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PREFACE

Digital networks are the foundation of the information services, such as
cell phones, e-mail, and the Internet, and are an expanding and indispensable
part of our lives. With the wide availability of these networks, many of the
devices and equipment we use in buildings increasingly depend on these
networks for the functions they perform. Today, networked devices are mostly
electronics, but other types of devices are gaining rich communications ability.
While the information services provided by these networks are perceived
almost universally to provide a net benefit to society, one drawback to these
networks is that they increase energy use, both through the direct energy use of
the network interfaces and equipment that comprise the network, and in the
effect they have on the operating patterns of devices connected to the network.
This book investigates a variety of technology and policy issues related to the
energy used by digital networks to further the development of several energy
efficiency technologies. Several of these technologies have since been
introduced to the market, saving energy in California, the United States, and
globally.

Chapter 1 — Digital networks are the foundation of the information
services, and play an expanding and indispensable role in our lives, via the
Internet, email, mobile phones, etc. However, these networks consume energy,
both through the direct energy use of the network interfaces and equipment
that comprise the network, and in the effect they have on the operating patterns
of devices connected to the network. The purpose of this research was to
investigate a variety of technology and policy issues related to the energy use
caused by digital networks, and to further develop several energy-efficiency
technologies targeted at networks.
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Improving network energy efficiency often requires addressing not just
one device but the network as a whole. For this reason, much of the project
research conducted focused on influencing the standard protocols and
applications that define the network:

e  Working with the Institute of Electrical and Electronic Engineers, this
project supported creation of a new technology standard, IEEE
802.3az (“Energy Efficient Ethernet”) to enable most Ethernet link
technologies to save energy when lightly used, which is most of the
time for most interfaces.

e In partnership with the University of South Florida, Intel Corporation,
and others, researchers developed the network connectivity proxying
concept. The team then worked with the Ecma International standards
organization, and its many member companies, to create a technology
standard for network proxying.

o  Network connections are a significant driver of set-top box energy
use, and network presence proxying is an important technology to
reduce this energy use.

The project demonstrated that targeted investment in research and
technology on networks by the energy efficiency community can result in
considerable energy savings. The project findings can be applied to help
California meet its energy goals in the coming decades, and also to reduce
energy use both nationally and globally.

Chapter 2 — Data centers are a significant and growing component of
electricity demand in the United States. This paper presents a bottom up model
that can be used to estimate total data center electricity demand within a region
as well as the potential electricity savings associated with energy efficiency
improvements. The model is applied to estimate 2008 U.S. data center
electricity demand and the technical potential for electricity savings associated
with major measures for IT devices and infrastructure equipment. Results
suggest that 2008 demand was approximately 69 billion kilowatt-hours (1.8%
of 2008 total U.S. electricity sales) and that it may be technically feasible to
reduce this demand by up to 80% (to 13 billion kilowatt-hours) through
aggressive pursuit of energy efficiency measures. Measure-level savings
estimates are provided, which shed light on the relative importance of different
measures at the national level. Measures applied to servers are found to have
the greatest contribution to potential savings.
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Chapter 1

ENERGY EFFICIENT DIGITAL NETWORKS*
Bruce Nordman, Steven Lanzisera and Richard Brown

ABSTRACT

Digital networks are the foundation of the information services, and
play an expanding and indispensable role in our lives, via the Internet,
email, mobile phones, etc. However, these networks consume energy,
both through the direct energy use of the network interfaces and
equipment that comprise the network, and in the effect they have on the
operating patterns of devices connected to the network. The purpose of
this research was to investigate a variety of technology and policy issues
related to the energy use caused by digital networks, and to further
develop several energy-efficiency technologies targeted at networks.

Improving network energy efficiency often requires addressing not
just one device but the network as a whole. For this reason, much of the
project research conducted focused on influencing the standard protocols
and applications that define the network:

e Working with the Institute of Electrical and Electronic Engineers,
this project supported creation of a new technology standard, IEEE
802.3az (“Energy Efficient Ethernet”) to enable most Ethernet link
technologies to save energy when lightly used, which is most of the
time for most interfaces.

This report, LBNL-6254E, was released by the Lawrence Berkeley National Laboratory,
Environmental Energy Technologies Division.
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e In partnership with the University of South Florida, Intel
Corporation, and others, researchers developed the network
connectivity proxying concept. The team then worked with the Ecma
International standards organization, and its many member
companies, to create a technology standard for network proxying.

e Network connections are a significant driver of set-top box energy
use, and network presence proxying is an important technology to
reduce this energy use.

The project demonstrated that targeted investment in research and
technology on networks by the energy efficiency community can
result in considerable energy savings. The project findings can be
applied to help California meet its energy goals in the coming
decades, and also to reduce energy use both nationally and globally.

EXECUTIVE SUMMARY

Background

Digital networks are the foundation of the information services, such as
cell phones, e-mail, and the Internet, and are an expanding and indispensable
part of our lives. With the wide availability of these networks, many of the
devices and equipment we use in buildings increasingly depend on these
networks for the functions they perform. Today, networked devices are mostly
electronics, but other types of devices are gaining rich communications ability.
While the information services provided by these networks are perceived
almost universally to provide a net benefit to society, one drawback to these
networks is that they increase energy use, both through the direct energy use of
the network interfaces and equipment that comprise the network, and in the
effect they have on the operating patterns of devices connected to the network.
Until this project began, there was no significant effort to address the energy
consequences of networks in order to save energy through improved
technologies and policy.

Purpose

The purpose of this research was to investigate a variety of technology and
policy issues related to the energy used by digital networks, and to further the
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development of several energy-efficiency technologies targeted at networks.
Several of these technologies have since been introduced to the market, saving
energy in California, the United States, and globally. By collecting and
compiling technical information about digital networks, this project sought to
help improve policy making from the state through global level.
Understanding how these products and technologies affect energy
consumption will enable the California Energy Commission and other
stakeholders to identify cost-effective energy savings in this area.

Because networks are by their very nature a collection of devices,
improving network energy efficiency often requires addressing not just one
device but the network as a whole. In many cases this can only be achieved by
influencing the standard protocols and applications that define the network.
For this reason, much of the research conducted in the project focused on these
network standards.

Research Objectives
The project had the following research objectives:

¢ Advance the potential for Ethernet technology to save energy through
changing behavior at times of low data-traffic levels.

e Conduct research on network connectivity proxying, to allow
electronic devices to sleep while still connected to the network, with
emphasis on how proxying might be standardized and brought into the
market.

»  Estimate and document the current electricity consumption of network
equipment in the United States, and suggest policy measures to reduce
it in the future.

e Assess how power consumption is addressed in audio-video network
communications technologies such as IEEE 1394,

e Review how connected audio-video devices currently allow their
power state to be managed over the network, and develop strategies
for how this capability should evolve in the future by minimizing the
time devices are on when not needed and enabling maximum energy
savings.

e Understand key issues about set-top box energy use, and recommend
actions that the Energy Commission may undertake to reduce this.
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* Investigate the energy use of hard-wired and builder-installed
equipment in new homes, and assess whether energy-intensive
equipment types have commercially available products that can
significantly reduce energy use.

Research Outcomes

e Working with the Institute of Electrical and Electronic Engineers, this
project supported creation of a new technology standard, IEEE
802.3az (also known as “Energy Efficient Ethernet”) to enable most
Ethernet link technologies to save energy when lightly used, which is
most of the time for most interfaces.

e The research team worked with collaborators from the University of
South Florida, Intel Corporation, and elsewhere to develop the
network connectivity proxying concept. The team then worked with
the Ecma International standards organization, and its many member
companies, to create a technology standard for network proxying.

e The research team created the first national estimate of network
equipment energy use. This research also identified policy directions
for California to take in reducing the energy use of network
equipment.

e Through careful review of draft Ethernet standards the research team
clarified that there was no fundamental conflict between Ethernet
Audio/Video Bridging (an emerging networking technology for
transmission of audio-video content) and Energy Efficient Ethernet.
the project researchers identified several clarifications to assure
maximum compatibility between these two technologies.

e The research team created a generic approach to addressing inter-
device power control of audio-video products that can be the basis of
future technology standards for this industry.

e This research concluded that network connections are a significant
driver of set-top box energy use, and identified network presence
proxying as an important technology to reduce this energy use.

All of these results enable energy savings nationally and globally,
contributing to the California Energy Commission’s carbon-reduction goals.
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Conclusion

This project showed that networks use significant amounts of California
energy, and reduction measures merit attention and investment. The project
also showed that network energy use has been increasing and will continue to
do so in the near term. Thirdly, the project also demonstrated that targeted
investment in research and technology on networks by the energy efficiency
community can result in new technology that saves considerable energy. This
type of activity will be necessary for California to meet its own goals for
energy saving in the coming decades, as well as to save energy on national and
global scales.

Recommendations

Networks provide a continuing source of increases in energy use, and this
project examined potential reduction strategies. A deep understanding of how
network technology affects energy use is essential to choosing how to respond
to this challenge. While there is growing interest in the topic nationally and
globally, California remains a leader - leveraging our concentration of
companies that drive the network industry and electronics generally. The
research team recommends:

» Consider potential network issues in new and updated standards for
buildings and equipment, including test procedures.

e Identify the most promising near-term technology development
options for the Energy Commission to extend California’s current
track record of working with industry for the benefit of consumers and
energy efficiency.

» Demonstrate proxying technology, with an eye to greatly increasing
the share of personal computers on the market with proxying
capability and to similarly increase proxy use by customers.

» Assess how the networking capabilities of smart appliances and Smart
Grid-enabled equipment will affect the energy use of these products,
and identify ways to reduce the energy impact of these networking
capabilities.
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Benefits to California
The short-term, direct benefits to California are as follows:

e As a result of the Energy Efficient Ethernet, energy savings for
California should eventually reach tens of millions of dollars per year
at little or no cost to consumers.

*  Hundreds of millions of dollars per year of electricity in California are
used by computers that are fully on, but idle. Proxying has the
potential to reduce this significantly at very low cost. An increasing
number of devices, besides computers, have sophisticated network
connectivity and so could benefit from the technology.

e California now has an accurate and detailed estimate of network
equipment energy use, a method to track changes in the total over
time, and policy prescriptions to address this growing area of energy
use.

e The Ethernet technologies for Ethernet Audio/Video Bridging and
Energy Efficient Ethernet can be compatibly implemented, making
Ethernet an efficient and viable alternative technology for networking
audio and video devices.

e Groundwork has been laid for future standards development to make
audio-video devices easier to use and to make power management
more transparent and automatic, enabling large savings at virtually no
cost.

e California policy-makers now have two identified technologies—
Energy Efficient Ethernet and network presence proxying—that can
reduce set-top box energy use in the state by 50 percent or more.

SECTION 1: PROJECT GOALS AND OBJECTIVES

This research project explored energy use and potential savings measures
for a variety of networking technologies applied to electronic products,
including Ethernet, network presence proxying, network equipment, audio-
visual bridging, inter-device power control, set-top boxes, and hard-wired and
builder-installed equipment. The project also took significant steps toward
transforming the markets for digital networks.
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Introduction

In a universe of diverse devices, digital networks communicate a vast
array of types of information. These networks are analogous to the pavement
and intersections of the U.S. road systems, which move many different sizes,
capacities, and designs of wvehicles. Digital networks instead transmit
information, in packets of varying size and complexity. These networks are
deeply integrated in our lives, making possible e-mail, cell phones, the
Internet, and other information services.

Digital networks are made up of two types of devices, as shown in Figure

1. Network devices (such as switches, routers, modems, and firewalls)
whose primary or only function is to provide network connectivity

2. Networked devices (such as personal computers, set-top boxes, and
more recently, televisions), which have some other primary function

All of the devices have network interface controllers (NICs), which move
data from the formats used within electronic products to a format used on a
network link. A common example of an NIC is the internal personal computer
bus (such as a peripheral component interconnect, or PCI) within modern-day
computers. A network link is a length of electrical wire, a fiber optic cable, or
radio transmissions connecting the two NICs. For data to be transmitted from
one device (such as a personal computer) to another device (such as a web
server), data packets pass through network switches, routers, and/or servers.

Networks affect energy consumption in several ways:

1. The direct consumption of network interface hardware

2. The direct consumption of network products (e.g., switches and
modems)

3. The induced consumption of other products (especially PCs and set-
top boxes) by their being in a higher power state than otherwise
necessary by virtue of being network-connected.

Most aspects of how a device interacts with a digital network are
determined by (1) the other devices on the network, and (2) the industry
standards that define behaviors, and therefore are beyond the individual
device’s control. Low power mode savings for products such as PCs and set-
top boxes are possible only with an efficiently operating network. Addressing
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network standards is the only way to reduce or contain a considerable portion
of the energy consumption from electronic devices.

—

Network
Product

-

Networked Product

Networked Product

ﬁ

Source: Authors.

Figure 1. Network and Networked Devices.

Background

At the launch of the Energy Efficient Digital Networks project, energy
professionals were not experts in key network technologies, and energy
savings and efficiency were uncharted territory to most network
professionals—there was little intersection between these two fields. In
general, little attention was paid to energy analysis and efficiency research
when designing digital networks. Design priorities instead focused on
performance, reliability, protocol sophistication, security, and hardware cost,
while energy was a minor concern or completely absent (Christensen,
Gunaratne, et al. 2004). In 2006, no entities whose core mission was energy
research were involved in developing the standards responsible for most
network energy use.

Mobile devices proved to be the exception, where energy efficiency has
long been a design priority because they run on battery power. In 2006,
examples included cell phones (to maximize time between charges and to
increase service provider revenue and user amenities), personal area networks,
and sensor networks. Since that time, mobile devices have expanded to include
smart phones, tablets, and miscellaneous Wi-Fi-enabled devices.
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When this project started, digital networks were a major building
electricity end use, transmitting over 4000 petabytes (1 petabyte = 10" bytes)
per month, consuming 13,300 gigawatt-hours per year (GWh/year) and costing
U.S. ratepayers over $1.4 billion dollars annually.

The following sections summarize the baseline conditions for the various
activities conducted under this project and discuss accomplishments for each
of the project areas of concentration.

Energy Efficient Ethernet (EEE)

At project launch in 2006, the most common type of Ethernet network
interface controller (NIC) had a peak link rate of 1 gigabit per second (Gb/s)
but could also operate at 100 megabits per second (Mb/s) and 10 Mb/s (note
that less power is used at the lower link speeds than at the higher ones). These
NICs could only switch speeds over time scales of a few seconds, which was
far too long for most applications. In addition, existing operating systems were
not able to facilitate the Adaptive Link Rate (ALR) capabilities for energy
savings.

In September 2010, the IEEE Standards Board approved IEEE 802.3az,
adopting an active/idle approach, in which a link with low utilization would
sleep between packets, thus saving energy. Products meeting this standard are
currently reaching the market. The U.S.

Environmental Protection Agency’s ENERGY STAR® program will
incorporate the standard into its specifications, as feasible. Energy Efficient
Ethernet will yield an anticipated $400 million per year in energy bill savings
for the current stock of links in the United States, which will translate into
more than $1 billion of savings worldwide.

Network Presence Proxying
In 2006, most PC energy use occurred when no one was present, and

network connectivity was a key barrier to using sleep mode. Proxying can
enable network connectivity during sleep mode, but in 2006 proxying was not
available on an Ethernet network. In February 2010, the standards group Ecma
International approved a standard that defined proxying. ENERGY STAR is
ready to incorporate Ecma’s proxying standard into its specifications.

Energy Efficiency Specifications for Network Equipment
At the inception of this project, there was a significant range in product
efficiencies for network equipment, resulting from a variety of technology and
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design choices. Table 1 shows the quantities of energy used by network
equipment in 2008.

Table 1. Energy Used by Network Equipment in 2008

California United States | World
Energy Use, in terawatt-hours 2.2 18 51
Annual Growth (%) 6 6 9

Major electricity consumers include residential equipment and enterprise
switches; consequently energy test methodologies were developed for these
classes of equipment. This work will guide the ENERGY STAR process.

Ethernet Audio/Video Bridging (AVB) Standards

In 2006, IEEE 1394 appeared to be the leading audio-video (AV)
standard, but passing real-time audio and video over Ethernet is now a
leading technology in AV networking. This task addressed the need for
AVB links to be designed with energy-efficient features in mind. Although
EEE and Ethernet AVB have no inherent conflicts, additional work was
needed to ensure that there were no conflicts in practice. A suite of
standards, currently in varying stages of development, will enable delivery
of audio and video streams with service quality guarantees while still
supporting EEE.

Consumer Electronics (CE) Inter-Device Power Control

This project started to address the lack of interoperability for power
control in devices. Remote controls for different brands and types of devices
did not work well together, and emerging and existing networking standards
(such as high-definition multimedia interface, or HDMI) did not require
interoperable controls. This project developed a general power control method
that all devices can follow to minimize energy use. This set of behaviors was
applied to the HDMI 1.3 standard, and a group of commands was proposed to
implement control principles.

Energy-Efficient Set-Top Box

Set-top boxes (STB) have proven to be a difficult energy problem to solve
because many STBs consume 20 to 30 watts (W), even when off (i.e., the end-
user presses the “off” button). As a result, the typical set-top box consumes
most of its energy when it is not providing any useful function. At project
launch, set-top boxes did not have low-power operating modes for a number of
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reasons: (1) energy efficiency was not an important design criterion for the
manufacturer, (2) the data network to which the set-top box was attached
required frequent communication with the box to maintain network
connectivity, or (3) for content security. In 2010, set-top boxes used 2.4
terawatt-hours (TWh) in California, and 20 TWh nationwide. This project
surveyed the many types of connections on STBs, how these links affected
energy use, and how public policy is influencing STB energy use.

Reducing Energy Use of Hard-Wired and Builder-Installed
Miscellaneous Equipment in New Homes

Builders install a wide variety of “miscellaneous electrical devices in
new homes, such as smoke alarms and garage door openers. The energy use of
these devices was not addressed in the Title 24 building code, nor was it
addressed through equipment standards such as Title 20 or the federal
appliance efficiency standards. For builders who would like to purchase and
install more efficient devices, little to no information was available for them to
distinguish between the energy use of competing models. In fact, most of these
products do not have standard test procedures for measuring their energy use.
Only a few categories of builder-installed devices, mostly consumer
electronics devices, are covered by voluntary labeling programs such as
ENERGY STAR.

In aggregate, many types of builder-installed equipment use significant
amounts of energy. For this project, researchers conducted laboratory metering
of four equipment types:

»  Garage door openers

e lrrigation controllers

e Ground fault circuit interrupter (GFCI) outlets
e Doorbell transformers

This study's findings on typical power and energy use of irrigation
controllers were presented at the Title 20 hearing.

Transforming the Markets for Digital Networks
Over 60 market connection activities were undertaken to accelerate market

transformation of energy efficient digital networks. Highlights are presented in
Section 9, and categorized by function or outlet:
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* Internet and Print Publications, Broadcast Media
e Technology Standards Development

e Public Policy

e Speaking Engagements

Motivation

The energy use of electronic devices is increasing rapidly, partly because
of the proliferation of these devices, and also because these devices are
powered on a significant proportion of the time. Often, this elevated “on" time
is not due to increased use but simply to maintain communication with other
devices. As Mouawad and Galbraith put it in a New York Times article,

“Part of the problem is that many modern gadgets cannot entirely be
turned off; even when not in use, they draw electricity while they await a
signal from a remote control or wait to record a television program.”
(Mouawad and Galbraith 2009)

The ability for electronic products to communicate among themselves
(i.e., their networking capability) has become a hindrance to saving energy in
these devices. While most components of electronic and other devices can be
made more efficient solely within the confines of a single product model, the
requirements and capabilities of networks are defined by standard protocols,
applications, and other electronic products that are on (or potentially on) the
network (Nordman and Christensen 2005). For standards-based markets, when
an energy-saving feature is absent from the standard, even motivated
manufacturers are precluded from incorporating the technology into their
products. Also, mandatory energy regulations are problematic for networks,
given the fast-moving nature of the technology and the complex nature of
many network standards. While network standards are global, almost all of the
standards-setting activity is in the United States, with a great number of the
participating individuals and companies in California.

This project’s overall technical goal was to save significant electricity by
bringing a focused energy efficiency effort to a heretofore untapped area—
digital networks. This project endeavored to save energy in California homes
and businesses by improving efficiency through a number of methods:
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e Network interfaces and network links. The plan to increase
efficiency involved taking advantage of the fact that, for the great
majority of time, data transmission rates usually were a small fraction
of the link capacity (Odlyzko 2003).

e Network products. In 2006, energy-efficiency efforts (e.g.,
ENERGY STAR, state and utility programs, and international efforts)
had generally made no effort to address network products. At that
time there were wide variations in the efficiency of products that
deliver similar services (Nordman and Christensen 2005). The use of
more efficient products could significantly reduce network-related
energy consumption and costs.

e Network protocols. In 2006 there existed many opportunities to
modify network protocols (those presently in use or ones in
development) to add functionality to reduce energy use or enhance
existing functionality. These are present in several of the “layers” of
network technology, from the lower electrical levels through to higher
level application layers. Many of these efficiency increases can be
accomplished solely with changes to software so that there is no
incremental manufacturing cost resulting from implementation
(Gunaratne et al. 2005).

« Benefits. Energy benefits of this program included savings to
California residents and commercial building operators; reduced and
more predictable growth in demand for utilities; and the potential for
better control of electronic and other devices.

Many companies that manufacture network products are located within
California. For network products, there is no distinct California market (except
possibly in the case of service-provider purchased items such as set-top boxes
and broadband modems), and in many cases, no distinct U.S. market. Since
manufacturers design products and then ship them to a global market, savings
that accrue to California will ultimately accrue to the United States, and even
to a global community. For several tasks, the goal was to transform the entire
market. In others, the goal was simply to affect most of the market. The
implementation of most of these tasks should not increase product purchase
price, so 100 percent of the savings should directly benefit customers. For
tasks that may have an increased manufacturing cost (such as proxying and
efficiency specifications), the payback times are expected to be extremely
short; for example, a few months.
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SECTION 2: ENERGY EFFICIENT ETHERNET

Introduction

This section covers the Adaptive Link Rate (ALR) task (formerly “Power-
Efficient Ethernet Links” task) of the Energy Efficient Digital Networks
project. The “brand name” for the resulting standard adopted by IEEE is
“Energy Efficient Ethernet” (EEE), so that name is primarily used here. The
original plan was to lay out possible and recommended approaches for
standardizing more efficient Ethernet technology. However, during this project
the relevant IEEE process actually began, so the focus shifted from planning to
implementation. As expected, progress was principally accomplished through
the IEEE standards organization and the individuals participating in that
process. It was assisted by the Ethernet Alliance, ENERGY STAR, and
Lawrence Berkeley National Laboratory (LBNL). The standards process and
the relevant technology issues are key aspects of this work.

Background

Technical Origin

The ALR concept grew out of discussions between Ken Christensen at the
University of South Florida (USF) and Bruce Nordman, from LBNL, about
network connectivity proxying (see Section 3). The issue at hand was whether
a PC network interface controller (NIC) would have sufficient power available
to power a processor that would implement the proxying functionality. Typical
PC implementations had only a few watts of power available to the NIC while
the system was asleep. Some notebook PCs on the market at that time lowered
their link rate on Ethernet links from 1 Gb/s (1000 Mb/s) to either 100 Mb/s or
10 Mbf/s, to reduce energy use and extend battery life. The power saved by
doing this could be shifted to a processor that could implement proxying.
Recognizing that low utilization was not only a feature of sleep time, but also
frequent in normal operation, Christensen and Nordman developed the idea to
enable changing the link rate at any time utilization was low, and thus save
power when the system was active.

