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I n an age of fluctuating energy prices and environmental concerns, engineers and scien-
tists are locked into a worldwide race to improve energy technologies. Through hard work 
and investment, these innovators are creating more efficient photovoltaic cells, responsive 
energy management software, and wireless energy transmission devices. Some of the 

greatest potential gains, however, remain to be harvested through energy system integration 
and networking, which ultimately will transform all forms of energy into a fungible commodity. 
Consider current challenges of converting energy and synchronizing sources with loads—for 
example, capturing solar energy to provide hot water and heat at night, or supplying transporta-
tion fuel. We need a paradigm shift that dissolves existing boundaries and enables us to manage 
energy seamlessly and interchangeably.

Modern information networks enable data conversion, distribution, and access through 
flexible hardware/software components that readily integrate into an endless variety of applica-
tions. This network approach has evolved rapidly in recent years, and may offer a useful example 
for energy systems. Two decades ago, only a few imagined the capability to check out a book 
or rent movies online; today, school children routinely download entire movies onto their tele-
phones with high-resolution screens that are too small for older adults even to watch.
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Imagine replacing today’s taxonomy of 
discrete energy components and machines 
with a pervasive, integrated architecture, 
akin to modern information systems. Energy 
would be collected, stored, converted, redis-
tributed, and used in a plug-and-play manner. 
Transcending even the latest concepts for 
smart electrical distribution grids or devices, 
this construct would encompass all forms 
of energy—electrical, chemical, thermal, or 
kinetic—enabling seamless conversion and 
exchange. Such scalable energy networks 
could help mitigate some of our most urgent 
energy challenges, such as operational insta-
bility and vulnerability of the domestic power 
grid, especially considering the incipient 
proliferation of dynamic influences such as 
distributed micro-generation1 (for example, 
roof-mounted solar panels) and plug-in elec-
tric/hybrid vehicles.

The imperative extends to our national 
security when one considers American 
Soldiers who defend us by patrolling rugged, 
remote areas of the world while carrying 
tens of pounds of batteries;2 combat vehicles 

with insufficient capability to power onboard 
systems in an extended silent watch mode; 
and combat forces diverted to secure resupply 
convoys, largely delivering water and fuel.3

Historical Context
Energy concepts have evolved over the 

centuries, but have not achieved a maturity 
level that provides for the flexible architec-
tures and seamless integration such as those 
that have transformed information and 
knowledge. Since the industrial revolution, 
energy systems such as vehicles, lighting, and 
manufacturing equipment have reflected a 
steady progression of performance, efficiency, 
and reliability improvements, benefitting 
largely from advancements in materials and 
manufacturing. Unlike modern notions 
of information as a ubiquitous and fluid 
medium, however, we still conceive of energy 
in terms of basic components:

■■ sources: oil reservoirs, coal mines, 
wind, geothermal wells, nuclear fuel

■■ storage: batteries, fuel tanks, thermal 
mass, flywheels

■■ conversion: boilers, generators, com-
pressors, transformers, battery chargers

■■ distribution: pumps, pipes, switches, 
cables

■■ applications: lighting, automobiles, 
personal electronic devices.

With increased public awareness and an 
apparent inflection point in both the impor-
tance of (and global competition for) energy, 
the time has come to advance holistic and 
systematic energy concepts, using an analogy 
of modern information networks.

Some of the most dramatic recent 
advances in energy performance reflect 
integration of information and energy—
manifested, for example, in digital systems 
that control modern automobile engines 
and home heating/air conditioning systems. 
The North American electrical grid, often 
termed the world’s largest machine, illustrates 
the challenges inherent in connecting and 
synchronizing diverse energy sources and 
loads (see figure 1). Hundreds of utilities 
coordinate with independent system opera-
tors and regional transmission authorities,4 
using state-of-the-art sensors, modeling, 
communications, and information-driven 
control technologies to manage the dynamic 
balance of electrical power across the conti-
nent.5 As Eric Lerner and others point out, the 
expanse, complexity, and dynamic nature of 
the grid demand extensive systems modeling 
and control to manage it in a reliable manner, 
seeking to avoid such contingencies as the 
massive East Coast power outage of 2003.6

Given the challenges of integrating and 
synchronizing real-time electrical power, it 
might seem impossible to implement practical 
energy networks that somehow connect the 
energy in our automobiles, iPods, furnaces, 
and bath water. Given the right perspective, 
however, these complicating factors of time 
and physics may actually contribute the addi-
tional degrees of freedom needed to take that 
leap. Consider today’s flexible, resilient infor-
mation networks woven with strands of satel-
lite communications, fiber optics, 4G—and 
even copper wire. These information archi-
tectures leverage asynchronicity and diversity 
through buffers, redundant pathways, and 
backup storage functions to enable nearly 
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Figure 1. Regions and Balancing Authorities 

As of August 1, 2007
Key: FRCC: Florida Reliability Coordinating Council, Inc.; MRO: Midwest Reliability Organization; NPCC: Northeast Power 
Coordinating Council; RFC: Reliability First Corporation; SERC: SERC Reliability Corporation; SPP: Southwest Power Pool; 
TRE: Texas Regional Entity; WECC: Western Electricity Coordinating Council
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seamless access to knowledge and communi-
cations upon which we have come to rely.

