or economic 
presumptions remain imbedded in core operational rules.

For example, the core design of current grid-supported U.S. 
electric power markets includes the presumption that grid-de‐
livered energy E(nT) conditional on grid delivery location n 
and delivery period T is a standardized commodity with per‐
fectly substitutable units (MWh) that ought to be transacted 
at a uniform per-unit price LMP(nT) ($/MWh) equating mar‐
ginal benefit ($/MWh) to marginal cost ($/MWh). However, 

1850



MALIK et al.: SMART GRID ORIGINS, DEFINITIONS, TECHNOLOGIES, AND EMERGING TRENDS: A POWER COMMUNITY PERSPECTIVE

the MWh unit depends essentially on the passage of time, 
and multiple distinct dispatchable sequences of power (MW) 
injections and/or withdrawals will often be available to a sys‐
tem operator to achieve the grid-delivery of any “next” 
MWh at n during T. Typically, power producers, power us‐
ers, and the system operator will not be indifferent regarding 
which power sequence is dispatched to achieve this “next 
unit” delivery; for example, they might care about the ramp-
rate (MW/min) profile of this dispatched sequence at n dur‐
ing T. Consequently, “marginal benefit” and “marginal cost” 
are not well-defined concepts for grid-delivered energy 
E(nT).

Members of the PG e-mail forum represent a broad spec‐
trum of views on specific policy solutions. However, most 
would presumably agree there is a need to develop conceptu‐
ally-coherent policy and regulatory frameworks for power 
systems able to adapt rapidly and effectively to the evolving 
landscape for these systems. This development will require 
careful collaboration among governments, industry stake-
holders, and research institutions, and between different re‐
search and professional disciplines.

VIII. LOOKING FORWARD

The evolution of power systems is no longer driven solely 
by advances in hardware or incremental upgrades to existing 
infrastructures. What lies ahead is the deliberate design of ar‐
chitectures, control frameworks, and regulatory systems that 
integrate digital intelligence, bi-directional communication, 
and distributed decision-making across all levels of the elec‐
tric grid. The challenge is not simply what can be done tech‐
nologically, but what societies, utilities, and regulators 
choose to prioritize.

Future developments will depend on aligning four key di‐
mensions—data availability, controllable assets, connectivity, 
and control logic—with broader economic and social objec‐
tives. This alignment will require balancing the promise of 
higher efficiency, resilience, and renewable energy integra‐
tion against emerging vulnerabilities such as cybersecurity 
risks, cascading failure modes, and social inequities. The 
“smartness” of future electric grids will therefore be mea‐
sured not only by their digital sophistication but also by the 
quality of the institutional, human, and ethical decisions that 
shape them.

For the next generation of researchers, this means shifting 
attention from questions of capability (“What can be built?”) 
to questions of purpose and impact (“What should be built, 
and why?”). Instead of simply developing ever more ad‐
vanced control algorithms, the more urgent challenge is to 
determine which functions are most valuable for resilience, 
equity, and sustainability, and how these functions can be 
embedded in robust, scalable architectures. Key directions in‐
clude:

1) Prioritizing resilience over optimality: investigating ar‐
chitectures and control logics that can absorb shocks and fail‐
ures gracefully, rather than only optimizing steady-state per‐
formance.

2) Integrating social and technical dimensions: framing re‐
search questions that explicitly address equity, affordability, 

and community impact, alongside engineering efficiency.
3) Clarifying trade-offs: developing methods to evaluate 

not just what is possible with digital and distributed intelli‐
gence, but what is advisable given risks, costs, and institu‐
tional constraints.

4) Embedding adaptability: focusing on designs and poli‐
cies that allow systems to evolve as technologies, policies, 
and social expectations shift.

Looking forward, the integration of grid-forming inverters, 
advanced storage, and AI-enabled coordination presents un‐
precedented opportunities for decentralization and flexibility. 
At the same time, these technologies raise questions about 
who carries risk, how costs and benefits are shared, and 
what trade-offs should guide design and operation. Effective 
policies and regulations will need to adapt quickly, providing 
stability while fostering innovation, ensuring affordability, 
and protecting vulnerable communities.

Ultimately, the trajectory of power systems will hinge on 
more than technical breakthroughs. It will depend on the 
ability of researchers, practitioners, and policymakers to ask 
the right questions, balancing robustness, adaptability, and 
justice, so that the next generation of electric grids is not on‐
ly smarter, but also more resilient and fair.

IX. CONCLUSION 

The PG debate highlighted the urgent need for deeper sus‐
tained dialogue among experts across all facets of the elec‐
tric power sector, including generation, transmission, distribu‐
tion, end-use applications, planning, operations, economics, 
market regulation, and more. While meaningful progress has 
been made in modernizing electric grids, the road ahead re‐
quires not only continued innovation but also bold strategic 
investments and cross-sector collaboration. Only through 
such coordinated efforts can we bridge the gap between vi‐
sionary goals and actionable system-wide transformation.

To what extent has the tri-part goal for power systems—
the achievement of sustainable, affordable, and reliable pow‐
er delivery—been resolved, and what accounts for remaining 
discrepancies in performance? This key question poses a crit‐
ical ongoing challenge as we continue to observe the evolu‐
tion and uneven implementation of smart grid technologies.

Additionally, the ongoing debate over terminology reflects 
the evolving and multifaceted nature of key concepts in the 
field. While such discussions are a healthy sign of intellectu‐
al engagement, certain disagreements remain unsettled, sig‐
naling the need for continued exploration and consensus-
building.

X. EPILOGUE 

The authors of this paper wish to express their apprecia‐
tion for the PG e-mail forum and its significant contributions 
to the power engineering sector. None of us can claim com‐
plete impartiality, as we all speak from some position of ex‐
pertise. The authors have aimed to do justice to the diverse 
views expressed in this discussion, and look forward to a 
continuing meaningful, Socratic dialogue: agreeing to dis‐
agree.
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Special thanks to authors who participated in the general 
editing of this paper. They helped to reconcile the, at times, 
seemingly opposing views from leading experts, doing so 
without generating unnecessary controversy, while faithfully 
reflecting the depth and substance of the informed discus‐
sions that took place.

XI. BIBLIOGRAPHY AND FURTHER READING 

Since the text was primarily compiled from online discus‐
sions and offline comments contributed by the debaters and 
authors, no references have been explicitly cited in the text. 
However, a bibliography and suggested further reading, relat‐
ed to the topics discussed, is provided and categorized as fol‐
lows:

1) Historical evolution of the electric grid: [1]-[5].
2) Deregulation, markets, and policy: [6]-[12].
3) Power system engineering and control: [13]-[18].
4) Energy policy, infrastructure, and resilience: [19]-[21].
5) Smart grid, communication, and cybersecurity: [22]-[29].
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