Changing the link rate has always been possible by dropping the link and
then renegotiating it at a different rate, but this takes about two seconds. Two
seconds is an eternity for networks. This is not acceptable during normal
operation, and the key for ALR was to define a way to switch speeds during
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operation and much more quickly—ideally in some number of milliseconds,
rather than seconds.

Standards Activities

Origin

gThe EEDN ALR work originated in a 2005 plenary presentation to IEEE
802 by Ken Christensen and Bruce Nordman (Nordman and Christensen
2005). The project plan was to further develop technical details of the ALR
concept and then present it to IEEE. As industry interest in ALR picked up in
2006, LBNL worked continuously with industry and IEEE to move the process
forward.

Once the ALR concept had been hatched, it needed to be brought to the
relevant individuals, companies, and the standards organization (IEEE 802).
Lawrence Berkeley National Laboratory already had a participant in the IEEE
802.3 working group: Mike Bennett of the Lab’s network group. His presence
in the group greatly helped in getting an evening plenary presentation slot on
the agenda for the July 2005 IEEE 802 meeting. During that presentation
(Nordman and Christensen 2005), Christensen and Nordman laid out the
rationale for why electronics—and networks specifically—were important for
energy consumption and efficiency, and presented the ALR and proxying
topics.

Standards processes are notoriously slow, and IEEE processes are no
exception. It was not until the fall of 2006 that LBNL began to work with
several industry partners to prepare a Call For Interest (CFI) for IEEE 802.3
(Barrass et al. 2006). A CFI allows creation of a study group within IEEE
802.3. It was presented at the November 2006 IEEE 802.3 meeting, and was
successful.

g Energy
QV? Efficient
Y™ Ethernet

Source: Glen Kramer.
Figure 2. The Energy Efficient Ethernet Logo.

One of the decisions in the CFI process was to use the term “Energy
Efficient Ethernet” as a generic goal, rather than the ALR terminology, which
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implied a specific technical solution. At the Dallas meeting, Glen Kramer (at
that time of Teknovus, Inc.) created the EEE logo, shown in Figure 2. It has no
official standing within IEEE, but is widely popular within the EEE process.

IEEE 802 Standards Processes

Over the many decades that IEEE has been in existence, and the thirty
years that the IEEE 802 group has existed, a large infrastructure of processes
and procedures has been developed. This includes considerations such as
openness, intellectual property, and antitrust. One aspect of this infrastructure
is that creating an IEEE 802 standard requires many individual steps; the
following is a brief overview.

Ultimately, all standards within IEEE, as well as proposals for standards
projects, are approved by the IEEE Standards Board. Proposals for new
projects pass through the New Standards committee, and actual standards (and
reaffirmations, withdrawals, etc.) pass through the Review committee. The
IEEE 802 sponsor group hosts the Ethernet working group (IEEE 802.3) as
well as groups for Wi-Fi, Bluetooth, ZigBee, WiMax, and others. Figure 3
shows the relationships among these various bodies (Figures 3 and 4 are from
EEE Task Force agenda slides, prepared by Mike Bennett).

IEEE-SA
Standards Association

Standards | Process

IEEE 802.3
Working Group
~ Approval Process |
_ Energy Efficient Ethemet
Task Force
Technical Activities

Source: IEEE Standards Association, http://standards.ieee.org/.
Figure 3. Structure of the IEEE 802 Entities.

The first formal stage in the process is the Call for Interest (CFI). A
successful CFI creates a Study Group on the stated topic area. The Study
Group is charged with creating a Project Authorization Request (PAR), as well
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as listing how the project meets the five criteria that IEEE 802 has established
as necessary for a viable project, and objectives that a standard would meet.
These documents are then forwarded to the various approval bodies for
consideration and possible approval. Figure 4 shows these processes.

Source: IEEE Standards Association, http://standards.ieee.org/.
Figure 4. Flow of the IEEE 802 Standards Approval Process.

The CFI for EEE was presented and passed in November 2006, with the
first Study Group meeting in January 2007. Mike Bennett of LBNL was
selected to chair the Study Group. The study group held six meetings, and in
July 2007 voted to ask for a PAR for the effort. Both the full IEEE 802
working group and the IEEE Standards board agreed to this in September
2007, and EEE obtained the formal name IEEE 802.3az.

Once a Task Force exists, more detailed proposals are made for methods,
technologies, and approaches to use in developing the standard’s content.
These elements are discussed and reviewed, with the Task Force eventually
selecting some for use in the standard. The Task Force needs to periodically
review the PAR and objectives from the Study Group process, to determine if
the work is staying within its scope and covering the entire set of objectives
outlined. Once sufficient proposals are selected, a project editor is selected to
create and edit the actual text for the standard. The editor identifies parts
(clauses) of the IEEE 802.3 standard that need amendment and pulls content
from the presentations and proposals into the standard in the form of text,
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tables, and figures. A cycle then begins of the editor circulating a draft, people
reviewing it and submitting comments, the editor proposing resolutions to the
comments, and the comments and proposed resolutions are reviewed at a
meeting and approved or modified. Comments may be technical (changing the
meaning of the standard) or editorial (clarifying the presentation).

For the EEE process, Sanjay Kasturia of Teranetics volunteered to be the
editor-in-chief. For this process, there are also several clause editors, and they
implemented the changes agreed to by the Task Force, and Sanjay assembled
and produced each draft. The task force produced six drafts before concluding
in July 2009 that the standard was ready for wider review.

The next phase of the process is comment and review within the IEEE
802.3 working group. This involves the same cycle of comments and
resolution as within the Task Force. Once satisfied, the working group sends it
to the IEEE 802 Executive Committee, who verify that the process has been
followed and send it to the sponsor (IEEE 802) for another round of balloting
and review.

In the course of the standards process, many draft and balloting cycles
were completed. The standard won approval from the EEE Task Force, the
Ethernet working group, the whole 802 committee, and finally the IEEE
Standards Board. This last step occurred in September 2010.

Control Policy

Early in the process, it was anticipated that a control policy would be
needed for each NIC to decide when to change the transmission speed of
the link. It was believed unnecessary to standardize the control policy, but
it was recognized as desirable to describe a sample good policy as a
reference. Adoption of the Low Power Idle approach significantly reduced
the perceived need to have a defined policy. The policy on when to shift
the speed up is no longer needed, as the link simply wakes to full speed
any time data arrives to be transmitted. The policy indicates that the link
should go to sleep if there are no data ready to send.

Technology Issues

Making Ethernet link power consumption more proportional to data traffic
brought up several technical issues that needed to be considered, researched,
evaluated, and compared. The major issues involved were latency, energy
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savings, packet loss, signaling mechanisms, and control policy. These topics
are reviewed in more detail in published papers.

Latency

Usually, networks try to forward packets of data as quickly as possible.
There is a minimum time to transmit packets across each link, which usually
has a fixed component and a variable one that depends on the packet length (as
affected by the link data rate). As packets pass through network devices, and
when link rates drop on successive links, there can be contention for access to
a link, resulting in additional delay for packets. In any non-trivial network
there is a distribution of delays for packets, which can be assessed using
various statistical measures.

All the methods that were considered added some latency (at least on
average) as a way to enable energy savings, so there is a trade-off between the
two factors. Because some latency is inherent in all networks, the question is
whether the magnitude of the increase in latency is acceptable or not.
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Figure 5. Link Performance in Relation to Rate Switching Time.

Figure 5 shows how performance of a link is affected by the time it takes
to switch link rates (Gunaratne and Christensen 2006). As the switching time
increases, the average packet delay also increases, and the energy savings (a
function of the portion of time spent in the low rate mode) drops.
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Today’s Ethernet links can change data rates (and consequently power
use) by dropping a link and renegotiating a new rate, which takes several
seconds. The ALR proposal for changing link rates envisioned a rate-
switching interval measured in milliseconds (possibly tens of milliseconds).
The Low Power Idle (LPI) approach that was ultimately used adds latencies
measured in tens or hundreds of microseconds. While ALR has longer
latencies, it should require many fewer transitions than the LPI approach does.

By using the Link Layer Discovery Protocol (LLDP) for IEEE 802.3az,
link wakeup times can be increased to enable greater energy savings. Use of
this protocol is optional, and its utility is application-dependent. Also, recent
work (Christensen et al. 2010) shows how adding latency can increase energy
savings substantially on links with low utilization, with delays that seem
readily acceptable for most applications.

Energy Savings

Figure 6 shows how power use of a network switch varies with both the
number of connected devices and with the speed of the links (Gunaratne et al.
2005). The figure shows how reducing the link rate in response to traffic
demand can save energy. Similar findings came from changing the link rate on
aPC.
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Figure 6. Network Switch Power Use in Relation to Number of Connected Devices and
Link Speed.

It is possible to implement an Ethernet standard in different ways with
very different power requirements. This has occurred with each Ethernet port
physical layer (PHY) over time, as manufacturers create more power-efficient
designs and switch to smaller and lower-voltage integrated circuit
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technologies. However, there are physical and technological limits to how
much can be accomplished through this method alone.

Each of the technologies evaluated has a different energy-saving profile.
However, at low utilizations (single digits of link capacity), the technologies
all enabled large savings. The exact savings that a given standards approach
might allow for is dependent on hardware implementation decisions, and so is
difficult for a non-manufacturer to estimate.

Packet Loss

One of the core capabilities of Internet technology is resilience to loss of
individual packets. That said, designers do try to avoid introducing
technologies which inherently lead to packet loss. One of the goals of the EEE
process within IEEE was to create a standard that did not diminish the high
levels of reliability (i.e., the bit error rate) for the link that Ethernet provides.
Loss of packets could occur if introduced latency on EEE links resulted in
buffer overflows in some network device between two edge devices on a link
(research suggests that a typical packet on the Internet passes through about 15
“hops” between source and destination). Large buffers can reduce packet loss,
but at a cost of additional power consumed.

Project Phases

The process of going from concept to standard for EEE can be divided
into a number of phases: initial idea/analysis, IEEE 802 initial discussions,
final standards development, and future issues. Lawrence Berkeley National
Laboratory was involved in all of those stages.

IEEE 802 Initial Discussions

During preparations for the IEEE 802 Call For Interest, it was decided to
shift to the term Energy Efficient Ethernet from Adaptive Link Rate, to be
more generic and not predetermine the specific technology approach. This has
been proven to be a wise move.

To understand the particular approaches considered and their advantages
and disadvantages, it is necessary to know some details about how Ethernet
works (at least for the common forms used in homes, offices, and 10 Gb/s
wired Ethernet in data centers). A cable with eight wires provides four pairs.
The data to be sent are modulated across these four pairs, in both directions. At
the speeds that Ethernet operates, the signal is beset by echoes from various
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points on the wire, and by crosstalk between adjacent wires. The technology
has sophisticated means to account for these issues so that a particular link is
described by a highly tuned set of parameters about the link that are updated
as they evolve over time. The key to a responsive link is to maintain these
parameters exactly, or close enough so that they can be refined quickly.

For the initial ALR proposal, the link parameters for each speed being
used were remembered at each end of the link, so that when the link shifted to
a new speed, the parameters most recently used could be dropped in. To
ensure that the saved parameters did not drift too far from reality, it was
supposed that occasional shifts to the other speed(s) could be put in to
maintain them as correct. This is most important for maintaining high-speed
parameters when operating at a lower speed, since it is desirable to minimize
time shifting to the higher speed when traffic picks up. When traffic drops off,
the consequences of using more time to shift to the slower speed lessen, since
there is less traffic to back up. In the course of discussions, ALR was renamed
Rapid PHY Selection (RPS) to clarify that existing PHY layer definitions
would be used, not any new modes of operation.

Two additional technologies were proposed in the course of the standards
development. A proposal called “Subset PHY” takes advantage of the fact that
Ethernet data (on higher speed links) are sent along four parallel paths in each
link. Subset PHY involves powering down three of the links when data rates
are low and waking them up as needed when traffic picks up. The remaining
link operates as normal. This strategy avoids needing to actually change the
rate, and potentially avoids transition times for the remaining link. Power
consumption can be reduced by approximately 75 percent.

The other new proposal, Low Power ldle (LPI), involves a new sleep
mode for links in which the transmitter and receiver are both powered down
for periods of time when no data are ready to transmit. This requires a
powering-down transition, a wake transition, and periodic refresh periods in
which the link parameters are tested and updated. While one might think that
data transmission would be more power-intensive than listening, on the
Ethernet the listener needs to do a large amount of processing to the signal to
filter out echoes and crosstalk, and these power needs are also substantial.

It was suggested that LPI would save more power than Subset PHY,
although this was not explicitly analyzed. Both would have saved large
amounts of energy, and both were good candidates for the standard. In the end,
the committee decided that it was easier to write a standard for LPI and to
implement LPI in hardware, so this approach was chosen. Because of the
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nature of the process and the technologies involved, it was not necessary to
make detailed estimates of relative energy savings.

Future Issues

Networks are designed around layers, and for the lower layers, integrated
circuits (or portions of them) can be roughly assigned to layers. Energy
Efficient Ethernet directly provides for saving energy in the physical layer
(moving bits along the wire), but fairly directly also enables some savings in
layer two, the data link layer. In networked systems, whether network
equipment or “edge” devices, there is a variety of circuitry associated with a
network port between the physical layer interface and the central processor
and memory where the data eventually reside. It may be possible to design
systems to power down parts of these circuits, to a sleep state, a halt state, or
just a lower-speed active state. There is usually some latency required to bring
devices out of these lower performance states to full capacity.

Normally, an Ethernet packet might arrive across a link at any time, so
receiving circuitry always needs to be ready. However, when a link is asleep, it
is known that any packet transmission will be preceded by a wake event on the
link of known duration. Thus, the waking of the other circuits could be done in
parallel to the link waking up. If the link takes longer to wake, then all is well.
If the link is quicker to wake, then that might preclude powering down the
other circuits. With this in mind, a use of the LLDP (Link Layer Discovery
Protocol) was defined to enable devices on each end of a link to negotiate
longer wake times than the standard requires. If they cannot agree, the default
is to use the standard times. Support of LLDP for this purpose is mandatory
for 10 Gb/s EEE and optional for 1 Gh/s.

Another issue is the potential for packet coalescing to increase EEE
energy savings at modest cost in performance; this is explored in detail in a
recent report by Christensen et al. (2010). The key point of this issue is that
when many packets are bunched together, the packet transmission time is large
compared to the time to wake the link and to put it back to sleep. Since the
power used during these transition times is expected to be comparable to or the
same as that used during full active mode (not low, like the LPI time), the
energy used during transitions is overhead, and so should be minimized.

Considering a starting point of evenly spaced packets that each has its own
pair of transitions to a second case in which every other packet is delayed until
the following one shows up, the amount of transition energy is cut in half. The
more packets that are “coalesced” this way, the less transition energy used, but
the benefits for each additional packet included diminish asymptotically, and
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the average amount of delay goes up. A policy that only coalesced a fixed
number of packets could introduce unacceptable delays, so a policy needs to
be characterized by a maximum number of packets (or bytes) accumulated and
maximum delay for the first packet.

A significant reduction in transition overhead is possible through
coalescing without introducing objectionable delays. This approach does not
affect the EEE standard itself, but rather is attributable to the system design.

Electronic devices like computers generally can save power at low
utilization by reducing their speed and so using less average power when
active, or by operating as fast as possible until done, then quickly dropping
into a low-power sleep state. Low-power idle uses the second approach, but
some systems as a whole may use the first. In that case, a facility for “data
throttling” (limiting the overall data throughput) could be helpful; the fact that
the throughput limiting was occurring would be strictly outside the knowledge
of the Ethernet link itself. This approach could be pursued through IEEE
802.1, the “Higher Layer LAN Protocols Working Group.”

Summary and Next Steps

Next Steps: Standards

Within IEEE 802, there has been discussion about extending EEE to other
physical layers, particularly for optical links. As yet, it is unclear what this
might mean for energy savings, and for latency. For market connection,
project researchers have been working with the U.S. Environmental Protection
Agency (U.S. EPA) to add a requirement to implement EEE into ENERGY
STAR specifications as hardware becomes available on the market. LBNL
team researchers have also approached the European Union (EU) Code of
Conduct process, as well as other international energy specifications
processes, to do the same. Finally, LBNL should explore whether there are
other physical layers that could make use of the EEE approach. This would be
most suitable to other wired technologies, as wireless ones are more likely to
already have energy-saving features for use by mobile devices. The most
likely physical layer to explore is MoCA® (Multimedia over Coax Alliance).

There are efforts within the 802.11 standard to facilitate power
management of Wi-Fi links. So far, these have been independent of the EEE
efforts, but they should be monitored and examined for potential synergies.
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Conclusion

As with most research efforts, the major issues encountered and final
result were not readily predictable at the outset. The ALR effort dealt with a
variety of technical issues and approaches to the problem at hand. The process
was able to be more focused on active standards development than had been
envisioned at the outset, and avoided the need for some of the advance work
originally outlined in this project. The project focus could then be dedicated to
help support the standards process and to work with industry toward the best
and speediest outcome. This project demonstrates that the energy efficiency
community can collaborate productively and effectively with the technology
industry for everyone’s benefit. There is a need to monitor the performance of
EEE products as they come onto the market, and to identify any technical or
market barriers to successful implementation. There is also a need to assess the
potential for methods to increase EEE savings, and to identify any role that
energy policy and research can play in accelerating savings. Finally, other
physical layers (Ethernet and not) should be investigated for their suitability to
the approaches explored here. The major surprise in the process was that we
were able to launch the standards process before doing more detailed technical
work. This allowed us to devote more resources to the standards process itself
than would have been possible otherwise. There was also an unexpected shift
in technology approach during the standards process, from Adaptive Link Rate
to low-power idle, but that was not a problem for the project, nor for saving
energy. Perhaps the major implication of this project, other than the energy
saved through EEE itself, is confirmation that the energy efficiency
community can actively engage the technology industry to help create and
move forward more energy-efficient technologies, particularly when they are
standards-based. Standards-based processes are inherently collective, and so
can use and leverage public sector resources in a way that is impossible when
technology approaches are limited to one or a few companies.

SECTION 3: NETWORK PRESENCE PROXYING

Introduction

This section covers the project’s Proxying work, which pursued the
following goals:
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» Create a specification that will enable network interface hardware (or
network products) to maintain network presence for a sleeping
product.

e Develop the framework for any standards necessary to support this
technology.

*  Work with industry and public organizations to reference these
standards in guidelines and requirements.

This project accomplished all of the above, and more. As part of the
process we addressed energy savings potentials from the technology by
assessing packet traces to understand the protocols involved, and by defining
the behavior that a proxy needs to exhibit.

Background

Most PC energy use in the United States occurs when no one is present,
and while the PC is fully on but is idling and performing no active tasks. The
concept of proxying is to enable such machines to sleep, stay on the network,
and be able to wake when needed. A very low power “proxy” acts on behalf of
the sleeping machine, as the PC cannot act for itself when asleep.

A proxy is “an entity that acts on behalf of another” (Wikipedia), such as
an attorney or ambassador. When active, the proxy is functionally equivalent
to the entity being represented, and capable of accomplishing the relevant
tasks. One can consider the human brain: while we are asleep, our brain stem
maintains critical functions (e.g., breathing and heart beating) and monitors
external stimulus. This enables the great majority of our brain to go “offline.”
In the PC case, the rest of the network does not know about the existence of
the proxy—as far as the network is concerned, the PC is fully present. When a
PC is asleep, there is an integrated circuit monitoring the keyboard for activity,
so that when a key is hit, this chip can wake the entire system; the keyboard
monitoring chip is functionally similar, albeit much simpler than a proxy.

Proxying as a general concept in computer science has a long history, but
it first appeared in the context of saving energy in a 1998 paper by Ken
Christensen (Christensen and Gulledge 1998) and acknowledged discussions
on the topic with Bruce Nordman of LBNL. Bruce and Ken began working
together on proxying in October of 2002 to strategize how to refine the
concept, take it to demonstration, and ultimately to products.
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Proxying was a feature of ENERGY STAR discussions for its computer
specification beginning in the fall of 2004. Proxying would not have happened
without the support of the California Energy Commission. ENERGY STAR
was a key early partner in developing the technology, lent legitimacy, and
enabled industry incentives. Proxying has now been developed and
standardized to the point where it is ready for wide-scale acceptance.

Energy Savings

How Much Energy Is at Stake?

Saving energy is the primary motivation for pursuing proxying, though for
battery-powered PCs, it also offers improved functionality of products by
either (1) extending time on battery by substituting sleep time for idle time, or
(2) increasing functionality by enabling network connectivity in sleep mode
when it would not be otherwise possible. This aspect that “everyone wins”
with proxying also applies to desktop PCs: proxying either increases
functionality or saves energy.

To put proxying into context, it is worth noting that “electronics” used at
least 290 TWh/year in the United States in 2008 (Nordman 2009)—11 percent
of buildings’ electricity—and that figure continues to rise. Televisions
comprise the largest component, and personal computers are second. While
data centers receive a great deal of attention, they account for well under 20
percent of electronics energy use. Proxying initially targets PCs, and may be
extended to other devices with similar characteristics that may yield significant
savings, in particular game consoles, IP set-top boxes, and printers. Printers
already stay on the network while asleep, but proxying could enable doing so
at lower power. The energy savings will be dramatic for printer “digital front
ends” (DFEs) that are effectively PCs or servers that serve the printer’s needs.

Figure 7 illustrates the situation for the average desktop PC in the United
States. It shows average desktop PC usage for one year, sorted by power level.
A small amount of energy goes to active computing. “Off” and “sleep” modes
consume low amounts of energy due to their low power levels and
unfortunately small shares of annual time in these modes. Some PCs are used
most of the time they are on, but many others are on 24/7. Notebooks
generally have much lower times of being on while not in use, though with
their lower power levels, they constitute a much smaller portion of total PC
energy use than desktops. However, as more notebooks are used as
replacements for desktops, their idle time is likely to rise.
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Figure 7. Energy Use by Power Level for Average Desktop Computer for One Year.

The amount of potential energy savings shown by the blue box in Figure 7
is not precisely known. The figure is sufficiently large (e.g., more than $1
billion/year for the United States) that it is well worth the effort to gain the
savings. We have a fairly good idea what the idle power is for desktops, based
on data gathered for the ENERGY STAR program. The lifetime of a PC is
usually assumed to be four years on average. This may be slightly high for
commercial use, but is likely low for residential, so if anything, it may be an
underestimate.

What is most uncertain is usage patterns. Most data are anecdotal, and
most show a majority of desktop PCs being fully on when not in use. This is
true in Building 90 at LBNL, where we can see that only about 120 PCs leave
the network at night even though several times that many people have a
desktop PC. In 2009, 1E, a company that sells PC power enabling software,
reported, “according to a separate survey conducted in October 2008, 50
percent of employed adults in the U.S. who use a PC at work don’t typically
shut down their PCs at the end of the work day.” (1E 2009). 1E estimates that
for businesses alone, there is an opportunity to save $2.8 billion by powering
down these machines when not in use. This is certainly plausible, as all PCs in
the United States use about 80 TWh/year, and cost about $8 billion/year.
Monitors use an additional 20 TWh/year.
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Why Are PCs on When No One Is Present?