Network Thinking
In The Rise of the Network Society, 

Manuel Castells describes how the infor-
mation technology revolution has trans-
formed personal relationships and business 
processes, and has driven globalization.7 
We once thought of information as static 
data—books, file cabinets, and libraries. In 
contrast, the words information technology 
evoke images of dynamic processes and tools 
that enhance both capabilities and lifestyles. 
In the 21st century, a typical American house-
hold needs cable television, Internet service, 
cellular telephones—even smart appliances. 
Personal electronic devices have become 
adaptive tools that not only enable multi-
media communications, but also perform 
any number of other tasks ranging from 
home shopping to metal detection. With a 
few keystrokes, consumers can customize 
their telephones simply by selecting any of 
the hundreds of thousands of programs or 
applications available from friends, vendors, 
or app stores, such as the iPhone Store or 
Android Market.

In the industrial sector, automotive engi-
neers can now reproduce a classic car using 
automated information systems to manage 
the process from end-to-end. A laptop com-
puter running off-the-shelf photogrammetry 
software uses laser scanners to capture every 
surface contour and dimension.8 Computer-
aided design and manufacturing systems, 
coupled with modern manufacturing equip-
ment, can quickly reproduce the car body 
with remarkable fidelity. At the customer’s 
option, the design team can produce under-
the-hood systems that mimic the original or, 
alternatively, customize the drive train and 
suspension for state-of-the-art performance.

Scalable Energy Networks
In the new reality, scalable energy 

networks will enable energy to be managed 
safely, efficiently, and interchangeably. Flex-
ible, ad hoc networks will produce, store, 
convert, prioritize, allocate, and distribute/
redistribute energy as needed. Through 
integrated architectures, industrial and home 
systems will gradually incorporate more 
closed cycles—for example, capturing energy 
from renewable sources (wind, sun) or waste 
heat (stove, dryer exhaust) and storing it in 

thermal mass (concrete floor) or chemical/
electrochemical energy (fuel, batteries).

Intelligent systems will monitor energy 
flows, anticipate usage patterns, and manage 
buffers, improving energy use in work tasks, 
home lives, and leisure activities. Much as 
we configure preferences and applications 
on today’s personal computers, future work 
processes will integrate indicators, options, 
and settings, enabling the energy network 
to balance parameters such as reliability, 
speed, and economy—all consistent with 
our needs. Separate charge indicators, fuel 
gauges, and thermometers will give way to 
intuitive, composite icons, accompanied by 
selection options. To appreciate the nature 
of this ergonomic shift, one need only con-
trast the intuitive functionality of today’s 
Web search engines—helpful to the point of 
annoyance—to the challenge of program-
ming a home thermostat based, at best, upon 
interpretation of household energy bills.

In a constrained or dynamic situa-
tion, the scalable energy network concept 
could provide a critical edge. Consider, 
for example, a small Army unit ordered 
to search a particular neighborhood. The 
platoon would convoy from its forward 
operating base, then dismount and patrol the 
community using various devices, includ-
ing weapons, sensors, radios, and electronic 
translators. Such networks might allow 
vehicles and Soldier-carried devices to be 
charged at the base camp, drawing power 
from the local grid, if available. During the 
movement phase, all systems would share 
vehicle power, with energy priority allocated 
to propulsion, sensors, and communications 
systems. During the subsequent dismounted 
search, Soldier batteries would continue 
to charge when within range of a vehicle-
mounted wireless energy hotspot, while 
radars sleep to conserve energy in favor of 
infrared search devices and translators. By 
providing interoperability, flexible configu-
ration, and intelligent/transparent energy 
management schema, the energy network 
would support critical mission tasks. Energy-
sharing and management capabilities would 
simultaneously enhance performance, 
reduce operational delays, and improve 
resource efficiency.

The network concept is not revolution-
ary in the sense that nearly every machine 
comprises a combination of energy compo-
nents such as springs, wheels, batteries, and 
displays. Yet most Americans see no irony as 

rail cars ferry coal across America, parallel-
ling but independent of the fuel tanker fleets, 
power grids, and pipelines that collectively 
power our country. Moreover, many systems 
are vulnerable to disruptions in any one of 
several energy sources. Winter power outages, 
for example, remind us of the unpleasant 
truth that a typical oil or gas furnace will not 
heat the house without power for electrical 
valves, switches, and fans—no consolation 
that the car in the garage has a full tank of 
gasoline and a charged battery. In contrast, by 
enriching connectivity and increasing liquid-
ity of energy resources, the scalable energy 
network concept would enable not only more 
efficient design, but would also replace com-
pound failure modes with increased resilience.