When LBNL first looked at this question in 1995, we saw a number of
reasons for this, some of which have been mostly or entirely solved in the
interim. First, people lacked good alternatives to leaving machines on, given
problems with the sleep mode. The “Off” setting was and remains
problematic, as rebooting is annoyingly time-consuming, and one loses
application state (i.e., the open files and applications are closed).

The “Sleep” mode had four problems in 1995:

e The user interface for power management was confusing, and the user
necessarily had to access system BIOS screens. Also power
management used confusing terms like “standby.” User interface
concepts were addressed and standardized by IEEE 1621. In addition,
Microsoft switched to the term “sleep,” and collected all power
management settings in a normal control panel.

e« Many PC systems had poor reliability of hardware and software
(operating system, application, and device drivers). Industry has
essentially solved this problem in the interim.

* PCs often had very long wake times, but over the last fifteen years,
this has been consistently reduced to the point where new Windows
machines are required to wake in less than two seconds.

e In 1995, PCs would lose network connectivity when going to sleep.
This is the problem that proxying can solve.

The 1E report surveyed people about PC habits and asked them why they
don’t always power down their PC at the end of the day. Answers for the
United States were:

e Other people use it: 19 percent

e Automatically goes to sleep: 18 percent
e Takes too long: 14 percent

» | forget: 13 percent

e Overnight software updates: 9 percent
e Company or IT policy: 9 percent

* Remote access: 4 percent

e Other: 13 percent

Proxying addresses many of these reasons for leaving a PC on.
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The issue of networks and sleep was recognized by industry early on, and
in 1994, a technology called Wake-on-LAN (WoL), was created to enable a
special network packet to wake a sleeping machine. This approach requires the
network to know that the system is asleep and treat it differently from an
active one. As others have noted, “existing solutions for sleep-mode
responsiveness such as Wake-on-LAN and others & have not proven successful
‘in the wild’ since they rely on infrastructure or application-level support or
manual user action, presenting barriers to deployment and use” (Agarwal et al.
2007). WoL does what it claims to do, but not what most people want or need.

Agarwal et al. conducted an on-line survey (n=107), with a majority of
respondents from the United States, male, young, and in the IT field. The
survey was anecdotal; in response to a question about why machines were left
on, the main reasons were “remote access,” “quick availability,” and “apps left
running.” The primary applications left on included: file sharing and e-
mail/IM; in addition some machines function as network servers.

There is another alternative to proxying, which is to change applications
and protocols to understand sleep states and change behavior. This is the most
desirable outcome, but the change required is so fundamental that it is unlikely
to happen in any foreseeable timeframe, so is not worth considering. For future
protocols, we can try to establish the concept of a device being asleep and
incorporate it into future functionality (Allman et al. 2007).

The amount of energy used by idle PCs is large enough that many
companies sell software to enable power management; examples include
Verdiem, 1E, Faronics, BigFIX, LANDesk, Appistry, and others.

An important consideration is how much energy needs to be “invested” in
proxy hardware to earn the resulting savings. Power is needed to maintain the
network link, and to power a processor to interpret the packets it sees. About
one watt is needed to maintain a gigabit Ethernet link, and about one-tenth of
that for slower speeds (adequate for sleeping machines). Gigabit power has
been dropping, and use of Energy Efficient Ethernet will bring it down to
about the 0.1 W of 100 and 10 Mb/s speeds. Apple now sells two versions of
its iMac integrated computer with proxy hardware. In interviews, component
manufacturers indicated that the processor for those versions requires about
0.1 W or less.
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Technology Issues

To understand the technology issues involved in proxying, it is first
helpful to review basic proxy operation. Figure 8 below shows the basic
sequence:

1. The PC is awake, it operates normally, and it interacts (exchanges
packets) with the Internet. It then becomes idle.

2. The PC transfers the network “presence” to the proxy on going to
sleep.

3. The proxy responds to routine network traffic for the sleeping PC.

4. The proxy wakes up the PC as needed; returns presence to the PC.

Proxy
/L
. . LAN or

. Internet
F— N

PC

Source: Nordman and Christensen 2005.

Figure 8. Proxy Sequence.

Figure 8 shows the proxy as an integrated circuit, which is how an
internal proxy is accomplished; these are actually internal to the PC going to
sleep. Another alternative is an external proxy, in a network device or another
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device on the local network. However, the definition of the proxy is
independent of its location.

Another presentation is shown in Figure 9. It clarifies that while the
system is operating normally, the proxy is inactive. It also shows the exchange
of state information between the “host” (the PC operating system) and the
proxy when the system goes to sleep, and when it wakes up. Note that the host
may wake -- from network activity detected by the proxy, through user input,
or via a clock timer.

Host - ’T'Mk lnterﬁet (pr;"mmg
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] e oo
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Source: Nordman and Christensen 2010.
Figure 9. Host - Proxy - Internet Interaction.

Personal computers already “know” when they should go to sleep. The
key to defining the proxy is to determine which activities it will engage in
while active (when the system is asleep), and what data will be needed. There
are a few basic ways to determine what functionality a proxy should have: (1)
understand how network protocols are defined and operate; (2) understand
how applications use and require network connectivity; and (3) look at traces
of network activity to understand what a proxy might do or achieve.

Ecma International addressed 1 and 2 above. For the third approach,
LBNL collaborated with Intel Research Berkeley, the University of California
(UC) Berkeley, and the International Computer Science Institute. The dataset
analyzed network traces from about 250 PCs (mostly notebooks, but some
desktops) with up to five weeks of data. For each PC we had a full network
trace (all packets going in and out), along with user input status (measured
each second). This resulted in about 500 Gbytes of data. A summary of our
findings was published in Nedevschi et al. (2009).
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Potential sleep time was defined as being more than 15 minutes from any
user input. The analysis was confined to the network traffic that occurred
during these periods. We studied the characteristics of the network traffic
during idle periods, assessing protocol presence and frequency, and protocol
meaning and function. From this, we developed several candidate proxy
architectures and calculated the savings potentials from each.

Traffic characteristics include whether packets are broadcast, multicast, or
unicast, and whether they are inbound to, or outbound from, the system being
assessed. We looked at differences in traffic depending on whether the system
was in the office, at home, or elsewhere.

The proxy needs to handle less than ten packets per second, which means
that the processor doing the work does not need to operate quickly. For a
proxy to handle a packet, it does one of three things:

e ignore it (the most common action),
* generate a routine response, or
e cause the system to wake.

The routine responses are commonly constructed from the incoming
packet, but can require some state information that the proxy acquires from the
system when it goes to sleep. Determining what packets wake the system can
also involve state information (e.g., the system is listening to a list of
transmission control protocol [TCP] ports, and the system might want to
awaken).

Another activity of a proxy is routine packet generation. Most commonly
this would be a constant packet at a defined interval, but in principle the
packet could vary according to time or information received. This is also in the
state information transferred prior to sleep.

Our analysis led to creation of two categories: a “don’t wake” group and a
“don’t ignore” group. The first group includes protocols that are so common
that waking would destroy most sleep opportunities, so these either needed to
be ignored or routine responses dispatched. The second group includes
protocols that are critical to network and application functionality, and
ignoring them would cause unacceptable failure. So for this group, it was
decided that either a routine response would be generated, or the system would
wake.

We evaluated four candidate proxy designs and found that even simple
proxies save enough energy to be compelling. A key parameter is the number
of wakes per day. For example, consider a system that is asleep 15 hours/day,
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can return to sleep 10 seconds after waking for routine network activity, and is
asleep 90 percent of the time during those 15 hours. This implies 540 wakes
each day, which seems like a very high amount to occur daily. On the other
hand, one wake per hour (for 10 seconds) seems reasonable.

The best approach for traffic (packets) that are not recognized is to simply
ignore them. Home and office network environments were found to be
significantly different in the network traffic experienced, but it is likely that
the home network environment will become more crowded over time as more
devices and applications are added.

General design criteria for a proxy include that it should be simple,
transparent for the user, not require changes to other hardware or other
software, and require only modest changes in PC hardware or software (ideally
only the operating system).

Technology requirements for the proxy include:

e The device must maintain all applicable network links. This is already
done for Ethernet by PCs; the Ecma Standard (see "Standard Process
and Content," below) defines how to do this for Wi-Fi.

e The proxy must have a processor (e.g., memory, codespace) capable
of analyzing the packets and responding appropriately.

»  The proxy must have the ability to wake the PC when needed, and be
notified if the PC wakes itself. The proxy may know that the wake is
for a defined purpose of limited time duration, or may be for more
indefinite activity. This could help the system return to sleep quickly
when possible.

» The proxy must be configurable, as the desired functionality of the
proxy may vary as determined by the system’s operating system.

Policy Context

Perhaps the most critical moment in the history of proxying occurred in
2008, when the ENERGY STAR program established a benefit for the
technology in the Version 5.0 specification for computers, effective in 20009.
The specification defined:

Full Network Connectivity: The ability of the computer to maintain
network presence while in sleep and intelligently wake when further
processing is required. Maintaining network presence may include
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obtaining and/or defending an assigned interface or network address,
responding to requests from other nodes on the network, or sending
periodic network presence messages to the network all while in the sleep
state. In this fashion, presence of the computer, its network services and
applications, is maintained even though the computer is in sleep.

Further, the specification established that systems which had the proxying
capability would be evaluated as using less energy, due to their different
operating patterns. This had the effect of stimulating industry interest in the
technology. The ENERGY STAR specification also required that to receive
credit, proxying ability had to be defined by a “platform independent industry
standard” (of which none existed at that time).

Once the ENERGY STAR specification was announced, it was possible
for LBNL to arrange creation of a standards committee to work on the topic,
and this was accomplished through Ecma International (Figure 10). Ecma was
already involved with ENERGY STAR through the standard for measuring PC
energy use, and its membership included almost all the companies interested in
the proxying topic. In addition, Ecma is known to be considerably more
nimble and flexible than most standards organizations, which were advantages
in quickly (for a standard) proceeding through the process.

secimd

Source: Ecma International.
Figure 10. Ecma Logo.

Once the Ecma standard was complete and approved, the ENERGY
STAR program recognized that the standard met the definition of Full
Network Connectivity and established a method for systems to gain the
proxying credit.

Standards Process and Content
Ecma International is like most standards organizations in having

committees that do the core work, with parent committees that loosely
supervise their work and create or terminate committees. Proxying was
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covered by the TC32-TG21 committee, and was later moved to a different
parent and became TC38-TG4. For additional detail, click to www.ecma-
international.org. Lawrence Berkeley National Laboratory was represented by
Bruce Nordman (secretary), and a subcontractor, Tom Bolioli, who served as
chair.

Among the issues guiding the standard process is neutrality about
implementation choices. This is summarized in the standard’s Introduction
which states:

“There are many possible ways to implement proxy functionality,
and this Standard seeks to avoid unduly restricting choices in those
designs. In particular, it does not specify the location of the proxy, within
the host itself or in attached network devices.

The location of the proxy is a critical design choice visible to the user,
though other decisions made in the standards process were related to
requirements that might either require or prohibit particular implementation
choices. Efforts were made to avoid such requirements. LBNL went into the
standards process assuming that most or all parts of the standard would be
required (“mandatory”). Many of the industry partners insisted that most
features would be optional and only the most basic and universal parts would
be required. This is helpful in that it enables more products to have some
proxying ability sooner, but problematic in that it makes it more complicated
to explain the technology to users, as there will be many “flavors” of proxying
with differing functionality. Regardless, it was a necessary approach to
maintain industry cooperation.

The standards development process began with assembling and refining
“use cases” for proxying. Many members of the committee offered up use
cases, and most, but not all, were accepted and implemented. Sometimes
multiple use cases end up requiring some or all of the same content.

The final product of the committee was an Ecma Standard, number 393
(Figure 11). A summary of what the standard specifies, as well as the standard
itself, are now freely available on the Internet. The choice of the ProxZzzy
name was chiefly driven by the need to find one that was not in previous use
by anyone else. Many other names that were more mellifluous or obvious were
already claimed. Ecma paid the not inconsiderable cost to trademark ProxZzzy
in major regions of the world. The fact that the standard is freely available is
helpful, since membership in Ecma itself is quite expensive for ordinary
companies.
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The final standard includes discussion of the protocols addressed by the
standard, as well as normative requirements (mandatory and optional).

secma

1™ Ewmion /' Fearuary 2009

Media (802.3, 802.11)

IPv4 ARP

IPv6 Neighbor Discovery

DNS

DHCP

IGMP

MLD

Remote Access using SIP and IPv4
Remote Access using Teredo for IPvE
SNMP

Service Discovery using mDNS
Name Resolution with LLMNR
Wake Packets

Source: Ecma International 2010.

Figure 11. Ecma-393.

Maintaining presence on the network can be thought of in three broad
layers; these layers abstract and combine the traditional seven-layer open
systems interconnection (OSI) model into link, network, and application. In
Figure 11, the Media covers the link maintenance, ARP through IGMP are for
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network connectivity maintenance, and the rest are for particular applications.
This listing is helpful for thinking about the requirements: the technical layer
in which particular protocols reside and their function in the use cases does not
always match this organization.

Link

The requirement for a proxy is to maintain the data link used to
communicate with the rest of the network. Today this is done almost entirely
with Ethernet (IEEE 802.3) or Wi-Fi (IEEE 802.11) for the devices in scope.
The Ecma standard requires at least one of these to be implemented. The
Ethernet requirements are minimal, and maintaining an Ethernet link for a
sleeping system has been available for many years; essentially as long as the
basic electrical signaling is maintained between the two ends of the wire, the
“pipe” can be kept open. However, maintaining a Wi-Fi link is a new and
complicated endeavor. The core issue is that the access point for a sleeping
device needs to be assured that the device is still present on a frequent basis,
and to be convinced that it is the same device and that the communication
channel is secure. This involves exchanging and updating security keys, so
that the proxy needs to obtain some of these from the host before the system
goes to sleep, and to wake the system periodically to do more extensive
coordination with the access point.

Network

If a sleeping device only maintains a data link, the sleeping device is
“invisible” on the network. For a device to become reachable and discoverable
to the network equipment and other devices, it can employ Address Resolution
Protocol (ARP) on IPv4, and with Neighbor Discovery (ND) for IPv6. The
Ecma standard defines behaviors with respect to these protocols and some
ways to wake the system based on packet content. The wake packets at a
minimum include wake on TCP SYN and the traditional Magic Packet wake.
Having a list of open ports to wake on is an optional part of the TCP SYN
wake. A proxy can implement IPv4, IPv6, or both.

The “IPv4 Suite” of protocols enables basic networking for 1Pv4 devices
and is commonly considered to include ARP, DHCP, ICMP, IGMP, UDP,
TCP, and DNS. The ARP provides a way to associate hard-wired MAC
addresses with software or network defined IP addresses. There are various
ways to do this, and the proxy needs to facilitate all of them; the key is that the
proxy does not need to obtain an Internet protocol (IP) address, but only
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maintain it. In general, if proxy finds itself in a situation it cannot handle, it
can always wake the host to deal with the issue.

One of the ways a device gets an IP address is to use DHCP (Dynamic
Host Configuration Protocol); this uses a server that maintains a pool of
addresses that it allocates to devices that want them. The proxy ensures that a
device maintains its DHCP address while asleep. Other basic network
protocols include ICMP (Internet Control Message Protocol) and IGMP
(Internet Group Management Protocol, for multicast network traffic).

Application

The final set of protocols serve the needs of particular applications or
devices. For example, the Simple Network Management Protocol (SNMP) is
often used by printers to share information with systems that want to use the
printers and provides information about job and equipment status. The proxy
can provide most such information while the device is asleep, particularly
since most characteristics of a printer do not change during the sleep mode.

The standard describes two ways to access (and wake) a system remotely;
the IPv4 approach uses the session initiation protocol (SIP), and IPv6 uses a
protocol called Teredo. In addition, two protocols for discovery of devices and
services on a local network are specified: mDNS and LLMNR. The mDNS
protocol is most widely known, as Apple has adopted this for its iTunes
system (whether on Apple or Windows systems) and its implementation is also
called Bonjour. LLMNR is more Windows oriented. Finally, the ability to
wake on a TCP SYN packet (noted above under Network) can also be
considered an application-related function.

The Ecma-393 standard is organized by the protocols listed above.
Implementation requires one of the link technologies, ARP and ND, and wake
packets; all others are optional. Regardless of what the proxy supports, the
operating system can choose to not use some of the features that the proxy can
implement.

Next Steps

At this time, ENERGY STAR has recognized Ecma-393 as the proxying
standard for its computer specification. ENERGY STAR will reconsider the
guantitative value proxying receives in the next update for the computer
specification, and it could include the standard in other product specifications
in the future.
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Ecma has forwarded the standard to the International Electrotechnical
Commission (IEC) for adoption as ISO/IEC FDIS 16317; that process is in
progress. This is helpful in some circumstances; for example, Europe generally
wants to derive its activities from international or European-specific standards.
A possible activity within Ecma is to define a standard for a device to
communicate with an external proxy. Apple does this today with the mDNS
protocol, and adopting that as the approach or an approach for an Ecma
standard is certainly a possibility. LBNL tried to initiate a process within the
Ecma committee for this but did not get a critical mass of interest from
member organizations. A final activity is coordination with the Distributed
Management Task Force (DMTF) on proxy management; this has begun, but
has not yet resulted in any content.

The other domain for proxying to tackle is implementation. Since
December 2009 Apple has implemented select protocols for proxying in its
iMac line of computers. In addition, since summer 2009 Apple has
implemented select protocols for proxying in many of its products with
external proxy functionality (the proxy is an access point, external disk backup
system, or another Apple computer, including the very small Apple TV
product). Hewlett Packard and Dell have implemented much more limited
portions of the Ecma standard as internal proxies for use with the Windows
operating system. In addition, the Sleep Server system from UC San Diego
implements external proxying, and the ComSleep software does proxying in a
server environment.

Case studies are needed involving organizations that have begun to make
use of proxying, the benefits (including energy savings) that they have
obtained, and any problems encountered. This feedback could be used to fix
problems in the standard or products, and to help market the technology more
widely. As it is, few people know about the existence of proxying (to some
degree understandable, as it is not widely available), so few try it. A key need
is to enable systems running different versions of Windows to be able to use
an external proxy. The external proxy could be in a computer on each local
area network “subnet” or integrated into the network equipment (e.g., Ethernet
switch or wireless access point). An interesting line of research would be to
determine what sort of proxying for sleeping systems could be done without
the knowledge or participation of the system going to sleep. A very basic form
of this was demonstrated in the Intel/LBNL collaboration.

Finally, there is a need to spread more awareness within the Internet
standards community about the issues raised by systems being asleep, so that
new protocols or updates of existing ones could be more “friendly” to sleep
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states and to proxying. This effort could include being able to better hide sleep
states with a proxy, as well as actively exposing sleep states in protocols for
both functional and energy benefit.

Conclusion

The effort to develop proxying technology, standardize it, and move it into
the market has been a success. Many organizations contributed to this: the
California Energy Commission, LBNL, the University of South Florida, the
ENERGY STAR program, the Ecma International standards organization, and
individuals from many technology companies. There are hardware and
software products on the market that implement the technology, and good
indication that many companies are working on it internally and will announce
products in the future.

While actual energy savings to date from proxying are likely very small,
the stage is set for this to increase dramatically in the coming vyears,
particularly if there is some investment to demonstrate and validate its value.
The actions of key companies (e.g., Microsoft) will also be critical in
determining the amount of progress.

Beyond the specifics of the proxying topic, we have shown that energy-
motivated research and policy can be used to harness the interest and
development effort of the technology industry for energy-saving purposes.
This is likely an approach that will be needed many times in the future,
particularly as more and more energy-saving approaches rely on the
technology industry for design and/or implementation.

An approach that could be quite valuable is to have PCs that include
proxying report their energy-saving success to systems that can aggregate this
information for a large number of devices. This self-monitoring approach
could be highly useful for future verification of energy savings, and could
possibly be incorporated into utility rebates, or energy policy.

As noted earlier, proxying could save about half of PC energy use—
several billion dollars per year in the United States alone. In addition, it will
add functionality for those computer users who do not save energy. Further
savings will be found in printers, game consoles, set-top boxes, and servers.

Electronic devices as an end use are fundamentally different from other
end uses of energy. Networks pose unique challenges and opportunities for
energy use and savings. This topic is not well-understood and is currently
inadequately addressed by energy policy and research.
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SECTION 4: ENERGY EFFICIENCY SPECIFICATIONS FOR
NETWORK EQUIPMENT

Network connectivity has become an integral part of daily life, but the
energy use, energy savings opportunities, and energy use evaluation of devices
that ensure this connectivity are largely unknown. Network equipment consists
of devices whose primary purpose is to transport, route, switch, or process
network traffic. The vast majority of these use Ethernet and process IP
packets. Devices supporting other physical layers and protocols are also
considered network equipment, as long as the device either can process IP
traffic or support Ethernet. This category includes switches, routers, firewalls,
modems (service provider and customer premises equipment), network
security appliances, and wireless access points. Devices with a primary
purpose to create, manage, store, or display data are not considered network
equipment. These devices include computers, phones, and displays, even if
they have components (e.g., network interface cards) that process IP traffic.

The goal of this work was to quantify the energy used by network
equipment, understand the energy savings opportunities, and develop energy
test methodologies.

Background

End uses for electronics include network equipment, as well as endpoint
devices such as PCs, servers, IP phones, and printers. Network equipment
provides data connections between endpoint devices, and the networks are
often structured as a redundant tree where the leaves are the endpoint devices
and the trunk is called the network core. Figure 12 shows a graphical
representation of the structure (without redundancy).

A key part of understanding network equipment is categorizing and
defining equipment types. Switches and routers are used to take data from a
source endpoint device and send it to the appropriate endpoint destination.
These devices can be standalone units that sit on desktops or in racks, or they
can be modular devices configured with line cards selected by the network
administrator. Switches and routers are differentiated in that switches have
primarily local area network (LAN) functionality while routers have
significant wide area network (WAN) functionality.
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In an enterprise network, switches are often used in tiers, as shown in
Figure 12. The center of the network is the core, the next layer (and sometimes
layers) is aggregation, and the last layer closest to the user is distribution.
Although some devices are sold for a particular tier in the network,
administrators use switches in different locations, depending on the network
needs. Note that end devices can be connected at any tier of the network, as
there is no fundamental difference between switches at any tier.

Firewall &
Security

Wide Area Network (WAN) Link =
Ethernet (LAN)

WiFi (LAN)--—

More connections | | |
not shown

Router Core Switch

Aggregation
Switches

Distribution
Switches

End Devices
Source: S. Lanzisera.

Figure 12. Schematic of an Enterprise Network.

Wireless LAN (WLAN) devices are the access points (APs) mounted in
buildings to provide Wi-Fi access. Networks often have standalone security
appliances (such as a firewall) that inspect network traffic for malicious data,
provide user access control, and support virtual private networks (VPNS).
Most networks are connected to a service provider network to provide Internet
access using a WAN link. The equipment in the service provider office is
called customer access equipment, and the equipment used by the customer is
called customer premises equipment. This term is most commonly applied to
residential and small business networks rather than large enterprise networks.
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Network devices have ports, physical connection points where cables can
be installed. The ports are available in a variety of speeds and with different
physical media. The most common ports use wired Ethernet, copper wires in
twisted-pairs cables, with data transmission at speeds of 10 Mb/s, 100 Mb/s,
and 1000 Mb/s. Ports capable of only the first two speeds are often called
10/100 ports, and ports supporting all three are called 10/100/1000 or gigabit
Ethernet (GigE) ports. Other common physical connections are fiber optic
cable, phone lines, and coaxial cables.

Each port type affects a device’s energy use differently, with faster
ports typically consuming more power than slower ports. Commonly, each
network end user is connected to a port on the network equipment, and the
network equipment ensures that only traffic for that user is sent out over
that port. Some networks use shared media, where all traffic is sent on a
single medium and the end users filter the data. A Wi-Fi network is the
most common example of this situation, where all users share the same
radio frequency (RF) space. Cable high-speed Internet and passive optical
networks (such as Verizon’s FiOS) also use this technique on the WAN
side, and power line, phone line, and coaxial cable use this technique in
LANSs as well.

Energy Consumption

We estimate that U.S. network equipment used 18 TWh in 2008 and that
energy use will grow to 23 TWh in 2012, assuming that energy use per unit
remains constant (static efficiency). World usage in 2008 was 51 TWh and is
forecast to grow to 67 TWh in 2012.

Methodology

The energy estimates are generated by calculating the product of the stock
of equipment in use, the power of the devices, and their usage patterns. For
this project, stock estimates were developed using market research data,
broadband Internet market data, and interviews with network administrators,
home network owners, and retail store floor managers. Power use estimates
were developed by measuring the power consumption of devices under
varying conditions and combining this with the actual power consumption
values (rather than rated power) reported by manufacturers and third-party test
laboratories. The usage patterns for network equipment were developed
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through a survey of a campus LAN, discussions with manufacturers, and a
review of several home networks.

Table 2. Annual Global Energy Use of Network Equipment, by Device

Type (TWh)
Market Segment Power (W) 2007 | 2008 | 2009 | 2010 | 2011 | 2012
(Measurement Units) Port/Device
10/100 Standalone Switches 14 9.2 9.8 9.1 8.9 8.3 7.8
(Ports)
10/100/1000 Standalone 2.3 3.9 55 6.9 8.4 103 | 12.7
Switches (Ports)
Modular Core Switches & 3.6 4.0 42 4.1 4.2 4.3 4.7
10G Switches (Ports)
Total Switching - 17.1 19.5 20.1 215 23.0 25.2
Large Routers (Devices) 400 1.0 11 11 0.4 0.4 0.4
Small & Medium Routers 40 2.0 24 2.8 2.3 2.3 24
(Devices)
Total Enterprise Routers - 2.9 3.5 3.9 2.7 2.7 29
Enterprise WLAN (Devices) | 12 1.0 1.4 1.6 1.8 2.0 2.3
Small & Medium Security 90 3.0 35 4.0 4.2 4.3 4.4
Appliances (Devices)
Large Security Appliances 220 15 1.7 2.0 21 2.2 2.2
(Devices)
Total Security Appliances - 4.4 5.2 6.0 6.2 6.4 6.6
Customer Access = 4.0 4.6 5.0 5.6 6.1 6.6
Equipment
Cable Users (Devices) 9.5 45 5.1 515 6.0 6.5 7.0
DSL Users (Devices) 7.1 8.3 9.3 100 | 109 | 117 | 125
Fiber to the Building 13 14 18 2.2 2.6 3.1 3.7
(Devices)
Other - 0.4 0.4 0.5 0.5 0.6 0.6
Total Residential Customer - 145 | 166 | 181 | 200 | 219 | 238
Premises Equip.
Total Global Energy Use 440 | 508 | 548 | 57.7 | 62.1 | 67.3

Table 3. Annual U.S. Energy Use of Network Equipment, by Device Type

(TWh)
Market Segment Power (W) 2007 | 2008 | 2009 | 2010 | 2011 | 2012
(Measurement Unit) Port/Device
10/100 Standalone Switches 1.4 3.3 33 3.0 2.7 2.4 2.0
(Ports)
10/100/1000 Standalone 2.3 1.6 21 2.6 31 3.7 4.4
Switches (Ports)
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Table 3. (Continued)

Market Segment Power (W) 2007 | 2008 | 2009 | 2010 | 2011 | 2012
(Measurement Unit) Port/Device

Modular Core Switches & 3.6 1.7 1.8 1.8 1.8 1.8 2.0
10G Switches (Ports)

Total Switching - 6.5 7.2 7.4 7.6 7.9 8.4
Large Routers (Devices) 400 0.4 0.4 0.5 0.4 0.4 0.4
Small & Medium Routers 40 0.7 0.8 1.0 0.7 0.8 0.8
(Devices)

Total Enterprise Routers - 1.1 1.3 14 1.2 1.2 1.3
Enterprise WLAN (Devices) 12 0.4 0.5 0.6 0.6 0.7 0.8
Small & Medium Security 90 15 1.6 1.6 1.6 1.6 1.6
Appliances (Devices)

Large Security Appliances 220 0.7 0.7 0.7 0.8 0.8 0.8
(Devices)

Total Security Appliances - 2.2 2.3 2.3 2.4 2.4 2.4
Customer Access Equipment - 11 13 14 1.6 18 1.9
Cable Users (Devices) 9.5 29 3.2 8i5 3.8 4.1 44
DSL Users (Devices) 7.1 1.7 19 2.0 2.2 24 2.6
Fiber to the Building 13 0.1 0.3 0.4 0.6 0.8 11
(Devices)

Other - 0.3 0.3 0.4 0.4 0.5 0.5
Total Residential Customer - 5.0 5.7 6.3 7.1 7.9 8.6
Premises Equip.

Total U.S. Energy Use 16.4 18.2 19.4 20.5 21.9 23.4

Use Estimates

Tables 2 and 3 show world and U.S. estimates for network energy use in
2007 and 2008, and forecasts for 2009 through 2012. The estimated power per
port or device used is for equipment in use in 2008 and is held constant. The
2008 world total of 51 TWh is estimated to grow at a rate of 9 percent
annually, and the 2008 U.S. total of 18 TWh—36 percent of the world total—
is forecast to grow at 6 percent annually. In 2008, U.S. buildings consumed
2,750 TWh, and network equipment consumed 0.7 percent of this total (U.S.
DOE 2009).

Figure 13 categorizes annual energy use of network equipment for the
world and the United States. It is notable that the United States and world
percentages are very similar, suggesting that strategies developed to reduce
U.S. energy consumption will directly apply to the rest of the world. The
largest categories are switching products and residential customer premises
equipment, which together comprise about 70 percent of the total energy use.
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Figure 13. Breakdown of Energy Use by Major Product Category in 2008 for the
World (left) and the U.S. (right).

Figure 14 shows the switching category in more detail over time for the
United States. This chart shows a move to higher-speed equipment. Note that
the energy use of 10/100 switching equipment is decreasing, while the use of
10/100/1000 switching equipment is increasing; the result of a shift from
10/100 devices to 10/100/1000 devices. The aggregate energy use of the
modular devices, common in core networks and data centers, is much lower
than that of standalone switches. Although modular devices each consume a
lot of power (up to several kilowatts), there are relatively few of them, and the
stock is growing slowly. Standalone switches are found in network and
telecom closets of businesses of all sizes, and although they consume less
power per device, their vast numbers result in larger aggregate consumption.

Table 3 also suggests where energy efficiency efforts may have the
greatest impact in the United States. The energy use increase from 2007 to
2012 is largest for: cable devices (1.5 TWh), DSL devices (0.9 TWh), fiber to
the building devices (1.0 TWh), and 10/100/1000 Ethernet switches (2.8
TWh). The only category expected to use less energy in 2012 than in 2007 is
10/100 switches (-1.3 TWh). These four growing categories account for almost
90 percent of the additional energy consumed in the 2012 forecast compared to
the 2007 estimate, therefore, energy-reduction efforts may have the greatest
impact if targeted at these growing areas of energy use.
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Figure 14. Switching Product Energy Use Over Time.

Note that none of this analysis includes energy supplied through Power
over Ethernet (PoE) ports, such as the energy from a switch power supply that
is used to power an IP phone. All “mid-span” products that add PoE power to
Ethernet links are also excluded. The reason for this is that the POE power for
endpoint devices is outside of this project’s functional scope; this energy may
come out of a network equipment power supply, but it is consumed by
endpoint devices, such as IP phones. Access points powered by PoE are
covered by our estimate because they are network equipment.

Energy Savings Potential

This project’s energy use estimates do not include any savings through
future technology innovation. This section provides estimates of potential
energy savings.

Energy use in network equipment is growing as stock increases, network
connectivity speeds increase (primarily the change from 10/100 to
10/100/1000 Ethernet), and devices gain more functionality. Three methods of
saving energy are considered:

e Energy Efficient Ethernet
e Improved power supply efficiency
e Improved idle power consumption
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This section’s estimates show the magnitude of potential savings, rather
than a forecast for 2012, as only half of the current equipment stock will be
replaced by the end of 2012, and the technologies discussed here are not
widely available, if available at all, in current products. In the estimates below,
the terawatt-hour savings are for the United States.

The move to higher speed is partially addressed by IEEE 802.3az, which
is better known as Energy Efficient Ethernet (EEE) (IEEE 2010). Both ends of
the link must support EEE to save energy, so broad market adoption should be
a priority for policy efforts. Initial estimates suggest that the port physical
layer (PHY) can reduce power by 70 percent at low utilization for gigabit
Ethernet (Infineon 2009). The PHY consumes about 1.5 W in an assigned and
occupied port and 0.8 W in an unoccupied port. Seventy percent savings result
in 0.8 W and 0.3 W, or approximately 0.6 W per typical PHY port, compared
to 1.1 W per port today (with half of the ports assigned and half unused).
Energy Efficient Ethernet also includes provisions to save energy at higher
layers, but information on the potential savings here is less certain. An
additional savings of 0.2 W/port (less than 50 percent of the PHY savings) is a
reasonable estimate. Using EEE on all devices supporting gigabit Ethernet
would result in a savings of 2.8 TWh in 2012, or 12 percent. Energy will also
be saved in the end devices connected to these products, nearly doubling the
overall savings. The savings assume that all of the devices support EEE
because if either end of the link does not support EEE, no savings are
achieved. Therefore, the full potential will take years to realize.

There are currently no specifications for the efficiency of internal power
supplies in network equipment (ENERGY STAR and other programs address
external power supplies). A power supply specification similar to that used in
the ENERGY STAR computer and server specifications would result in
significant savings. There is no comprehensive study of power supply
efficiency for network equipment, but computer and server power supplies are
a reasonable reference point. Hoelzle and Weihl (2006) stated at the time of
their study that typical power supply efficiencies were 60 to 70 percent, with
custom-designed replacement supplies at 90 percent. Limited manufacturer
data for high-end network equipment power supplies suggests that current
efficiencies are in the 70 to 80 percent range (Cisco 2010). If current power
supplies in enterprise network equipment are 75 percent efficient and are
replaced with 85 percent efficient modules, approximately 12 percent of the
energy would be saved. This translates to 2.7 TWh of the total annual energy
use in 2012.
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The current generation of network equipment consumes almost constant
power with respect to varying data throughput, but some researchers believe
that power could eventually approach linear scaling of power with throughput
in future product generations. The techniques discussed here are commonly
lumped into the category of “dynamic power savings.” The following
paragraphs summarize several ways to move toward this goal.

Currently one chip (application-specific integrated circuit, or ASIC) is
responsible for the operation of several (from 4 to 24) ports, and the chip is not
designed to eliminate the power used by one port if a cable is unplugged. We
estimate that over 50 percent of the ports on network equipment are unused,
but these ports are not grouped into blocks. This prevents the equipment from
shutting off individual ports and saving energy. Redesigning the chips to have
individual power domains for each port would enable individual ports to be
put into a very low power mode when not in use. The switch fabric (the
hardware responsible for moving packets from port to port) is provisioned to
move the maximum number of packets at all times. With 50 percent of the
ports unused, this capacity can be reduced by 50 percent and provide the same
level of reliability as the switch provides with all ports connected and the
fabric capable of full capacity. Redesigning the switch fabric to allow for
changes in capacity (through shutting down various blocks or clock frequency
and supply voltage scaling) based on throughput utilization and/or port
utilization could achieve 25 percent savings for switching products (2 TWh in
2012).

The switch fabric and other components could be designed to dynamically
scale with throughput in a manner similar to the way link throughput (and
power) scale with EEE. Because most switches operate at average utilizations
of 1 to 5 percent, significant savings are possible. It is estimated that switch
power could be cut in half using this method, saving approximately 4 TWh in
2012. This method could also be applied to routers, security equipment, and
many types of customer premises equipment for total savings of 8.3 TWh per
year (36 percent of the total). Some researchers believe that the savings will be
larger, but the estimates here are mid-range.

The three savings techniques are not independent, and they can be adopted
together on the same platforms, resulting in interrelated composite savings. A
likely scenario includes wide adoption of EEE and improved efficiency in
power supplies. This combination would result in savings of 5 TWh (22
percent). The addition of dynamic power savings would save an additional 7
TWh. The total savings would be 12 TWh; 53 percent of the total.
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Barriers to Efficiency

Residential Equipment

There are three primary barriers to improving efficiency in
residential customer premises equipment:

e Internet Service Providers (ISPs) provide equipment without energy
as a consideration.

« Regulators and specifications will be unable to update as quickly as
the market evolves.

e The devices are commodity products, where consumers' primary
consideration is the price when weighing purchase options.

We estimate that almost 60 percent of the energy used by home network
equipment in 2008 was consumed by devices supplied to the customer by the
ISP. The manufacturers of this equipment meet specifications set by the ISP,
and energy has not been raised as an issue by ISPs. As cable Internet access
devices (IADs) become more common, the percent of energy consumed by
ISP-provided equipment is expected to grow significantly (estimated to over
70 percent of residential network energy use in 2012). We met with a major
manufacturer and supplier of 1ADs to discuss the market situation for these
products. Here is a list of important points from this discussion:

* Equipment manufacturers design to meet minimum specifications set
by the service providers and all further specifications are, at best, of
secondary importance.

e The service providers have not expressed an interest in the energy use
of customer premises equipment.

» Adoption of an efficiency specification will be widespread if service
providers require that the specification be met in the products they
distribute.

< Energy use is not a major design parameter, due to cost and reliability
constraints.

For efficiency improvements to reach consumers, the ISPs must require
efficient devices from manufacturers. To this end, we have advised ENERGY
STAR to include ISPs in the discussion for the Small Network Equipment
(SNE) Specification, and an ISP program similar to that used for STBs is
planned for the SNE Tier 2 specification.
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The residential equipment market is changing at a rapid pace, and an
efficiency specification could become outdated quickly, particularly in the
IAD devices. A large number of standards and features are currently being
added to IADs because the 1AD is intended to be the hub of information flow
in the home, and it will interface with as many current and future standards as
possible. The following bullets list features currently in 1ADs, and this list is
continually growing and changing.

Wide Area Network Connections

+ ADSL2/2+; Standard DSL

e VDSL: High-speed DSL (used by AT&T’s UVerse network)
« DOCSIS 1.1/2.0/3.0: Cable I1SPs standards

e XPON: Passive optical networks (e.g., Verizon’s FiOS)

In Home Wired Local Area Network Connections

e 10/100/1000 BASE-T Ethernet: The common LAN network cable

e MoCA: Multimedia over Coax Alliance, a new LAN technology

e HPNA (Twisted pair); Home Phoneline Network Alliance, a new
LAN technology

» HPNA (Coax): A coax version of HPNA to compete with MoCA

e USB: The Universal Serial Bus commonly used on electronic devices

Wireless Local Area Network Connections

e 802.11a: 5 gigahertz (GHz) standard set by the IEEE and the Wi-Fi
Alliance

e 802.11b/g: 2.4 GHz standards set by the IEEE and Wi-Fi Alliance

e 802.11n: The new 2.4 GHz and 5 GHz standard for high-speed
networking (IEEE and Wi-Fi Alliance)

Other

« VOIP: Voice over IP in different implementations
e Security features: Including parental security and firewalls

If the ISP requires a device to support a particular standard that prevents
specification compliance, the specification will lose impact. This market is
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quickly changing, and there is concern that the specifications process will be
unable to keep up with the rapidly changing market. ENERGY STAR should
acknowledge this risk and work to address it with the ISPs and device
manufacturers.

Residential network devices are near commodity status, so price often
dictates what is purchased. For example, Walmart is a major electronics
retailer and there are several other discount stores selling similar products.
According to the electronics manager at a local Walmart store, the cheapest
products sell at least as well as the more recognized and respected brands.
Additional branding (such as the ENERGY STAR label) may be less likely to
affect consumer purchases. Consumers' choice of the lowest cost devices
regardless of branding or features is likely to have a major impact on sales,
and the cheapest products are rarely the most efficient.

Enterprise Switches

The primary barriers to efficiency improvements in enterprise Ethernet
switches are that power consumption is not a feature of interest to most
network administrators, and the energy efficiency metrics under development
do not necessarily promote lower energy use.

Network administrators' highest priority is ease of management and
reliability. Energy efficiency is not a common criterion for equipment
selection. Typically, network administrators are primarily concerned with
energy use only as it applies to available cooling capacity for a space. As a
result, energy efficiency is rarely used as a marketing point. Energy efficiency
is, at best, a tertiary concern. Some data exist to show that there are available
enterprise switches with similar capabilities but substantially different overall
energy use. Administrators may not be aware of these product differences, and
are likely to continue to choose products similar to those already in their
networks due to their familiarity with these products, ease of administration,
and perceptions about reliability.

The network equipment industry is currently developing metrics for
network equipment energy use, but these metrics may not promote lower
energy use. The communications standards organization ATIS is developing a
metric called the Telecommunications Equipment Efficiency Ratio (TEER) to
characterize equipment efficiency. Along with this metric, ATIS is developing
a procedure to measure the energy use of Ethernet switches, and it is a good
candidate for testing network equipment energy use. The metric is roughly
maximum throughput divided by average power, and it is scaled to be a
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unitless quantity between 0 and 1000, where the higher the TEER, the more
efficient the device.

Consider a case where the maximum throughput required? is 1 Gb/s. A
device that meets this specification may consume 100 W and get a TEER
value of 100. A device that consumes twice as much power and has three
times the throughput will get a TEER of 150. Given that we know equipment
power consumption does not reduce significantly when operating below
maximum throughput (see Section 3), the second device will take twice the
energy of the first while delivering the same quantity of data. This is not a
more efficient implementation, yet this divided metric hides this reality. The
unitless nature of this metric further separates the measurements from the
calculation, making it impossible for an individual to even estimate energy use
based on the TEER. This metric strategy is not recommended for promoting
efficiency.

Testing Network Equipment

The test method for small residential equipment is different than for larger
enterprise equipment because the expected performance and form factor are
quite different. A complete test procedure for residential equipment was
developed based on this work and is being refined for use in the ENERGY
STAR Small Network Equipment Specification. The full procedure is included
as an attachment to this report. The test method for enterprise switches is
based on the procedure ATIS-0600015.03.2009, with some modifications to
account for important quantities.

The procedure for testing small network equipment seeks to capture
typical usage conditions: low utilization, with a few different configurations in
use. Based on data collected as part of this project, we determined that a single
test would be sufficient to determine the relative energy efficiency of products
in this class. A single test with the product powered on, supporting appropriate
wired network connections, and passing no data provides an excellent single
measurement comparison point. We found that supporting one wide area
network connection (e.g., cable or DSL), half of the available Ethernet ports,
and no other network connections was a reasonable configuration to test
equipment.

In the ENERGY STAR procedure, a larger number of tests while passing
traffic were included, primarily because industry prefers this more complex
test method. In addition, the tests were conducted at low and high traffic rates
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so that it is possible to determine if equipment power consumption scales with
traffic. Scaling does not occur today, but this is expected to change in the
future.

Large network equipment testing is similar to small network equipment
testing, but power consumption at various traffic levels is more significant.
The ATIS procedure tests at low, medium, and high traffic levels, with all
ports connected. This is a reasonable test, but we have found that most
equipment has roughly half of its ports in use at any given time. Therefore, we
recommend that the test procedure for large equipment include a second test
with half of the ports connected. This will provide an additional opportunity
for saving energy because equipment should be able to reduce energy when
fewer ports are in use.

SECTION 5: ETHERNET AUDIO-VIDEO BRIDGING

Introduction

This Section discusses Ethernet Audio-Video Bridging, an emerging
networking technology for transmission of audio-video content. In parallel to
the development of the Energy Efficient Ethernet (EEE) standard by the IEEE
802.3 working group, a second technology called Audio/Video Bridging (AVB)
was being developed in the IEEE 802.1 working group. The two working
groups realized that EEE technology needs to work well with AVB, because
AVB has the potential to be very widely deployed, and incompatibility could
result in missing a large energy-savings opportunity.

As the EEE process neared a major milestone, this part of the EEDN
project was launched to evaluate how well EEE and AVB would actually work
together. That appraisal resulted in several proposed accommodations that
could be implemented in the standards development process. This section
summarizes the issues involved.

Background

Energy Efficient Ethernet adds a power-saving mode called Low Power
Idle (LPI) to the Ethernet physical layer (PHY) technologies. Audio/Video
Bridging (AVB) is a suite of standards that enable audio and video data
streams over a local area network to have a set of quality of service
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guarantees. The AVB standards address timing and synchronization, a stream
reservation protocol, forwarding and queuing enhancements for time-sensitive
streams, and audio-video bridging systems. The combination of EEE and AVB
helps to ensure smooth delivery of audio and video data with minimal energy
required. This project identified methods to help ensure reliable operation and
recommended language for incorporation into the standards.

Goals
This task’s goals were as follows:

e Consult with members of the EEE and AVB committees to determine
if the solutions proposed are adequate and appropriate.

» Prepare and present to the appropriate committee(s) a presentation(s)
describing the issues and the proposed solutions (as modified in the
above step).

e Receive comments on the issues and proposed solutions from the
committee(s). If necessary, repeat these steps until a consensus is
reached with the committee(s).

« Document any issues that require further attention.

Approach

John Nels Fuller, the task leader, has been a member of the IEEE 802.1
AVB Task Group since its inception in 2005, and is familiar with its standards
projects. He studied the IEEE P802.3az (EEE) drafts and ongoing work in
order to understand how it relates to the AVB technology. In this process, he
conferred with members of both working groups.

A presentation of the proposed accommodations for the AVB standard
was delivered to that committee. After discussions, it was determined that no
accommodations were needed in the EEE standard, so no presentations were
made to that committee. A detailed review of the existing AVB documents
was undertaken to ensure that no inconsistencies with the EEE consensus
remained in the AVB documents.

Significant Technology Issues Encountered
The following issues were identified as potential problems needing further

evaluation. In all cases it was determined that they could be addressed in the
IEEE P802.1BA document.
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1. The time for EEE to exit low-power idle may cause AVB to fail to
deliver stream data in a timely manner unless care is taken in the
implementation of the interface between the physical layer and the
data link layer (i.e., between IEEE 802.3 and IEEE 802.1). Solution:
Require that the actual packet to be transmitted is not selected until
the medium is ready to transmit, as indicated by the
CARRIER_SENSE signal.

2. The optional additional wait time on exit from LPI that may be
negotiated between the two partners of a physical link will need to be
restricted while AVB streams are active, or it could cause AVB to fail
to deliver stream data in a timely manner. Solution: Require that the
negotiation take into account whether or not streams are reserved on
the media, and initiate renegotiation if that changes.