Component Technologies
How might we transform traditionally 

rigid energy systems architectures into the 
sort of flexible, resilient, and useful informa-
tion networks that have essentially flattened 
the world? As a first step, consider apparent 
parallels between information and energy 
system components (see table).

Sources. Networks ultimately require 
energy captured or extracted from some 
source, whether coal combustion, nuclear 

in a constrained or dynamic 
situation, the scalable energy 

network concept could 
provide a critical edge
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fission, wind turbines, photovoltaic panels, 
or waste heat. Compare this function to data 
collection through keyboards, microphones, 
sensors, database searches, and Web crawlers. 
Scalable energy network designers will stress 
alignment of source and application char-
acteristics, such as voltage, temperature, or 
entropy to the respective process interface (for 
example, mating solar or waste heat sources 
with domestic water heating).

Storage. We store energy in respective 
forms and quantities to support applications 
and to optimize network functions. Just 
as we configure caches, buffers, and hard 
drives to archive documents, enrich video 
displays, and optimize complex calculations, 
so we use capacitors, batteries, fuel tanks, 
and thermal mass to start automobiles, 
maintain building temperatures, and run 
solar-powered lights at night.

Conversion. Nearly every process 
involves energy conversion from one form to 
another. Winding a watch converts motion 
to spring tension; car engines burn fuel to 
produce motion. In general, energy conver-
sion accounts for most system efficiency 
losses. With many of today’s thermodynamic 
processes, such as internal combustion 
engines, operating at 10 to 30 percent effi-
ciency, and theoretical constraints (depending 
upon the process) below 50 percent, energy 
practitioners appropriately are pursuing 
incremental improvements and alterna-
tives. Considering the room for improve-
ment, success could bring disruptive overall 
process improvements—just as information 
systems processes have been transformed by 
conversion process migration from ancient 
storytelling traditions and primitive painting 
to electronic processors, Web crawlers, and 
intelligent speech recognition routines.

Distribution. To be useful, networks 
must efficiently move and manage energy 

among collection, storage, and conversion 
nodes. Maturing information technology con-
cepts have driven a proliferation of transfer 
technologies, such as portable media, wired 
and wireless protocols, and management 
functions integrated into routers and switches. 
Today’s energy distribution technologies 
remain segregated by the respective media, 
such as fuel, electricity, and batteries. A scal-
able network approach might lead to new or 
improved media-specific technologies, such 
as free-space transmission (wireless “energy 
beaming”), as well as development of hybrid 
systems that would simultaneously manage 
multiple forms of energy.

Applications. Energy brings the 
motion, heat, or signal propagation to 

vehicles, homes, and radios. While many 
information applications have become virtu-
ally indistinguishable from the tools that we 
use to conduct business—witness the trans-
parent integration of Internet search, GPS 
location, and communication functions into 
a smart phone—energy applications remain 
relatively discrete. Automobiles, stoves, 
and lights each embody energy to perform 
singular functions, although plug-in hybrid 
vehicles, for example, reflect a trend toward 
synergistic integration of energy technolo-
gies to improve flexibility and efficiency. 
In this example, the vehicles may someday 
serve an additional function as distributed 
energy buffers for the electrical grid. Will 
we eventually use our “smart Joule” device 
to draw from the most readily available and 
inexpensive energy source, selecting among 
energy “hotspot” providers to warm our 
hands or power our laptop, or will such a 
device be unnecessary as the energy network 
is seamlessly integrated into vehicles, homes, 
and information systems?

Airmen prepare to run fiber optic cables to improve connectivity at Camp Herat, Afghanistan

U.S. Air Force (Quinton Russ)
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Table. Parallels Between Information and Energy System Components
Function Information examples Energy examples

Sources
Observation, printed media, sound, Web sites, databases, sensor/
camera, transducer

Motion (induction), piezoelectric, waste/solar heat, photovoltaic, wind, 
petroleum, nuclear

Storage
Book, optical media (CD/DVD), flash media   
hard drive 

Thermal mass, flywheel  inductor, battery, fuel tank

Conversion Keyboard, scanner, printer, modem, interface card, optical drive Fire, light, generator, fuel cell, battery charger, motor, compressor

Distribution
Mail, telephone, email, wireless, infrared, 4G, microwave, twisted 
pair, router, switch 

Wire (AC/DC), pipeline, tanker, truck (fuel, batteries), microwave, laser, 
transformer, breaker, switch

Application
Word processor, online shopping, entertainment, engine controller, 
computer-aided design, radar

Heating/cooling/lighting, entertainment systems, transportation, power 
tools, radar