3. Energy Efficient Ethernet does not decide when to enter low power
idle but merely provides a management interface to assert or de-assert
the LPI_REQUEST. There is no guidance from EEE to upper layers
about when to request LPI. The appropriate guidance may depend
upon the operating environment (e.g., home, enterprise, performance
venue). Solution: There are separate profiles for each of these
environments. For the home environment, LPI should be requested
whenever there is no packet ready to transmit.

4. A significant AVB standard, IEEE P802.1BA, was not making
progress because it lacked an editor. This document will be the home
for most of the fixes to the above issues. Solution: The issue has been
resolved by assigning an editor to the project.

Implications

None of the significant issues is fatal to the interoperation of EEE and
AVB, provided that the AVB document IEEE P802.1BA is completed, and
that it incorporates the required information (see Section 10.6). The task group
has not objected to these changes, but since the document is still a work in
progress, there is no guarantee that they will be incorporated.

Report Background

Overview of IEEE P802.3az Energy Efficient Ethernet (EEE)
This overview focuses on those features pertinent to EEE interoperation
with the AVB. Energy Efficient Ethernet adds the LPI power-saving mode to
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the Ethernet physical path and LPI on the receive path can be viewed as
independent.

While the transmit path is asleep, or transitioning into or out of sleep, the
link is unable to carry data for the upper layers of the network stack. If the
path starts going to sleep and then subsequently data arrives, the transmit path
must be given time to wake before the data can be transmitted. This delay
varies with the PHY technology, as shown in Table 4.

Table 4. Ethernet Low-Power Idle Characteristics

PHY Technology Speed Media Minimum Delay
100BASE-TX 100 Mb/s Twisted pair cable 30 psec
1000BASE-T 1 Gh/s Twisted pair cable 16.5 psec
10GBASE-T 10 Gb/s Twisted pair cable 7.36 psec

Note: Mb/s = megabits per second, Gb/s = gigabits per second, and ¢sec =
microsecond.

The link partners may negotiate an additional delay in either or both
directions to allow even more power savings. This delay is limited by the
amount of buffer space the transmitting partner is willing to dedicate to the
additional delay in that direction, and by the width of the field communicating
the delay (sixteen bits allows for 65 milliseconds). The receiving partner may
request this additional delay but must be able to operate correctly if the
transmitting partner denies the request.

Note that EEE supports other media technologies (e.g., backplane media),
but only these twisted pair types are currently being considered for AVB.

Overview of Audio-Video Bridging (AVB)

Audio-Video Bridging is a suite of standards that enable audio and video
streams over the LAN with two quality-of-service guarantees. First, it ensures
a maximum end-to-end latency over seven hops for class A traffic of two
milliseconds. And second, it guarantees that congestion will not cause
dropping of stream data packets.

These guarantees enable a live video camera and/or microphone to
transmit its stream across the local area network to a video display and/or
speaker with only 2 milliseconds (ms) of buffering required.

Four standards are included in the AVB suite: IEEE P802.1AS, IEEE

P802.1Qat, IEEE P802.1Qav, and IEEE P802. Each of these standards is
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briefly described below, focusing on those features that pertain to
interoperability with the EEE technology.

IEEE P802.1AS Timing and Synchronization

This standard, based on IEEE Std. 1588-2008, synchronizes time-of-day
clocks on local area network nodes to be within one microsecond of a grand
master time-of-day clock (for nodes within seven hops of the grand master).

To do this, IEEE P802.1AS requires that the physical layer provide
timestamps for the actual transmission time and reception time of certain
packets. Using this timestamp capability, IEEE P802.1AS measures the
propagation delay on every hop of the network. This measurement is repeated
at a default interval of one second. This, along with the residence time of
packets within a bridge, allows the synchronization.

There are additional adjustments for the variation in frequency of the local
node’s clock versus the grand master’s clock and its nearest neighbor’s clock.

IEEE P802.1Qat Stream Reservation Protocol

This standard provides the mechanism by which nodes capable of
sourcing an audio or video stream (talkers) announce their offerings, and by
which nodes capable of consuming streams (listeners) request those offerings.
In addition, this mechanism reserves the resources to carry those streams from
the talker to the listener(s) of each stream. The mechanism is called Multiple
Stream Reservation Protocol (MSRP) and is based on Multiple Registration
Protocol (MRP; defined in IEEE Std. 802.1ak-2007). MSRP also interacts
with another MRP application called Multiple MAC-Address Registration
Protocol (MMRP) if it is present (MMRP is also defined in IEEE Std.
802.1ak-2007).

When a talker declares a stream, it specifies the stream class, either Class
A or Class B, and the stream’s bandwidth requirements. The bandwidth
requirements are specified by two numbers: the maximum packet size (before
any network overhead added by layer two and below), and the maximum
number of packets per class interval. For Class A, the class interval is 125
microseconds; for Class B it is 250 microseconds. This information allows
IEEE P802.1Qav to set up its traffic shaping.

IEEE P802.1Qav Forwarding and Queuing Enhancements for Time-
Sensitive Streams

This standard describes the shaping of stream data for transmission, both
at the talker and at intermediate bridges. The standard defines a credit-based
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shaper that ensures that stream data does not consume more bandwidth than is
reserved for it. At the talker, shaping is both on a per-stream basis and again
on a per-class basis. At a bridge, shaping is only on a per-class basis. The
shaper determines when the class queue has a data packet available for
transmission; that is, it holds back the availability of a data packet until enough
credit is accumulated to send it.

Class A traffic has the highest transmission priority when it is available,
followed by Class B traffic, and then by all the other levels of priority
supported by the bridge or talker. A stream data packet is delayed if a lower
priority packet has just started transmission when it becomes available.
However, since credits continue to accumulate while that lower priority packet
is sent, additional stream packets may become available and freeze out the
lower priority queues until the stream queue has caught up.

IEEE P802.1BA Audio Video Bridging (AVB) Systems

Profiles for AVB systems exist in various markets, such as automotive,
consumer, professional A/V, and industrial. Each profile will specify what
optional features of various IEEE 802 standards must or must not be
implemented; what, if any, changes to default parameter values are required,;
and other factors. For example, IEEE P802.1Qat and IEEE 802.1Qav will be
required, and IEEE Std. 802.3-2008 Annex 31B (Pause, also known as 802.3x)
will be prohibited.

Areas of Concern between AVB and EEE

A number of issues must be addressed to allow AVB and EEE
compatibility. The assumption here is that it is desirable to put a link into LPI
even for only a very short time. Since AVB usage would provide many such
short LPI times, the cumulative total would amount to a worthwhile amount of
energy savings. If that is not the case, then AVB and EEE become compatible
simply by disallowing EEE operation while streams are active. The following
subsections state various problems and their solutions that will allow LPI use
even while streams are active on the link.

Delay While Exiting LPI

Because AVB is trying to achieve just-in-time delivery of stream data
packets, it is concerned with anything that may induce a delay. Even without
EEE, the timing is tight on 100 Mb/s Ethernet, due primarily to the time it
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takes to transmit a maximum-length non-stream packet of 2000 bytes (1500
bytes of client data plus the maximum 500 bytes of framing and overhead, or
about 160 microseconds). This happens if a large non-stream packet is chosen
for transmission just prior to the availability of a stream packet. Other factors
that contribute to the delay of forwarding a stream packet are the fixed internal
queuing delay of a bridge, and any other stream packets received on other
bridge ports for transmission on the same outbound port. The sum of all these
sources on a 100 Mb/s link is about 255 to 295 microseconds. Two
milliseconds (maximum latency over seven hops) divided by seven is about
285 microseconds per hop.

With EEE involved, if a non-stream packet is selected for transmission
and the link is asleep, the resulting delay can easily break the latency
guarantee for the stream. That is, the LPI exit time plus the other sources of
delay can be more than the maximum allowable delay per hop. To avoid this
we can wake the link when any packet is ready for transmission, but not
choose which packet to transmit until the link is fully active. Any available
stream packet is transmitted before any non-stream packet.

This issue of delaying packet transmission selection falls in the gray area
between the IEEE 802.3 documents and the IEEE 802.1 documents, as it
would be easy for designers to implement the first method without
understanding the need for the second method. The easiest way to address this
is to put a description of how it should work into IEEE P802.1BA (this is an
appropriate place, since IEEE P802.1BA describes the entire AVB system).

For Ethernet speeds above 100 Mb/s, the transmission time for a non-
stream packet of maximum length does not dominate the worst-case
transmission delay calculation, but the above method will optimize the worst-
case delay.

Negotiated Delay

When there are no reservations for stream traffic over the link, AVB
considerations do not limit the negotiated delay after waking. However, if
there is at least one reservation for stream traffic over the link, then the total
negotiated delay (including the minimum delay for the PHY technology)
should be limited to a maximum of 160 microseconds. Thanks to the solution
above, the LPI exit delay is never added to a maximum-length non-stream
packet transmit time at 100 Mb/s, so we may let LPI exit delay grow to that
same time.

The IEEE P802.1BA document should specify this requirement on the
delay negotiations related to this EEE feature.
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When to Assert LPI

The EEE document gives no guidance as to when to sleep; it merely
provides the controls for others to use. There are many ideas for how to decide
when sleep is appropriate.

One view is to wait for a period of inactivity of at least some defined
duration, but inactivity is not a very good predictor, especially for AVB
streams, which send data every 125 or 250 microseconds.

For the consumer environment, an aggressive approach that sleeps the link
whenever there are no packets available for transmission, and then lives with
the delay when a packet becomes available, is simple to implement and
probably optimal. This is clearly possible even on the slowest AVB-supported
technology (100 Mb/s) because the delay to return to an active link can be
constrained to be less than 160 microseconds (the time to transmit a
maximume-length, non-stream packet that happens to be available just before a
stream packet becomes available). When the link becomes active, it transmits
packets continuously until there are no more packets available for transmission
(available stream packets before non-stream packets). At that point, the AVB
system is again ready to accept a delay of up to 160 microseconds.

The appropriate place to describe this mechanism is in the IEEE
P802.1BA document.

Completing the Specifications

As mentioned previously, the IEEE P802.1BA document is in the initial
development stage. Since there are a number of the above requirements for
interoperation with EEE that need to be in that document, it would be wise to
monitor its development to ensure that the requested changes are incorporated.

Maximizing Power Savings

When there are no streams active over a link, there will still be periodic
traffic generated by IEEE P802.1AS and by IEEE P802.1Qat. The shortest
period is sending of the time of day by IEEE P802.1AS (default to eight times
per second). Participation in IEEE 802.1AS implies that the device will keep
its clock running. Additional power savings are possible if the device stops
participating in IEEE P802.1AS and turns off its clock. The cost is a long
stabilization time (on the order of one or two seconds) when the device again
begins to participate in IEEE P802.1AS. For many applications, this cost is
acceptable. For example, a video display may take longer than this to bring up
its screen. During this stabilization time, the device would be capable of
communicating non-stream data (e.g., stream setup and control) without
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problems; indeed, it would be able to receive stream data if its changing notion
of network time did not make the presentation of the data unacceptable.

Summary and Recommendations

The key issues and conclusions are summarized below:

1.

The time for EEE to exit low power idle (LPI) may cause AVB to fail
to deliver stream data in a timely manner, unless care is taken in the
implementation of the interface between the physical layer and the
data link layer (i.e., between IEEE 802.3 and IEEE 802.1). The
mechanism described should be incorporated into IEEE P802.1BA.
The optional additional wait time on exit from LPI that may be
negotiated between the two partners of a physical link will need to be
restricted while AVB streams are active, or it will cause AVB to fail
to deliver stream data in a timely manner. IEEE P802.1BA should
require the negotiated delay to be limited to 160 microseconds when
there are active streams on the link.

Energy Efficient Ethernet does not decide when to enter LPI, but
merely provides a management interface to do this. There is no
guidance from EEE to upper layers about when to request LPI. The
appropriate guidance may depend upon the operating environment
(e.g., home, enterprise, performance venue). For each operating
environment profiled in IEEE P802.1BA, that document should
describe when the link goes to sleep and wakes. Additionally the Data
Center Bridging and Interworking task groups of IEEE 802.1 should
be consulted to describe use of LPI in their documents.

A significant AVB standard, IEEE P802.1BA, is in the initial stage of
development. This document would be the home for fixes to the
above issues. The development of IEEE P802.1BA should be
monitored to ensure the incorporation of these fixes.

None of these issues is fatal to the interoperation of EEE and AVB,
provided that the AVB document IEEE P802.1BA is completed and
incorporates the required information. These changes have been
presented to the AVB task group, which has deemed them reasonable.
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SECTION 6: CONSUMER ELECTRONICS INTER-DEVICE
Power CONTROL

Consumer electronics (CE) consume a significant amount of energy in
homes, and these devices have been networked for many decades. These
network connections generally transport content for presentation to the user.
The network connections can also pass energy- and control-related
information as well; however, network connections are rarely used for control
today. Even in cases where control is enabled, CE devices have not been
designed with energy efficiency in mind. This task focused on identifying the
current status of CE power controls for home entertainment devices and the
desired behaviors for future energy-conscious devices.

Background

A precondition of using home entertainment devices is that they are
powered up when needed, and except for displays, doing so is unrelated to
their functionality. One approach is to leave the devices on continuously, to
ensure that they are available when needed, but most devices are not actively
used most of the time, resulting in wasted energy. Products can be powered up
and down manually, but this is cumbersome, so often the powering down does
not occur. This situation is not optimal for either the user experience or energy
consumption.

At one time, the typical TV was not connected to other devices. Today
however, most are connected to several affiliated products, with the number
rising. These other devices can be powered up and down with manual power
switches, with power buttons on remotes, and in limited cases, by other
devices to which they are networked (though this usually requires a special
configuration or particular products from the same manufacturer and
technology base). However, manual control is problematic for several reasons:

e On a practical level, connected entertainment devices are increasingly
in closed cabinets, in other rooms, or on the Internet.

e Many users do not know what devices need to be on at any particular
time, particularly if they are not adept at managing entertainment
networks and/or did not set up the devices involved. It is often not
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obvious what devices need to be on for a particular function, and
today, which devices even are on.

e Activity is increasingly initiated by a device rather than directly by the
user (e.g., automated recording of content).

Thus, the traditional model of “manual” power control (whether directly
or with a remote control) is becoming obsolete and needs to be replaced. A
promising approach is automatic behavior that can be summarized as follows:

“Wake up when you need to; go to sleep when you can.”

Addressing this problem would be easiest if all communications were
digital, networked, and used the same protocols. Unfortunately, legacy analog
interfaces will likely retain at least the potential for use for many years to
come. Other links are digital but not true network links. Finally, there are a
large number of partially or fully incompatible protocols in use. These factors
are not fatal to the goal; rather, they just make the solution more complicated
and slow progress.

Potential Solutions

Although no group is proposing network control solutions with energy
savings as the primary focus, there are control methods that can be used in
energy-conscious ways. The cases envisioned, however, offer limited potential
savings.

The most common structure is where a device controls the state of other
devices through commands. Devices that have a need for services from others
will command those others to power up, and when the service is no longer
needed, will order them to power back down. This is used by some proprietary
technologies, with the TV generally acting as the control device, as it is the
most common receiver of content signals. This centralized control method
assumes that one device knows what other devices should be doing, and it
often results in more devices being awake than required. A common case is
that to listen to an audio CD using a DVD player, A/V receiver, and television,
the TV is powered on despite not being required.

Another method is to embed the automated command functionality into
remote controls. These automated features can be successful in certain
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contexts, but they have several problems. One is that power commands in
existing devices are often a single power command to toggle the power state.
If the other device is not in the state that the controlling device expects, it can
do the opposite of what is intended. Also, as devices increasingly deliver
services to devices other than the primary TV, the TV cannot necessarily
determine if a device is providing a function and so lacks the information to
make the right decision. Finally, this approach is “brittle,” in that it is easily
broken by changes in the set of devices present.

Barriers to Savings

The primary barriers to saving energy using home entertainment controls
are legacy connections and a lack of interoperability on newer, digital network
connections.

With analog connections, there is no clear way to communicate the power
state of the devices at each end of the link. The receiver of the signal, however,
can determine if it needs to stay awake by checking to see if there is an input
signal. Detecting “loss of signal” is key to improving power control when
using legacy connections, and this capability does not exist in most products
today. The ENERGY STAR Version 2.0 Audio/Video specification now
includes a requirement that devices can detect specific loss of signal
conditions, which will start to alleviate this problem.

The lack of interoperability in digital network connections means that
devices from different manufacturers (and sometimes different product lines of
the same manufacturer) cannot communicate power state or control
information. Existing digital network links for home entertainment devices
(e.g., HDMI, Zigbee RF4CE) include standard commands and may also
include proprietary commands. The standard commands have largely been
ignored because they are not required for compliance, and they have been
replaced with proprietary controls. Industry representatives admit this helps
improve “bundle sales” of TVs, video disc players, and other devices, but they
state the real reason behind the lack of interoperability is to avoid undesired
behavior.

The leading digital network connection for audio and video devices is
HDMI, but it is difficult to influence the standard. HDMI is a closed standard
that only HDMI founders (a handful of major consumer electronics
manufacturers) can comment on, and only HDMI Adopters (fee-paying
companies that license HDMI technology) can view. The closed nature of the
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standard has slowed the energy community’s ability to influence the standard
in energy-conscious ways.

Device Behaviors for Energy Savings

The best controls solution is one that embraces device autonomy and self
control, along with standard behaviors. That is, each device should be aware of
what services it is providing, and inform other devices as best it can about
relevant services it is using. Since we will long have legacy interfaces that
impair such an information exchange, reasonable compromises need to be
embedded in device behavior.

An important precedent for this, albeit a much simpler one, is the
operation of monitor power management with PCs. The PC signals to the
monitor when it should go to sleep by ceasing to send synchronization signals
on the data link. It later indicates when the monitor should wake by
resupplying these signals. Today, many monitors can sleep at the same power
level that they use when off, showing that efficient sleep modes are possible
with well-designed protocols.

Operation of the solution may be best illustrated and understood by a few
examples.

« A TVis powered up, and a DVD player is selected as the source; this
should cause the DVD player to wake and start its menu sequence.
The user then selects “play” and begins watching a DVD.

e The TV is later shifted to broadcast television in the midst of the DVD
(which then pauses). The TV stays away from displaying the DVD
signal for 15 minutes, at which point the DVD player powers down to
sleep.

e Another time, the DVD finishes a movie and shifts to its menu mode.
After 15 minutes of being in menu mode with no user input, it goes to
sleep; the DVD signals its transition to sleep (or simply ceases to send
a display signal to the TV), which causes the TV to also go to sleep
(possibly briefly displaying a message to this effect).

« A set-top box is delivering content to a TV via an analog connection
that does not allow it to know the power state of the TV. Four hours
pass with no user interaction to the set-top box, so it overlays a
message of imminent power down for five minutes, then goes to
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sleep. If the TV is not already asleep, it also does so with the lack of
signal.

These examples highlight key aspects of the solution:

»  Expose the power state over the network—that is, whether the device
is fully on or asleep (and possibly expose “off”).

* Expose the functional state over the network, e.g., what data streams
are actually being consumed, whether a media source (such as a DVD
or iPod) is loaded, and the time since the last user input activity.

*  Set default device behavior, including time-delays suitable to human
behavior and expectations. These delays should be long enough so
that most transitions occur after people are no longer engaged with the
product.

» Devices take into account power and functional information from
other devices to determine what they should do.

» Devices go into a sleep state rather than “off” as the normal low-
power state.

Implementation

Moving to the comprehensive solution will require a set of interoperability
standards that cross multiple data interface types and user interfaces. It
requires action on the part of standards organizations, energy policy-makers,
and manufacturers of audio/visual products.

Key actions are as follows:

» Create a “meta-standard” that defines general approaches, principles,
and behaviors that lead to the desired result.

« Implement this scheme in standards for specific interfaces, protocols,
and products (e.g., HDMI, universal plug and play (UpnP), and other
emerging IP-based protocols). Some standards already include parts
of the needed functionality.

< Explicitly move to a three-state power model, where “sleep” implies
continuous network presence, and “off” does not.

« Develop energy policies that require adoption of standards and other
elements of comprehensive solutions as a prerequisite for granting
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energy efficient status to audio/visual products (initially for voluntary
specifications and later for mandatory requirements).

e Manufacturers of audio/visual products must adopt the standards and
other elements of comprehensive solutions, both in new products and
with software upgrades to some existing products.

« Explain these behaviors to ordinary users of products, particularly
with respect to addressing the complications introduced by legacy
products.

Accomplishing all of these is not trivial and will take some time, but there
are no fundamental barriers to success. In particular, the useful functional
advantages interoperable controls offer people may drive manufacturer and
consumer acceptance, with the energy savings only a useful side benefit.

Some connected devices, such as PCs, will have principal functions other
than audio/visual content. These will also need to implement parts of the
proposed system.

It is possible to implement most of the desired behaviors in some existing
industry standards. As an example, the HDMI standard includes the capability
to provide higher-level control through the Consumer Electronic Control
(CEC) facility. Currently CEC is implemented primarily as a vendor-specific
option, without cross-vendor interoperability. HDMI consumer electronic
control could be used to significantly increase the time that devices spend
sleeping (instead of remaining in their active state) by enabling devices to
expose power state information to connected devices. The HDMI CEC 1.3a
specification includes over 50 commands, but only five of these commands
would enable most of the desired behaviors. Three additional commands not
included in the specification would enable additional energy-saving
capabilities. Details of the proposed basket of CEC commands required for
energy-saving controls are included in Appendix

SECTION 7: THE ENERGY-EFFICIENT SET-TOP BOX

Set-Top Boxes (STBs) have become very common in homes, and these
devices can consume large amounts of energy. Energy efficiency efforts have
had limited success tackling this problem. This is partially because STBs are a
diverse market segment with many different product types and functions, and
also because the network connections that make STBs so useful result in
devices that do not have low-power modes equivalent to other devices.
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This task’s goals were to identify the market, explain how network
connections impact STB energy use, and how policy has affected the energy
consumption of a segment of the STB market.

Background and Market Status

We began this project with an investigation of the market and the
technologies used in STBs. The main conclusion of the market survey is that
the STB market continues to change at an astonishing pace and sometimes in
unpredictable directions. New services are regularly being added or enhanced
as a result of technical additions or improvements to the STBs. For example,
in the last two years an entirely new form of STB has emerged whose sole
purpose is to deliver movies to customers over the Internet. This feature is now
part of other STBs, further increasing the STB market diversity.

The initial plan was to select a “typical” STB to represent the
technologies, functionalities, and features most frequently encountered. Using
this STB as a base case, we planned to apply technical improvements and
estimate energy savings. Unfortunately the concept of a “typical” box has been
undermined by changes in both technologies and business models. In short, no
single, typical STB adequately represents the diverse product mix now
available; similarly, the energy savings from modifications will have declining
relevance to the whole market. Moreover, we believe the energy use of the
STB is increasingly determined by the networks and content sources rather
than the inherent characteristics of the STB itself.

The surest approach to saving energy in STBs appears to be focussing on
the STB network—that is, the STB and its communication links. We consider
this the “STB ecosystem,” to reflect the complex interdependencies. It’s not
possible to determine which products will make up that ecosystem—although
it will almost certainly include one STB and at least one display—but it is
certain that they will be exchanging digital information, and possibly even
low-voltage power . We also expect that the energy consumption of the
products will depend on the amount of data being transferred between them
and the functional state of products in the network as a consequence of this
connectivity. For this reason, the communications protocols between the
products rise in importance. These protocols need to be designed to encourage
the networked products to achieve the lowest possible level of power use for
the functions that they are performing at any given time.
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Digital Networks as an Efficiency Tool

Today, many STBs essentially stay awake all the time because they must
maintain a network connection to the Internet and to a service provider.
Maintaining these links uses energy. In addition, the STB’s processors and
other components must have the ability to receive or transmit data over these
links at any time. Two other tasks in the EEDN project generated
methodologies that could be applied to reducing the energy use of STBs:
Energy Efficient Ethernet and Network Presence Proxying.

The Energy Efficient Ethernet (EEE) work transformed a high-power,
always-on link and into one that power-scaled with throughput. The specifics
of the work done as part of EEDN only apply to Ethernet, but many STBs now
connect to the home network using Ethernet. The ideas behind EEE should be
applied to other network links as well. By reducing the energy required to
maintain the link, significant energy can be saved across the more than 100
million STBs in the United States. With 15 million STBs in California alone,
roughly 100 GWh per year could be saved in the state if all STBs and
connected devices used EEE, and this change should not increase the cost of
STBs.

Even larger savings are possible if STBs were able to use Network
Presence Proxying to reduce energy consumption while not actively being
used. Today, STBs stay connected to the service provider at all times in order
to receive programming schedules, software updates, account changes, and
more. To be able to respond to the service provider’s demands, the STB’s
main processor and networking hardware must remain on at all times, in the
same way a PC must be on to receive software updates or be backed up.

Proxying enables an STB (or a computer) to go to sleep and transfer its
network presence to another entity, that could simply be a component inside
the STB. There is no need for the entire box to stay awake all the time just so
that it is ready to receive program updates or other information. The work on
proxying done in EEDN is focused on computers, but many of the principles
and techniques also apply to STBs because they also have IP network
connections. The other non-1P connections (e.g., cable to the service provider)
would need some adaptation and specific development of proxying for the
types of network connections service providers prefer. Proxying in STBs
would save roughly 2 TWh in California, or roughly half the total energy
consumed by STBs in the state.

There is significant work to be done on the efficiency of STBs moving
forward, but it is important to focus on why the boxes stay awake: currently
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their network connections require that they do. Moving forward, we have
developed techniques that enable us to move to a new paradigm where STBs
sleep much of the time and are only awake to receive information, record
programming, or provide content to users.

Effect of Digital-to-Analog (DTA) Policies on Energy Use

Policy efforts on STB energy use have had mixed success, and a goal of
this task was to determine the effectiveness of recent policy efforts. We
studied the Digital Television (DTV) Converter Box Coupon Program to
determine the energy impact of the policy. The program was administered by
the U.S. government to subsidize purchases of DTA converter boxes, with up
to two $40 coupons for each eligible household. To qualify as Coupon Eligible
Converter Boxes (CECBSs), these devices had to meet a number of minimum
performance specifications, including energy efficiency standards. The
ENERGY STAR Program also established voluntary energy efficiency
specifications that are more stringent than the CECB requirements.

This study measured the power and energy consumptions for a sample of
12 CECBs (including six ENERGY STAR labeled models) in-use in homes
and estimated aggregate energy savings produced by the energy efficiency
policies. Based on the 35 million coupons redeemed through the end of the
program, our analysis indicates that between 2500 and 3700 GWh per year are
saved as a result of the energy efficiency policies implemented on digital-to-
analog converter boxes. The energy savings generated are equivalent to the
annual electricity use of 280,000 average U.S. homes. It is worth noting that
these federal DTA policies were originally set in motion by California’s Title
20 equipment standards proceedings, so the Energy Commission can take
some “credit” for the national energy savings estimated above.

Conclusion

The STB energy use will continue to grow, unless the current designs are
significantly altered . Focusing on the network connections in particular will
result in significant energy savings. Specifically, network presence proxying
stands to significantly reduce the energy use of STBs, and we encourage active
research and development in this critical area.
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SECTION 8: REDUCING ENERGY USE OF HARD-WIRED
AND BUILDER-INSTALLED MISCELLANEOUS
EQUIPMENT IN NEW HOMES

Background

New California homes include many hard-wired and builder-installed
products with electronic components, such as smoke alarms, doorbell
transformers, garage door openers and other remotely operated devices. New
homes also include service provider-installed equipment such as security
systems and structured wiring components used to provide sound, video, and
computer networking capabilities to a home. Previous work by LBNL found
that new types of builder-installed devices, such as structured wiring systems,
are significantly increasing the standby energy used by these products.

In addition to consuming energy when actively operating, many builder-
installed devices use energy in low power modes. Low power modes are
stages of activity and energy use between “off” and “active;” standby and
sleep modes being two such examples. Products that feature low power modes
include security systems, microwaves, any remote-controlled device, or
devices having an unswitched transformer used to lower voltage. This research
task focuses on the low power mode energy consumption of builder-installed
devices for two reasons:

1. Low power energy consumption often dominates total energy use for
builder-installed devices. Although devices use less power while in
low power modes, these modes may still constitute the majority of a
product’s annual energy consumption because of the amount of time
the product spends in standby, as with doorbells (class 2 transformers)
or smoke detectors.

2. Active mode energy consumption has already been tested for many of
the devices relevant to this study; however, data on low power mode
energy consumption is more often lacking.

This task involved two distinct stages: (1) reviewing the market for hard-
wired and builder-installed equipment in new homes and estimating their
statewide energy use, and (2) conducting detailed energy measurements for
four selected products and recommending strategies to reduce energy
consumption.
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Market and Product Assessment

Background Research
Preliminary research aimed to select for analysis the products that

consume the most energy. Selections were based on market information,
previous data on product energy use, and field research in new California
homes.
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Figure 15. Number of Builder-installed Products per New Home in Northern
California.

Saturations
To create estimates of saturations for specific products, we used data

compiled by Brown et al. (2006), in which inventories of products were taken
in 13 new California homes. By recording the number of product types in
these 13 homes, we were able to create estimates for average product
saturations in new California homes, shown in Figure 15. These averages
became the saturation estimates for all devices in this analysis, except in the
cases of GFCIs, microwaves, and doorbell transformers, for which more
detailed reports were available (listed in Table 5).
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Annual Unit Energy Consumption

The same field research by Brown et al. (2006) provided unit energy
consumption (UEC) data for many of the products addressed in this plan.
Because the Brown et al. report divided energy consumption into different
low-power modes, the wattage for a device in one mode needed to be
multiplied by hours spent in that mode to arrive at a kilowatt-hour figure. Then
this process was repeated for each documented power mode and the totals
added together to create a yearly UEC estimate for each device. Again, for
certain products, such as GFCls and doorbell transformers, other sources were
used when they provided more accurate UEC numbers, and a similar approach
created a UEC estimate from the data of other agencies (see Table 5 and
Figure 15).

Detailed Assessment of Products

Based on the AEC results and preliminary research on all products, we
selected four products for detailed research: GFCI, garage door openers,
irrigation timers and door bells. Although some of the products in Table 5 use
more energy on a statewide basis, our preliminary research showed that certain
products, although present in new homes, were not ideal candidates for
builder-focused solutions. For instance, structured wiring systems contain
components that are often installed by service providers or the building
occupant (e.g., cable modems or networking switches) and thus may not
primarily be “builder installed.” Security systems have a similar situation. For
this reason, these products were not selected for further investigation in this
study.

For the four selected products, we performed a technical and market
assessment to better understand how these products use energy and how
purchase decisions are made. We also performed power metering on a sample
of products to determine typical power draw in various operating modes.

The devices metered were mainly obtained through retail stores and
represent the brands and models that are broadly available at hardware and
home improvement stores in the Bay Area.

In the case of irrigation controllers, we metered products that were on
display at water-conservation demonstration sites operated by water utilities.
The study metered a broad cross-section of products, including models that
builders typically buy as well as other models that may be more energy
efficient (to get a range of efficiency). All metering was done with a power
line meter, which we used to conduct spot measurements (instantaneous
readings of power use). The products were all measured as originally
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configured or as found, without any configuration beyond their current
settings. We generally followed the metering methodology used by Roth and
McKenney (2007). This methodology allows for the product to be in standby
mode for 5 minutes, in order to let the power consumption stabilize, before
taking a power measurement. Because hardwired devices do not have a plug-in
power cord, power line metering required attaching a plug. For such hardwired
equipment, we only metered purchased products.

Table 5. Estimated Energy Consumption for Builder-Installed Equipment

in CA
Device Data Source Hg&seper 'EJkI\EI\(/:h) '(A(‘;Evc\:lh)
Structured Wiring Panel (Brown et al. 2006) 0.8 175 15.0
(KEMA-XENERGY,
Itron, and RoperASW
Microwave 2004) 0.95 133 13.5
GFCI (Baskette et al. 2006) 10 5 5.6
Security System (TIAX LLC 2006) (1) 0.7 61 4.6
Garage Door Opener (Brown et al. 2006) 1.2 31 4.0
Garbage Disposal (Brown et al. 2006) 1 31 3.3
Irrigation Timer (Brown et al. 2006) 0.9 26 2.5
Broadband Access Devices (TIAX LLC 2006) (2) 0.4 53 2.3
Doorbell (Class 2 Transformer) |(Baskette et al. 2006) 15 13 2.1
(Ecos Consulting et al.
Smoke Detector 2006) (1) 4.8 4 1.8
(A. Meier, pers. comm.
Gas Demand Water Heater 2007) (2) 0.06 121 0.8
Number of 2006 CA New 106,953
Homes:
Notes:

! The energy estimates for security systems and smoke detectors are from the listed
source, but the saturation estimates are provided by Brown et al. (2006).

2 saturation of broadband and gas demand water heaters are based on stock of existing
CA homes.

Source: Biermayer et al. (2008).

Metering Results

Irrigation controllers contain electronic circuits for scheduling the
watering time and duration, as well as circuitry to operate the solenoid valves
of irrigation system. Increasingly, controllers have “smart” circuitry, which
uses inputs from sensors or the Internet to only irrigate when the landscaping
needs the water. We metered 19 irrigation controllers, representing a number
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of manufacturers, sizes (number of watering “stations™), and presence or
absence of smart features. Figure 16 illustrates the range of power levels, and
Table 6 summarizes the daily energy consumption for an average controller
with an assumed usage pattern. Based on these data it is clear that smart
controllers use more standby power, although this should be balanced with the
potential for smart controllers to significantly reduce water use. Using typical
numbers for embedded energy (for treatment and pumping) in water in
California, and typical usage patterns for irrigation controllers, we found that
the embedded energy savings from reduced water use can be as much or more
than the additional energy used by a smart controller (Biermayer et al. 2008).

Table 6. Comparison of Conventional and Smart Controller Energy
Consumption

Controller Daily Standby | Daily Active | Total Daily | Percent of

Type W-hrs W-hrs W-hrs Energy Usage
in Standby

Conventional | 49 6 55 89%

Smart 97 10 106 91%

Source: LBNL.

Garage door openers contain motors to operate the garage door, lights to
illuminate the garage, control systems to sense the remote control, and safety
systems to detect an object blocking the garage door. The motors can be either
AC or DC powered. Energy consumption of a door opener can be divided into
active mode, when the door is being operated and standby or ready mode,
when the door is ready to be activated. We metered standby power levels for
10 openers representing three manufacturers, and both AC and DC motors. We
were only able to meter active energy for two openers that were installed in
homes (not in a retail setting). The standby power ranged from 3W to 9W,
with an average of 4.6W for models with AC motors and 7.4W for DC motors.
Figure 17 shows the breakdown of annual energy use for an average garage
door opener, assuming “typical” operating patterns, which is dominated by the
majority of time spent in standby mode.

Ground-Fault Circuit-Interrupters are outlet receptacles that have a safety
feature which removes power to a receptacle when current leakage is detected.
GFCls for residential housing are typically rated for 15 or 20 Amps. We
metered eight GFCI products from four manufacturers, in both 15A and 20A
capacity ratings. Our results show that the no-load power (with no device
plugged into the GFCI) ranges from 0.4W to 1.1W, with an average of 0.7W.
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Figure 18 shows the significant variation in standby power between
manufacturers, but the current rating appears to have no effect.
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Figure 16. Standby Power Draw and Power Factor for Irrigation Controllers.

Source: LBNL.

Figure 17. Garage Door Opener Energy Use by Mode.



Energy Efficient Digital Networks 79

Class Il (low-voltage) transformers have several applications in residential
homes, including door bells and chimes, HVAC controls (e.g., thermostats),
lighted address signs, and low voltage lighting. Our study focused on
transformers used for door bells and chimes. The transformers for doorbells
are typically hardwired to 120-Volt wiring at an electrical junction box. The
low voltage side of the transformer is part of a circuit that connects a door bell
button to the door bell. Typical transformer output voltage is 8v, 16v, 24v AC,
and the transformer capacity is rated in “Volt-Amps” (VA). Test data in Figure
19 show that the size of a transformer affects its standby energy consumption.
One implication of this finding is that using a larger transformer than
necessary uses more energy in standby mode. In addition, we tested a
transformer connected to a lighted doorbell and found that the light increases
the transformer power draw by about 1W.

Conclusion

We found variations in standby energy use for each of the products
analyzed in greater detail: irrigation timers, garage door openers, GFCls
(ground-fault circuit interrupters) and class Il transformers. In practice, many
products are selected by builders at least partially based on lowest price. We
found potential savings in energy use by modifying installation and following
recommended practices. The energy use in standby mode was greater than in
active mode for each product.

In the case of irrigation controllers, it was important to not only look at the
standby energy but also the total energy use including the embedded energy in
water. Smart irrigation controllers on average used more energy than
conventional timers but the difference was made up by the savings in
embedded energy due to a reduction in water consumption.

In the case of garage door openers (operators), we found that although
some operators used less energy in active mode, their standby energy use was
greater and this resulted in overall energy consumption being greater.

We found that some GFCls used twice as much standby energy as others.
Additional energy can be saved by using switched receptacles.

We found that variations in doorbell transformer influence energy use. In
addition, we found that a lighted doorbell button can use as much energy as
the transformer.

From the market analysis of products using standby mode in new homes
we found that structured wiring systems have a huge potential for increasing
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total home standby power consumption. This is a more recent development
and the amount of standby power depends on the specific components
connected to the structured wiring system. Microwave ovens were the second
highest consumers of standby power in new homes, followed by security

systems.
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Future Research Directions

Three of the top standby-using products in new homes merit further
research: structured wiring systems, microwave ovens, security systems.

Structured wiring refers to wiring installed in new houses that allow audio
(music and phone), video, computer and other systems to be interconnected.
The wiring itself does not use any energy but the components connected to it
do; therefore, the energy used in standby and active modes depends on what
and how many components are installed. This is a new and evolving industry -
- the most commonly used components should be tested, and how components
interact in a network should also be studied and assessed for their energy use.

Microwave ovens and microwave ovens with integral vent hoods use was
the second highest user of standby power in new homes. The DOE is currently
undertaking a rulemaking on microwave ovens. The effectiveness of the vent
hoods may be another area of research. Product measurements need to be
taken.

Security systems where the third highest user of standby power. Further
research on this topic is necessary. This would include testing products and
interacting with manufacturers.

Future trends and changes in future electrical codes draw attention to other
products that may use a substantial amount of standby energy in the future.
Arc-fault circuit interrupters will be required in many more household
locations in the next revision of the National Electric Code. Currently, these
are only required in bedrooms.

Product testing is fairly simple to do but there is a dearth of information
on this product.

Products not on the current list that are increasing in market share are
ultraviolet lamps in HVAC systems, built-in house vacuum cleaners, and
bathroom exhaust fans.

Future building code changes may require bathroom fans in all bathrooms.
These come in a variety of energy use, sound level, and effectiveness in
moving air. Some are advertised as being much more efficient than others.

Future work may also include research on why some products use more
energy than other products with the same functions. Discussions with
manufacturers may provide insight as to how to reduce standby power in their
products.



Table 7. Transforming the Network for Digital Networks — Highlights

MB Mike Bennett Internet & Print Publications, Broadcast Media
RE Rich Brown I T=cnnology Standards Development
SL Steven Lanzizera Public Policy
AM Alan Meier -Speak ng Engagements
BM Bruce Mordman
Date Description Leads
February, 2007 Project website developed and mounted: htip://efficientnetworks.Ibl.gov BN
April, 2007 I Met with both institutional and technical staif of HOMI (High Definition Multimedia Interface).
May, 2007 Presented short talk at the CPUC's "Big/Bold" hearing and noted the importance of electronics and RB
networks.
May, 2007 Article on "IEEE Works on Energy-Efficient Ethernet” pubished in IEEE Computer magazine.
June, 2007 Updates on ALR and proxying presented to the Energy Star PC meeting in Washington DC as part of BN
LEBNL's work on the PC specification Tier 2 revision.
June, 2007 [l Presented talk on ALR/EEE to Force 10 Networks in Silicon Valley. MB
August, 2007 Presented the EEDN project to the DOE's STEAB State Energy Advisory Board, at LENL. RB

October, 2007 Presented talk at the Global Envircnment for Network Innovations (GENI) Engineering Conference. BN
Agenda and slides at: http:/’ww.geni.net/geni-engineering-conference/geni-engineering-

conference. html

December, 2007 Presented talk to the Internet Engineering Task Force, notably the first time that energy efficiency as a BN

topic was brought up for consideration.

December, 2007 Encouraged the co-chairs of the Climate Savers Computing Initiative (from Google and Intel) to adopt

both ALR and proxying into CSCI requirements.

February, 2008 Interviewed about energy impacts of IT equipment on KCBS (Bay Area CBS radio affiliate). RB

February, 2008 EEDN poster displayed at the UC Berkeley EECS Annual Research Symposium (BEARS) BN
(http://www.eecs berkeley.edu/BEARS/).

March, 2008 Presented at the Cisco Green Research Symposium, a 2-day event which brought together RB, BN

researchers from around the country and globe.

May, 2008 Presented talk at HP/ProCurve. BN

May, 2008 Presented at the IEC TC 59/ MT 9, in Washington DC, and focused on a proposed revision to the IEC BN
62301 standard on measuring “Standby Power." A key issue for EEDN is that the new draft defines a
distinct “network”™ mode in which case network connectivity exists, separate from other low-power

modes.

May, 2008 Presented at an OFCD-sponsored workshop on “Information and Communication Technology and RB
Environmental Challenges,” on the effect of networks on energy use in buildings, and the importance
of open network standards. RB made useful contacts with staff at British Telecom and Verizon.




July, 2008 Presented the project to a group of over 40 Microsoft people from many parts of the company. BN
August, 2008 Presented EEDN poster at the ACEEE Summer Study on Energy Efficiency in Buildings.
September, 2008 Presented project content at the Energy Star computer and displays meetings.
October, 2008 |l Presented EEDN project at HP Labs Sustainability Innovation workshop. RBE
October, 2008 Presented EEDN project at 2008 Emerging Technologies Summit: participated in a panel on Consumer RB
and Office Electronics and Emerging Appliances.
January, 2009 Gave invited talk for the UCLA Electrical Engineering seminar series. BN
February, 2009 Presented a poster for the EEDN program at the UC Berkeley Energy and Resources Collaborative REB
(BERC) conference.
March, 2009 Presented talk at a joint IEA/ISO/IEC workshop on standards and energy efficiency, and publicized our BN
success working with industry on standards and building greater commitment to encourage or require
the technologies we develop.
April, 2009. Presented talk at the Linux Collaboration Summit to present the rationale and plan for implementing BN
proxying.
June, 2009 Presented talk on irrigation controller energy use at CEC Title-20 workshop on irrigation controllers. RB
June, 2009 Gave the lead presentation at the 1st Berkeley Symposium on Energy Efficient Electronic Systems BN
(E3S).
June, 2009 Presented paper at the EEDAL '09 conference (Energy Efficient Domestic Appliances and Lighting) on BN
addressing energy consumption of low power modes with network connectivity.
July, 2009 Organized panel presentation at IEEE 802 meeting on energy efficiency and network technologies. BN
The Panel had participants from Cisco, Intel, Broadcom, Clearwire and LBNL
September, 2009 Presented talk at the IEEE ECCE conference in San Jose (Energy Conversion Congress and Expo). BN
Also met with PG&E to determine how results of our work might flow into PG&E projects and
programs.
November, 2009 Energy Star launched the development of a specification for small network equipment. LENL
contributed energy use data developed in EEDN to the scoping process.
December, 2009 Energy Star released the first draft of a custom test procedure for small network equipment, and this
procedure is largely based on the work done in EEDN.
January, 2010 With Ken Christensen, published article in the January 2010 issue of IEEE Computer, with a BN
circulation in excess of 70,000.
August 2010 - Presented network equipment paper at ACEEE summer study. SL
Ongeing LBNL continues to provide significant input and guidance to the SNE process based on the work we All

conducted as part of EEDN.
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SECTION 9: TRANSFORMING THE MARKET
FOR DIGITAL NETWORKS

To promote the adoption of energy efficient consumer electronics and IT
digital networks, the project team undertook a wide range of market
connection activities. We worked through industry groups with the capability
to effect market transformation via visioning and strategic planning, standards
committees, and industry conferences. Research results were directly provided
to the organizations responsible for IT and consumer electronics standards and
guidelines, U.S and international entities promoting efficient consumer
electronics and IT products, and manufacturers designing both digital network
products and the networked end-use products.

Table 7 presents some highlights of the market transformation activities.

SECTION 10: CONCLUSION AND RECOMMENDATIONS
Conclusion

The research team developed a broad set of research findings about digital
networks through this research project. Several overarching conclusions
emerged:

Digital Networks Have a Significant Energy Impact and Savings
Potential

«  Energy Efficient Ethernet could save $400 million/year in energy bills
for the current stock of links in the United States—globally over $1
billion in energy savings.

e The largest energy waste in electronic products is due to time spent in
active mode when no one is using the device, often in order to
maintain network connections. Proxying can enable network
connectivity in sleep mode, and could save about half of PC energy
use—several billions of dollars per year in the United States alone.
Further savings could be realized in printers, game consoles, set-top
boxes, and servers.

¢ Network equipment in the United States consumed an estimated 18.2
TWh in 2008 and is projected to grow to 23.4 TWh in 2012.
Combining wide adoption of EEE and improved efficiency in power
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supplies with the addition of dynamic power savings could yield a
potential total savings of 12 TWh by 2012.

Set-top box energy use is growing rapidly—we estimate that STBs
used 2.4 TWh in California in 2010. After assessing the types of
network connections that STBs typically have, the research team
concluded that improving STB networks (that is, the STB and its
communication links) are the key to saving energy.

Develop Technologies to Scale Network Energy Use to the Services
Delivered

The energy efficiency community can engage and partner with the
technology industry to develop and create energy-efficient
technologies, such as EEE and network proxying. Energy research
and policy can be coupled with the interest and development efforts of
the technology industry to achieve energy savings in the future. Such
future collaborations will be needed, especially as more and more
energy-saving approaches rely on the technology industry for design
and/or implementation.

Energy use can be made to track utilization; through the use of EEE,
Ethernet PHY's (physical layer interfaces) can save up to 90 percent.
U.S. EPA ENERGY STAR will add the EEE standard as hardware
becomes available on the market.

Both hardware and software products on the market implement
proxying technology, and many companies indicate that they are
working on it internally. Apple implements select protocols for
proxying in its iMac line of computers internally, and in all of its
products since the summer of 2009 with external proxy functionality
(the proxy is an access point, external disk backup system, or another
Apple computer, including the very small Apple TV product). Hewlett
Packard and Dell have implemented much more limited portions of
the Ecma International standard as internal proxies for use with the
Windows operating system.

For network equipment, this project investigated three methods of
saving energy— Energy Efficient Ethernet, improved power supply
efficiency, and improved idle power consumption—and found that
when adopted concurrently on the same platform the composite
savings are estimated to be 53 percent. Moreover, a single test with
the product powered on, supporting appropriate wired network
connections, and passing no data provides an excellent single
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measurement comparison point, and could determine the relative
energy efficiency of products in a class.

The research conducted in this project found that EEE is not
inherently in conflict with an emerging standard that will commonly
be used to distribute video in homes— Ethernet Audio/Video
Bridging—»but further work is needed to ensure there is no conflict in
practice.

Technology Standards and Voluntary Programs Are Critical for Energy
Savings in Digital Networks

Public sector, academic, research, and industry participation can add
vital information and broad perspectives during a standard
development process, and help maximize the benefits to be realized
throughout the public commons. Developing standards is an
inherently collaborative process, with collective results.

The IEEE standard for EEE was approved in September 2010.

The Ecma-393 proxying standard was approved in February 2011 and
has since been sent to the International Electrotechnical Commission
(IEC) for adoption as ISO/IEC DIS 16317. ENERGY STAR
recognized Ecma-393 as the proxying standard, and will consider
including proxying in the next specification update for computers and
other products.

After reviewing many of the available power control standards for
consumer electronics, the research team developed a set of power
control principles that, if incorporated into industry standards, would
lead to significant savings in consumer electronics by allowing them
to be in low power mode more often.

Recommendations

Networks pose unique challenges and opportunities for energy use
and savings, and this topic deserves continued energy research and
policy attention.

EEE: The performance of energy efficient Ethernet products should
be monitored as they come onto the market, and any technical or
market barriers to their success should be investigated. This approach
may be applied to other physical layers (e.g., MoCA® [Multimedia
over Coax Alliance], optical link); the feasibility and potential



Energy Efficient Digital Networks 87

benefits should be explored. Power management in Wi-Fi links is
under review in 802.11; this effort may yield synergies that could
result in significant additional energy savings for EEE.

Proxying: The Distributed Management Task Force (DMTF) has
begun work on proxy management. Proxying case studies could be
used to evaluate the benefits (including energy savings) that have
been realized, and to identify any problems encountered. This
information could be fed back into the standard or products, and help
market the technology more widely. Personal computers could
monitor and report the energy savings that result from proxying, and
these data could be aggregated over a large number of machines and
incorporated into utility rebates or energy policy. It will be critical to
educate and inform the Internet standards community so that new
protocols or updates can be more friendly to sleep states and to
proxying. Future research could investigate proxying for sleeping
systems, without the knowledge or participation of the system going
to sleep.

Test procedures for large network equipment should include a second
test with half of the ports connected. This approach would provide an
additional opportunity for saving energy because equipment should be
able to reduce energy when fewer ports are in use.

Ethernet Audio/Video Bridging: The IEEE 802.1BA spec needs to be
completed to ensure that no conflict between EEE and AVB exists in
practice. In addition, this type of assessment needs to be conducted for
other consumer electronics data links (e.g., MoCA), as well as the
higher layer protocols for AVB (IEEE 1722).

Consumer electronics inter-device power control: A “meta-standard”
needs to be created that defines general approaches, principles, and
behaviors that lead to improved inter-device power control. This
meta-standard then needs to be implemented in standards for specific
interfaces, protocols, and products (e.g., HDMI, UPnP, and other
emerging IP-based protocols). In addition, these standards should
explicitly adopt the three-state power model, where “sleep” implies
continuous network presence, and “off” does not. Finally, energy
policies should adopt this system as a prerequisite for considering an
audio/visual product as efficient, initially for voluntary specifications
and later for mandatory requirements.

Set-top Boxes: The communications protocols used over STB
network links need to be designed to encourage the networked
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products to achieve the lowest possible level of power use for the
functions that they are performing at that instant. In particular,
network presence proxying stands to significantly reduce the energy
use of STBs, and we encourage active research and development in
this critical area.

Benefits to California

The short-term, direct benefits to California include the following:

For Energy Efficient Ethernet, energy savings for California should
eventually reach tens of millions of dollars per year at little or no cost
to consumers.

Hundreds of millions of dollars per year of electricity in California are
used by computers that are fully on but idle. Proxying has the
potential to reduce this significantly at very low cost. An increasing
number of devices, besides computers, have sophisticated network
connectivity and so could benefit from the technology.

California now has an accurate and detailed estimate of network
equipment energy use, a method to track changes in the total over
time, and policy prescriptions for how to address this growing area of

energy use.
The Ethernet technologies for Ethernet Audio-Video Bridging and
Energy Efficient Ethernet can be compatibly implemented, making
Ethernet an efficient and viable alternative technology for networking
audio and video devices.

Groundwork has been laid for future standards development to make
audio-video devices easier to use and to make power management
more transparent and automatic, enabling large savings at virtually no
cost.

For set-top boxes, California policy-makers now have two identified
technologies— Energy Efficient Ethernet and network presence
proxying—that can reduce STB energy use in the state by 50 percent
or more.



Energy Efficient Digital Networks 89

APPENDIX A : REFERENCE LIST

1E. 2009. PC Energy Report 2009. http://www.le.com/energycampaign
/downloads/PC_EnergyReport2009-US.pdf (accessed January 11, 2013).

Agarwal, Y., S. Hodges, R. Chandra, J. Scott, V. Bahl, and R. Gupta. 2009.
Somniloquy: Augmenting Network Interfaces to Reduce PC Energy
Usage. Presented at UseNIX Networked Systems Design and
Implementation  Conference, Boston, MA, April 23, 2009.
www.usenix.org/event/nsdi09/tech/full_papers/agarwal/agarwal_html/
(accessed January 11, 2013).

Allman, M., K. Christensen, B. Nordman, and V. Paxson. 2007. Enabling an
Energy-Efficient Future Internet Through Selectively Connected End
Systems. Presented at Sixth Workshop on Hot Topics in Networks
(HotNets-VI), Atlanta, GA, November 14-15, 2007.

Anand, H., C. Reardon, R. Subramaniyan, and A. George. 2006. Ethernet
Adaptive Link Rate (ALR): Analysis of a MAC Handshake Protocol. In
Proceedings of the IEEE Conference on Local Computer Networks. 533—
534.

Barrass, H., M. Bennett, K. Christensen, H. Frazier, and B. Nordman. 2006.
Energy Efficient Ethernet Call For Interest. Presented at IEEE 802.3
Meeting, Dallas, TX, November 14-15, 2006.

Baskette, Carmen, My K. Ton, Brad Ouderkirk, Lucas Mason, Rick Counihan,
Chris Calwell, Suzanne Foster Porter, and Kate Conway. 2006. Hardwired
Standby Loads: Class 2 Transformers and Ground Fault Circuit
Interrupters, in Codes and Standards Enhancement (CASE) Report.
Pacific Gas and Electric Company, San Francisco, CA. Draft.

Beirmayer, P., R. Brown, and M. Griffith. 2008. Hard-Wired and Builder-
Installed Miscellaneous Equipment in New Homes. Unpublished paper,
Lawrence Berkeley National Laboratory, Berkeley, CA.

Bennett, M., K. Christensen, and B. Nordman. 2006. Improving the Energy
Efficiency of Ethernet: Adaptive Link Rate Proposal. White Paper,
Version 1.0, Ethernet Alliance.

Blanquicet, F., and K. Christensen. 2007. An Initial Performance Evaluation of
Rapid PHY Selection (RPS) for Energy Efficient Ethernet. In Proceedings
of the IEEE Conference on Local Computer Networks, 223-225.

Brown, Rich, William Rittelmann, Danny Parker, and Gregory Homan. 2006.
Appliances, Lighting, Electronics, and Miscellaneous Equipment
Electricity Use in New Homes. In En Route to Zero Energy Buildings -
2006 ACEEE Summer Study on Energy Efficiency in Buildings -



90 Bruce Nordman, Steven Lanzisera and Richard Brown

Proceedings, 9-37-48. Asilomar, CA: American Council for an Energy
Efficient Economy, http://www.eceee.org/conference_proceedings
/ACEEE_buildings/2006/Panel_9/p9_4/p aper (accessed January 11,
2013).

Christensen, K., P. Gunaratne, B. Nordman, and A. George. 2004. The Next
Frontier for Communications Networks: Power Management. Computer
Communications 27 (18) (December): 1758-1770.

Christensen, K., and F. Gulledge. 1998. Enabling Power Management for
Network-Attached Computers. International Journal of Network
Management 8 (2) (March--April): 120-130.

Christensen, K., B. Nordman, and R. Brown. 2004. Power Management in
Networked Devices. IEEE Computer 37 (8) (August): 91-93.

Christensen, K., P. Reviriego, B. Nordman, M. Bennett, M. Mostowfi, and
J.A. Maestro. 2010. IEEE 802.3az: The Road to Energy Efficient Ethernet.
IEEE Communications 48 (11) (November): 50-56.

Cisco Systems, Inc. Cisco Product Efficiency Calculator, http://www.cisco.
com/cdc_content_elements/flash/dataCenter/eap/(accessed January 11,
2013).

DOE 2009, U.S. Department of Energy. 2009. 1.1.9 Buildings Share of U.S.
Electricity = Consumption. In  Buildings Energy Data Book.
http://buildingsdatabook.eren.doe.gov/TableView.aspx?table=1.1.9
(accessed January 11, 2013).

Ecma International. 2010. ProxZzzy for Sleeping Hosts. Ecma-393,
www.ecmainternational.org/publications/standards/Ecma-393.htm
(accessed January 11, 2013).

Ecos Consulting, Conway & Silver, and Energy Associates LLC. 2006.
Stakeholder Meeting for Hardwired Standby Loads CASE Study. Pacific
Gas and Electric Company, San Francisco, CA.

Gunaratne, C. and K. Christensen. 2006. Ethernet Adaptive Link Rate: System
Design and Performance Evaluation. In Proceedings of the IEEE
Conference on Local Computer Networks, 28-35.

Gunaratne, C., K. Christensen, and B. Nordman. 2005. Managing Energy
Consumption Costs in Desktop PCs and LAN Switches with Proxying,
Split TCP Connections, and Scaling of Link Speed. International Journal
of Network Management 15 (5) (September--October): 297-310.

Gunaratne, C., K. Christensen, S. Suen, and B. Nordman. 2008. Reducing the
Energy Consumption of Ethernet with an Adaptive Link Rate (ALR).
IEEE Transactions on Computers 57 (4) (April): 448-461.



Energy Efficient Digital Networks 91

Gunaratne, C., K. Christensen, and S. Suen. 2006. Ethernet Adaptive Link
Rate (ALR): Analysis of a Buffer Threshold Policy. In Proceedings of
IEEE GLOBECOM, 1-6.

Hoelzle, U. and B. Weihl, 2006, “High-efficiency power supplies for home
computers and servers,” http://services.google.com/blog_resources/PSU_
white_paper.pdf (accessed 2009).

IEEE, 2010, IEEE 802.3az Energy Efficient Ethernet Task Force,
grouper.ieee.org/groups/802/3/az/ (accessed January 11, 2013).

Infineon Technologies. 2009. Infineon Announces World’s First Gigabit PHY
Compliant With New Energy Efficient Ethernet Guidelines; XWAY”"
PHY11G Reduces Power Consumption by 90 Per Cent and Enables
Industry’s Smallest Footprint for Gigabit Applications.
www.infineon.com/cms/en/corporate/press/news/releases/2009/INFWLC2
00908- 072.html (accessed January 11, 2013).

KEMA-XENERGY, Itron, and RoperASW. 2004. California Statewide
Residential Appliance Saturation Study. California Energy Commission.
300-00-004. http://www.energy (accessed January 11, 2013).

Mouawad, J., and K. Galbraith. 2009. “Plugged-In Age Feeds a Hunger for
Electricity.” The New York Times. September 20.

Nedevschi, S., J. Chandrashekar, B. Nordman, S. Ratnasamy, and N. Taft.
2009. Skilled in the Art of Being Idle: Reducing Energy Waste in
Networked Systems. Presented at UseNIX Networked Systems Design
and Implementation Conference, Boston, MA, April 23, 20009.
http://static.usenix.org/events/nsdi09/tech/full_papers/nedevschi/nedevsch
i.pdf (accessed January 11, 2013).

Nordman, B. 2009. What the Real World Tells Us about Saving Energy in
Electronics. Presented at the Symposium on Energy Efficient Electronic
Systems (E3S), CITRIS/UCB, Berkeley CA, June 11, 20009.
http://nordman.lbl.gov/docs/e3s_nordman.pdf (accessed January 11,
2013).

Nordman, B. and K. Christensen. 2005. Reducing the Energy Consumption of
Network Devices. Tutorial, presented in IEEE 802 LAN/MAN Standards
Committee Plenary Session. San Francisco, CA, July 19, 2005.

Nordman, B., and K. Christensen. 2010. “Proxying: The Next Step in
Reducing IT Energy Use.” (Green IT column) IEEE Computer 43 (1)
(January): 91-93.

Odylzko, A. 2003. “Data networks are lightly utilized, and will stay that way.”
Review of Network Economics 2 (3) (September): 210-237.



92 Bruce Nordman, Steven Lanzisera and Richard Brown

Roth, Kurt W., and Kurtis McKenney. 2007. Energy Consumption by
Consumer Electronics in U.S. Residences. TIAX LLC (D5525) for

Consumer Electronics Association (CEA), Cambridge MA.

Specific terms and acronyms used throughout this report are defined as

APPENDIX B: GLOSSARY

follows:
Acronym Definition
AV, or AV Audio-visual
ALR Adaptive Link Rate
AP Access point
ARP Address resolution protocol
ASIC Application-specific integrated circuit
ATIS Alliance for Telecommunications Industry Solutions
AVB Audio-video bridging
CE Consumer electronics
CEC Consumer Electronic Control
CECB Coupon Eligible Converter Boxes
CFlI Call For Interest
DFE Digital front end
DHCP Dynamic host configuration protocol
DMTF Distributed management task force
DOE U. S. Department of Energy
DSL Digital Subscriber Line
Ecma European Association for Standardizing Information and
Communication Systems
EEE Energy Efficient Ethernet
EEDN Energy efficient digital networks
Energy California Energy Commission
Commission
EU European Union
Gb Gigabit
Gb/s Gigabits per second
GFCI Ground fault circuit interrupter
GigE Gigabit Ethernet
GWh Gigawatt-hour
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Acronym Definition
HDMI High definition multimedia interface
HDTV High definition television
IAD Internet access device
IEEE Institute of Electrical and Electronics Engineers
ICMP Internet control message protocol
IEC International Electrotechnical Commission
IGMP Internet group management protocol
IP Internet protocol
ISP Internet service provider
IT Information Technology
LAN Local area network
LBNL Lawrence Berkeley National Laboratory
LLDP Link layer discovery protocol
LPI Low power idle
MAC Media Access Control
Mb Megabyte
MMRP Multiple MAC-address registration protocol
MoCA® Multimedia over Coax Alliance
MRP Multiple registration protocol
MSRP Multiple stream reservation protocol
ND Neighbor discovery
NIC Network interface controller
PAC Project Advisory Committee
PAR Project Authorization Request
PC Personal computer
PCI Peripheral component interconnect
PHY Port physical layer
PIER Public Interest Energy Research
PoE Power over Ethernet
RF Radio frequency
RPS Rapid PHY selection
SNE Small network equipment
SNMP Simple network management protocol
STB Set-Top Box
TEER Telecommunications equipment efficiency ratio
TV Television
TWh Terawatt-hours
UEC Unit energy consumption
UPnP Universal plug and play
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(Continued)

Acronym Definition

EPA United States Environmental Protection Agency
USF University of South Florida

VPN Virtual private network

W Watt

WAN Wide area network

Wi-Fi Wireless Fidelity

WLAN Wireless LAN

WoL Wake on LAN

APPENDIX C: ENERGY EFFICIENT SPECIFICATIONS FOR
NETWORK EQUIPMENT REPORT

July, 2011
Steven Lanzisera, Bruce Nordman

1.0. Introduction

The Energy Efficiency Specifications for Network Equipment Report
covers the third subtask of the Energy Efficiency Specifications for Network
Equipment task. This report includes a description of test procedures and a
recommendation for efficiency metrics for small network equipment and
standalone enterprise network switches. Most network equipment consumes
relatively constant power across varied data throughput, but the power
consumed is a function of the capacity (maximum throughput supported). The
recommended metrics take into account that power scales with capacity, but
we also provide an incentive to have power consumption follow data
throughput more closely. As part of this task, we have worked extensively
with Energy Star to develop and promote the Small Network Equipment
(SNE) specification process, and we provide a status report on both the SNE
and Large Network Equipment specifications. A complete test procedure for
SNE is available on the Energy Star website (see references).
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2.0. Small Network Equipment

Small network equipment is a product category defined by the upcoming
Energy Star Small Network Equipment specification. It consists of devices
with nine or fewer wired ports that fall into one of the following product types:

e Wired Router: A network device that determines the optimal path
along which network traffic should be forwarded. Routers forward
packets from one network to another based on network layer
information. Wired Routers with Wi-Fi capability as a primary
function are either Access Points or Integrated Access Devices.

*  Wired Switch: A network device that filters, forwards, and floods
frames based on the destination address of each frame. The switch
operates at the data link layer of the OSI model. Wired Switches with
Wi-Fi capability as a primary function are either Access Points or
Integrated Access Devices.

e Access Point: A device that provides IEEE 802.11 (Wi-Fi or WLAN)
connectivity.

e Broadband Modem: A device that transmits and receives digitally-
modulated analog signals over a wired network.

» Integrated Access Device (IAD): A network device that includes the
capability of a Broadband Modem, a Wired Router, and/or Wireless
Router. IADs may be referred to as Gateways.

*  Wi-Fi Extender: A network device that functions to increase the
coverage area of a Wi-Fi network by linking to other Wi-Fi devices
using only the wireless link. These devices may alternately be
classified as Wi-Fi Repeaters.

e Optical Network Termination Device (ONT): A device that converts
signals between copper (wired) or wireless connections and an optical
fiber connection. ONTSs are available in either desktop or building.

This list of devices specifically excludes end point devices where these are
devices that function as either an originator or destination for network traffic
passed through Network Equipment. Examples of end point devices include
computers, servers, set-top boxes, IP-capable televisions, etc.
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2.1. Test Procedure Overview

The SNE test procedure was developed as part of the EEDN project and
part of the Energy Star SNE specification development with input from the
Energy Star team and industry. Although the testing performed at as part of
EEDN showed that test under a small number of conditions are sufficient to
characterize energy use, the test procedure we developed tests under a wide set
of conditions. We believe that data collected from industry using this test
procedure will not only verify our belief that a simple test is sufficient, but it
will demonstrate how poorly equipment energy use scales with throughput.
We intend to reduce the complexity of the procedure after an initial round of
data collection to the simplest procedure that characterizes energy use while
also allowing devices with new energy efficient features to stand out.

A key portion of the test procedure is the device configuration, and the
procedure stresses that the equipment should be tested as shipped from the
manufacturer. It is known that most consumers will never change the settings
on the device they receive as long as it works out of the box. Therefore, the
best estimate of energy use is to test the device with the manufacturer settings.
SNE often has several different connection types: wired Ethernet, coaxial
cable, telephone line, WiFi etc. The wired connections have physical
connectors called ports, and each type of connection can often be used at
different link speeds. The power consumption of the device will vary
depending on which types of ports are present, which connections are in use,
and the speed of those connections.

The configuration section of the procedure provides a clear set of rules to
select which connections and at which speed the available connection types
will be used. The only wired connections that are to be active during the
testing are a single WAN connection (selected according to procedure
guidelines), Ethernet connections (as specified in the procedure), and other
connections where the connected device and cable are included with the
device under test. Although there are other wired connections present on SNE
today, the market penetration is relatively small and consumer use is even
smaller. Therefore we instruct that these connections should be left
unconnected and unused. We also specify how to select the type of WiFi to be
used during testing.

SNE often have many functions built into a single box, and it is important
to test each of these functions to determine how they impact energy use. The
test procedure provides four energy tests: an idle test, a wide area network
connection test, a wired local area network connection test, and a wireless
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local area network test. Different SNE devices are tested based on the features
they possess, and the test matrix is shown in Table 1.

Idle WAN LAN Wireless LAN
Modem X X
IAD X X X X
Switch/Router X X
Wireless Product X X
Wired/Wireless Product X X X

The test procedure is greatly simplified by using this test matrix rather
than writing a procedure specific to each device type because repetition is
eliminated. This method also ensures it is clear that a wired switch and AP
with a switch are tested in the same way where there is functional overlap.

We believe that the idle test will be sufficient to represent the energy use
of today’s devices. The idle test measures the power consumption after setting
up the device to have the minimum reasonable number of connections with no
data traffic. Today’s devices spend much of their time nearly idle, and power
does not change significantly with increased throughput. We hope future
devices will reduce power significantly when being lightly used, and this test
alone will not represent typical energy use. We have included additional tests
to identify devices that demonstrate this sort of efficient operation.

The core operational tests vary the connections in use and the data passed
over the network. Based on testing performed as part of EEDN, we do not
expect to see significant changes in energy use that depend on the data
throughput in the device. The most significant contributor to changes in energy
use are the result of the number, type, and speed of the connections in use
rather than the amount of data passing over those links. The exception to this
experience is in the case of WiFi devices where we found the number of
connected clients did not impact energy use. The energy use of an AP hosting
a single client was approximately the same as the energy use when hosting 400
clients. Therefore, the energy test vary the number of connections in use for
Ethernet (the only LAN technology tested), but test only single clients for
WiFi.

Industrial stakeholders requested that we evaluate performance factors in
SNE because they believe that increased performance should warrant
additional energy allowances. The two areas where increased capability may
increase power consumption are applications in which: a more capable
processor is required or more memory must be included. A more capable
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processor may be used to handle more data traffic because the processor must
handle more packets of data in a given period of time. Although this processor
may be underutilized much of the time, it will still consume more energy. In
order to support a larger table of client devices, the SNE may include more
memory to store the parameters for each of these connections. We included
three performance tests to allow manufacturers to demonstrate devices with
greater capability. SNE manufacturers are asked to report the maximum
throughput supported over Ethernet connections, the maximum number of
wireless clients supported, and the maximum number of network address
translation (NAT) clients supported.

2.2. Energy Efficiency Metrics

The energy efficiency metric recommended for evaluation of SNE is an
estimate of annual unit energy consumption (UEC) under typical conditions
with some incentives for savings. A first step is to estimate the UEC of the
device under typical conditions with a clear understanding of the assumptions
made to achieve this UEC. In order to incentivize savings, we must consider
the energy used in several common use cases.

In order to calculate annual energy use, one must consider the power
consumed by the device while performing a particular function and the time
the device spends performing that function in a typical year. We have found
that SNE is expected to operate 24 hours a day, 365 days a year, and it is not
expected to be turned off or unplugged by the typical user. We can calculate
the UEC by measuring the power consumed under all of the use conditions
and multiplying it by the time spent under those conditions.

UEC= All functionsPower consumed performing function XxTime
performing function (Whr) Testing under all conditions is not practical,
however, and we expect SNE will spend most of its time in a state with small
amounts of data traffic, a fixed number of wired connections, and, depending
on wireless capability, advertising the wireless network and transferring little
data traffic. There will be a modest amount of wireless and wired data traffic
with few changes to the wired configuration, and this traffic will be a
combination of traffic over the internet and over the local network. We expect
this to represent about from 0 to 50% of the time, but we have observed that
traffic does not impact energy use significantly.

Although we have identified two basic operational situations, we must test
the device under different configurations to ensure that we incentivize savings
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where they are available. At the same time, we want to minimize the number
of tests to keep the procedure as simple as possible. The UEC formula used is
as follows.

UECmetric= 8760All functionsPower x% of time (Whr)

The measurements that contribute to estimating the UEC and their percent
contribution are given for each product type in Appendix A.

The measured UECmetric will be compared to an allowance level for that
product based on the product type and product capabilities. This allowance
will be calculated using a base + adders method where all products get some
small base allowance and select capabilities add some additional allowance to
calculate the total allowance. This structure is widely employed in Energy Star
standards, and it applies well to the SNE product category. Although we do
not have sufficient data at this time to provide base and adder levels for each
product type, we are currently collecting these data as part of the Energy Star
process. At this time, we have potential capabilities that will have associated
adders. These are roughly broken into three categories: physical layer
capabilities (hardware), higher level network capabilities (software), and high
performance capabilities. Physical layer capabilities would be the number,
types and speed of wired LAN ports, number and type of wireless LAN radios,
and number and type of WAN connections. Higher level network functionality
includes security features (e.g. firewall or packet inspection), network address
translation, and virtual network support. We also include the option for
manufacturers to test the performance of their devices, and we have three
performance tests: the maximum number of simultaneous wireless clients
supported, the maximum number of simultaneous network address translation
clients supported, and the maximum measured throughput of the wired LAN
connections.

3.0. Enterprise Ethernet Switches

Energy Star will be starting a program on Large Network Equipment
(LNE), and this specification is undefined in terms of its product coverage.
Current discussions only state that the equipment is larger in terms of the
number of ports than that covered by the SNE specification. Based on the
scoping study done as part of this EEDN project, enterprise Ethernet switches
consume about 60% of the energy of all LNE with 75% of this (45% of the
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total LNE) going to standalone switches rather than modular switches. The
standalone switches are also the fastest growing category, and the efficiency
and specifications focus should be on these standalone switches. A major
advantage is that the standard Energy Star model applies well to standalone
switches, whereas the modular switches will be difficult to cover in a
meaningful way. We cover standalone switches as the major portion of this
section, and we briefly discuss the issues with specifications for modular
equipment as well.

3.1. Test Procedure Overview

The Alliance for Telecommunications Industry Solutions (ATIS) is an
industry group that meets to develop specifications for network equipment to
ensure high level interoperability (between service providers and between
different tiers in the telecommunications network) as well as test procedures
for measuring the performance and energy use of network products. This
group is developing a test procedure for Ethernet switches, and they are also
developing energy efficiency metrics. ATIS has potential to be a partner in
improving the efficiency of devices because all of the major manufacturers
and several service providers participate in the organization’s meetings. ATIS
has a well-developed test procedure for enterprise Ethernet switches, and we
have attended an ATIS specifications meeting on this topic. We intend to work
towards a joint ATIS-Energy Star procedure for enterprise network equipment
that will provide the data required to evaluate energy efficiency.

The test procedure covers both modular and standalone enterprise Ethernet
switches, and the standalone switches are tested in the same way as modular
products. Metrics are calculated based on a specific configuration of a modular
switch, and every configuration requires a new run of the procedure,
measurement of power, and calculation of the metric. Given that modular
switches have from 4 to dozens of line card slots and dozens of line cards that
could be used to populate each slot, it is not feasible to measure every
common much less every possible configuration. Standalone equipment is
largely classified as “small” in the ATIS procedure in that small equipment has
up to a maximum of 50 downlink ports, and standalone switches rarely have
more than 48 downlink ports plus a one to four upstream ports. The most
relevant Classes of equipment are Access, High Speed Access and Distribution
& Aggregation. Core and Data Center switches are typically modular with
some limited exceptions.
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The ATIS test procedure tests the equipment to determine the maximum
supported throughput and the energy used under different fractions of this
maximum load. These tests are run with all ports active and assigned (with a
cable attached to the port and capable of transferring data). The structure for
the data links and data traffic is appropriate, and the measurement
methodology is similar to that used in Energy Star procedures. The primary
limitation of the test procedure itself is that most equipment is operated with
approximately half of the ports in use (our scoping study found 40% of ports
in use on the LBNL campus). The test procedure should be modified to test a
configuration with a reduce number of ports in use. The procedure does not
clearly state how results shall be reported, and this should be improved in a
future version of the test procedure.

3.2. Energy Efficiency Metrics

Industry is currently developing metrics for network equipment energy
use, and these metrics may not promote lower energy use. ATIS is developing
a metric called the Telecommunications Equipment Efficiency Ratio (TEER)
to characterize equipment efficiency. The metric is roughly maximum
throughput divided by average power, and it is scaled to be a unitless quantity
between 0 and 1000 where the higher the TEER, the more efficient the device.
Consider a case where the maximum throughput required” is 1Gb/s. A device
that meets this spec may consume 100W and get a TEER value of 100. A
device that consumes twice as much power and has three times throughput will
get a TEER of 150. Given that we know equipment power consumption does
not reduce significantly when operating below maximum throughput, the
second device will take twice the energy of the first while delivering the same
quantity of data. This is not a more efficient implementation, yet this divided
metric hides this reality. The unitless nature of this metric further separates the
measurements from the calculation making it impossible for an individual to
even estimate energy use based on the TEER. This metric strategy is not
recommended for promoting efficiency.

The ATIS test procedure does result in the data required to estimate
annual energy use, and this is a more suitable metric. With the procedure
modified to include a reduce number of ports, the proposed weighting power
consumed with no data traffic, moderate data traffic, and maximum data traffic
in the ATIS procedure is sufficient to encourage efficiency improvements. At
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this time we have insufficient data to propose qualification levels for these
devices.

Status of Energy Star Process

Energy Star is in the process of developing the SNE specification and
expects to launch the LNE specification process in late 2011. The SNE process
has an entirely new test procedure (largely developed through this EEDN task)
that is currently with manufacturers for an initial round of data collection. The
Energy Star team is also developing the specification document and plans to
release a draft without specification levels by June 2010. This corresponds
with the time when the initial data collection from manufacturers will be
completed using the draft test procedure. Based on the data collected and
manufacturer comments, the test procedure will be finalized and draft
specification base and adder levels will be determined. The final specification
should be completed sometime in late 2011. The LNE process will borrow
heavily from this EEDN project because much of the preliminary work was
done here. The scope of the tier 1 specification, the development of a test
procedure (based on the ATIS procedure), and the capabilities likely to be
given adder allowances have all been at least partially if not extensively
studied as part of this work.

Conclusion and Next Steps

We have met the goals of this task and made more progress than expected
in developing the SNE specification with Energy Star. As part of this work, we
made some of the most accurate estimates of the energy use of home and
enterprise network equipment energy use, and we have clearly identified the
types of equipment most in need of efficiency measures. Using this
information, we investigated how to test the energy use of these devices and
have made significant steps towards efficiency specifications including
developing a test procedure for small network equipment, identifying and
evaluating a test procedure for large network equipment, and investigating
energy efficiency metrics and specification definitions.

We will continue to work as part of the Energy Star Small Network
Equipment specification team using available funding from EPA, and we will
participate fully in the development of the Large Network Equipment process
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as well. We are also in communication with members of the ATIS committee
responsible for the key large equipment test procedure, and we are
encouraging the committee to revisit the procedure with our concerns in mind.
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APPENDIX C, APPENDIX A. PERCENT TIME WEIGHTING
VALUES FOR SMALL NETWORK EQUIPMENT UEC
METRIC CALCULATIONS

Small Network Equipment is expected to be near idle most of the time,
and the data show that there is little to no change in power consumption with
changes in utilization. Therefore, UEC calculations focus on the condition
with no traffic flowing. The method for determining these percentages is
roughly as follows.

1. Assign approximately 50% to the idle condition (no data traffic, no
extra ports).
2. Assign remaining to tests with half of ports active but unused.
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For devices with multiple Ethernet ports, the tests utilizing half of the
available ports account for half of the energy use. If the half ports
configuration isn’t tested, the minimum ports case shall be used instead.

Many values are set to 0 here because this simplifies UEC calculation
while being a representative energy calculation.

Modem
Mode %
Idle 50%
WAN 0.5 Mb/s 50%
WAN Max Rate 0%

Wired Switch or Wired Router

Mode %
Idle 50%
LAN /2 Ports Idle 25%
LAN /2 Ports 1 Mb/s 25%
LAN /2 Ports Max Rate 0%
LAN All Ports 1 Mb/s 0%

Wireless Router

Mode %
Idle 50%
LAN /2 Ports Idle 25%
LAN /2 Ports 1 Mb/s 10%
LAN /2 Ports Max Rate 0%
LAN All Ports 1 Mb/s 0%
Wireless 0.1 Mb/s 20%
Wireless Max Rate 0%
IAD

Mode %
Idle 50%
WAN 0.5 Mb/s 10 %
WAN Max Rate 0%
LAN /2 Ports Idle 20%
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Mode %
LAN /2 Ports 1 Mb/s 10%
LAN /2 Ports Max Rate 0%
LAN All Ports 1 Mb/s 0%
Wireless 0.1 Mb/s 10%
Wireless Max Rate 0%
Enterprise AP

Mode %
Idle 50%
Wireless 0.1 Mb/s 45%
Wireless 1 Mb/s 0%
Wireless Max Rate 5%

APPENDIX D: POWER CONTROL IMPLEMENTATION
REPORT

Steven Lanzisera and Bruce Nordman
Lawrence Berkeley National Laboratory

Introduction

This report presents a proposed protocol design for interoperable controls
that provide the behaviors outlined in the Power Control Design Report. This
implementation uses the HDMI Consumer Electronics Controls (CEC) channel
for device power control and would require devices to support a subset of the
published CEC commands.

Home audio and video equipment is increasing in functionality and power
consumption, and a recent study found that these devices spend as much time
“on” and in use as they spend “on” and idle’. Industry has focused on
improving the user experience, and current devices are networked using
HDMI interfaces to provide high speed content streaming and inter-device
communication. This network interface includes the capability to provide
higher level control through the Consumer Electronics Control (CEC) facility,
but CEC is implemented primarily as a vendor specific option without cross-
vendor interoperability. HDMI CEC could be used to significantly increase the
time devices spend sleeping (instead of remaining in their active state) by
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enabling devices to expose power state information to connected devices, and
the savings potential in the US alone is equivalent to the annual energy output
of two or more coal fired power plants (20 to 30TWh). This document outlines
the features included in the HDMI 1.3a spec that could be used to implement
basic energy saving features. It also introduces new commands that would
assist in reducing energy use; these commands would be helpful in future
revisions of the standard but are not required for some power control
capabilities. Devices should also manage their own power state according to
standard conventions; we are separately describing such behavior and that will
complement the CEC capabilities.

This document proposes a set of HDMI CEC commands that, taken
together, implement both user initiated and automatic power control of HDMI
networked devices. This set of commands enables a subset of the
entertainment system to cooperatively power up and down without the user
commanding each device into the active or sleeping state. The user will have a
better experience while reducing overall energy use by decreasing the time
devices spend in their full power state.

Definitions

e Content: Audio or video streams that are sent over HDMI or legacy
interfaces.

e Primary Function: A function that requires a device to be in the fully
powered on state. A nonexclusive list of these functions is shown
below.

» Receiving and/or displaying content.

e Streaming content to a sink that is not a paused image, menu of
any kind, or screen saver type display.

e Recording content

¢ Responding to user action (programming, configuring, or
responding to input)

e Secondary Conditions: A condition that does not require the device to
be fully powered on, so that it can be in a low power mode. A non-
exclusive list of these conditions is shown below.

« Display of continuous device function (clock timer, status display
or indicator lamp).

e Streaming content that is a paused image, menu of any kind, or
screen saver type display.



Energy Efficient Digital Networks 107

» Displaying a screen saver type display.

* Not processing, receiving outputting or displaying audio or video
content.

e Playback paused or stopped with media in drive.

* No media in drive.

e Command: A HDMI packet that is used to initiate communication on
the HDMI CEC bus.

» Feature: A behavior carried out by a set of networked devices that is
executed through the exchange of HDMI commands and the
associated actions resulting from those commands.

o Sleep: A power state between Off and On in which the device retains
full network connectivity. While HDMI uses the term “Standby”, this
is taken to be a command to go to a low power mode. There are many
advantages to using the term Sleep that are described elsewhere (IEEE
1621).

Power Control Philosophy

The intention of this grouping of CEC commands is to make HDMI
compliant devices follow a consistent philosophy on networked device power
control. If this philosophy were applied broadly to electronic devices,
significant energy savings would be possible through increased time in the
sleep state and decreased time in the active state. The intent is to enable part or
all of the functionality on non-HDMI links as well. To that end, this document
will be generalized to apply to other interfaces, and a nonstandard specific
document will be available publicly.

Devices should:

e Have a 3-state power model

e Maintain network connectivity while asleep

«  Advertise power state changes

e Make decisions regarding their own state

e Be capable of observing link state (signal present?)

e Power down after period without performing primary function
»  Make links appear inactive when no active content is supplied
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Note that the expectation is that most devices will usually toggle between
off and sleep in normal operation. Off (no network connectivity) is important
but expected to be used only occasionally.

Features to be Implemented

The HDMI CEC commands (potentially) needed to implement these
features are shown after the feature in the format <command>. These features
must be implemented with legacy HDMI CEC in mind to ensure that no
unintended behaviors occur. Some features rely on other HDMI characteristics
in addition to the CEC channel.

User Initiated Power Down

The user commands the primary sink device into a low power state, and
the device broadcasts this message to all connected devices. All devices go to
sleep except those that are performing a primary function that should continue
while the display is asleep.

When a user commands a source or other HDMI non-sink device into a
low power mode, the device should transition to the low power state but not
broadcast a standby command. Legacy devices may go into a low power mode
not intended by the user.

Behavior is complicated in the case of an A/V receiver. If it is receiving an
audio stream, it should broad cast a standby command. If it is receiving a
video stream (with or without audio) and routing some or all of it to another
sink, it should not broadcast a standby command. If it is not receiving content,
it should not broadcast a standby command. This feature when coupled with
the following two “Automatic Power Down” features result in reasonable
power control capability.

<Standby>

Automatic Power Down of an Inactive Sink

A sink device loses its active input stream and detects this through the
TMDS link. The device should not switch to a different input or request an
active source because the user will request a source if the user is present and
using content. After a delay period (e.g. 5 min) without a user selected source,
the device should broadcast a standby command and power down. This
features works with the “Automatic Power Down of Inactive Source” feature
to provide full automatic power down capability. A/V receivers and displays
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should be able to respond to active source command to ensure that they can
switch sources if the user is requesting this behavior through a source device.
<Standby>, <Active Source>

Automatic Power Down of Inactive Source

A non-display device determines it is not performing a primary function.
It goes to sleep after a delay period (e.g. 20 min). No message is broadcast.
This features works with the “Automatic Power Down of Inactive Sink”
feature to provide full automatic power down capability. A proposed
command notifying the network that a device is going to sleep would allow
other devices to go to sleep faster, but this command is not required for
operation.

<Transitioning to Sleep>

User Initiated Power on

The user commands a device into the active state, and the device sends a
message to the last active source/sink telling it to provide/display content. LBL
expects that this functionality will be implemented by others and is not
planning to develop this functionality.

Power down after Interval with No User Input

This is a function that would be useful in reducing energy use, but there
are no CEC commands to support it. If no user input to any device has been
received for 3 hours, it is unlikely a user is actively observing the provided
content. If a device hasn’t received input in 3 hours, it should broadcast a
message. A device that has received input would respond with the time since
last input if it is less than 3 hours. If no device responds, the TV would display
a warning of the system’s intent to power down. No user input would result in
the system powering down. If user input is received by any device in the
interval with the display warning, the device will report user activity. All
devices active in the network need to support the two proposed commands for
this functionality to be used. Incorporating the commands into new products is
required to ensure future use.

The following two commands are proposed to implement this function.

<Request User Activity>, <Report User Activity>

These commands would also be required.

<Standby>, <Get CEC Version>, <Report CEC Version>
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Comprehensive List of Commands for Interoperable Power Control
The following commands exist as optional in HDMI 1.3a.

Command Description

<Active Source> | Used to declare the intent to provide content

;Sr?rt]giSD Used to display text on screen

<Standby> Used to notify devices of the intent to power down or as a notice
to a device that it is believed the device should power down.

<Get CEC Used at network initialization by coordinator to query devices for

Version> CEC version. Assists in determining which bundle of commands
can be relied upon for power control.

<Report CEC Used to reply to query and notify network of supported CEC

Version> version. Devices should maintain state based on this reply to
ensure that only supported functionality is performed.

The following new/proposed commands would be helpful in expanded

power control capabilities.

Command Description

<Request User Broadcast to determine if user input has occurred in the last
Activity> 180 minutes

<Report User Report back only if user has provided input. Report time
Activity> since last input

<Transitioning to Broadcast when a device is going to sleep but does not want
Sleep> to command legacy HDMI devices to change state.

Summary

Using relatively few commands, it is possible to exhibit behaviors that
will result in both increased user satisfaction and reduced energy use. In order

for these benefits

to be realized, however, it is critical for there to be

universally accepted protocols, commands and behaviors. This report proposes
a set of commands using the most common physical layer protocol on the
market, and it would provide the set of behaviors needed to enable the

available savings.



Energy Efficient Digital Networks 111

End Notes

! See http://www.ecma-international.org/publications/ standards/Ecma-393.htm.

2 This example is somewhat simplified, in that network equipment is always overprovisioned to
some extent. In addition, there is often some cost increase for higher maximum throughput,
but this is not a general rule.

End Note for Appendix C

! This example is simplified in that network equipment is always over provisioned to some
extent. In addition, there is often some cost increase for higher maximum throughput, but
this is not a general rule.

End Note for Appendix D

! K. Roth, K. McKenney, TIAX report D5525 commissioned by the CEA, 2007.
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Chapter 2

ESTIMATING THE ENERGY USE AND
EFFICIENCY POTENTIAL
OF U.S. DATA CENTERS*

Eric R. Masanet, Richard E. Brown, Arman Shehabi,
Jonathan G. Koomey and Bruce Nordman

ABSTRACT

Data centers are a significant and growing component of electricity
demand in the United States. This paper presents a bottom up model that
can be used to estimate total data center electricity demand within a
region as well as the potential electricity savings associated with energy
efficiency improvements. The model is applied to estimate 2008 U.S.
data center electricity demand and the technical potential for electricity
savings associated with major measures for IT devices and infrastructure
equipment. Results suggest that 2008 demand was approximately 69
billion kilowatt-hours (1.8% of 2008 total U.S. electricity sales) and that
it may be technically feasible to reduce this demand by up to 80% (to 13
billion Kkilowatt-hours) through aggressive pursuit of energy efficiency
measures. Measure-level savings estimates are provided, which shed light
on the relative importance of different measures at the national level.

* This report, LBNL-5830E, was released by the Lawrence Berkeley National Laboratory,
Environmental Energy Technologies Division, August 2011.
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Measures applied to servers are found to have the greatest contribution to
potential savings.

Keywords: Data centers; energy demand modeling; energy efficiency;
information technology

1. INTRODUCTION

As the world shifts from paper-based and analog information systems to
digital information management, data centers have become essential to nearly
every sector of the global economy. Data centers are facilities that contain
information technology (IT) devices used for data processing (servers), storage
(storage devices), and communications (network devices). Data centers also
contain so-called “infrastructure equipment,” which typically consists of
specialized power conversion and backup equipment (to ensure a reliable
electricity source), and environmental control equipment (to maintain
acceptable temperature and humidity conditions). In the past decade, there has
been rapid growth in the number and size of U.S. data centers, with a
correspondingly steep rise in electricity demand to power their operations [1-
3]. The most recent estimates for U.S. data centers suggest that between 2000
and 2006, their electricity demand more than doubled to approximately 61
billion kilowatt-hours (kWh) [4], or to around 1.6% of 2006 U.S. electricity
sales [5].

The rapid rise and growing national significance of this electricity demand
has placed increased attention on strategies for improving the energy
efficiency of data center operations [4, 6-8]. One prominent example is Public
Law 109-431 [9], which in 2007 directed the U.S. Environmental Protection
Agency (EPA) to assess U.S. data center electricity demand trends and
efficiency opportunities in consultation with a wide audience of IT industry
stakeholders. The assessment resulted in a 2007 peer-reviewed report to the
U.S. Congress—hereafter referred to as the “EPA study”—containing
projections of U.S. data center energy demand under different efficiency
scenarios [4]. The EPA study also contained policy recommendations for
promoting greater data center efficiency.

Despite the growing importance of U.S. data center energy use and
efficiency, only the EPA study and a handful of other publications comprise
the current peer-reviewed, quantitative literature on these topics. These
publications are summarized in [3]. Among the most recent of these studies
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are two by Koomey [1, 2], which presented a bottom-up (i.e., technology
based) model of U.S. data center electricity use based on server installation
data from market research firm International Data Corporation (IDC),
measured power data by server class, and estimates of infrastructure
equipment energy use in 2005. The general bottom-up approach from Koomey
[1-2] was expanded and refined in the 2007 EPA study [4], which further
modeled the energy use of storage and network devices within data centers,
and also allowed for estimation of energy demand in different data center
space types.

A novel feature of this model was its ability to estimate the potential
electricity savings associated with a select set of broad data center efficiency
improvements. The EPA study projected that U.S. data center electricity
demand was likely to grow from 61 billion kWh in 2006 to over 107 billion
kWh in 2011 in the absence of accelerated efficiency improvements [4]. The
study further estimated that 2011 electricity demand could be reduced by as
much as 70% through adoption of energy efficient technologies and operating
practices.

This paper builds on the previous work by Koomey [1-3] and the EPA study
[4] in several important ways. First, it documents a concise new mathematical
modeling framework for estimating data center energy use and efficiency
potentials at different geographic scales, which can be replicated and refined by
others. The approach improves the analytical cohesiveness and transparency of
the initial model developed for the EPA study, based on extensive feedback
from the study’s stakeholder group. The improved model should be accessible
to a wider audience, and can be refined as better facility and technology data
become available. Second, it provides new insights into the electricity saving
potentials and relative importance of specific efficiency measures, whereas the
initial model developed in the EPA study only estimated savings associated
with broad, non measure-specific improvements in aggregate fashion.
Specifically, the improved model presented here allows one to estimate
efficiency potentials associated with discrete efficiency measures applied to
different classes of IT devices and infrastructure equipment, and in different
space types. Third, this paper applies the improved model to generate the most
recent (2008) estimates of both U.S. data center electricity demand and the
potential electricity savings associated with nationwide efficiency
improvements.

These estimates are generated using the most recent available data on the
installed base of IT devices and efficiency measures in U.S. data centers.
These estimates should prove more relevant to current research and debates
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about U.S. data center energy use and efficiency opportunities than previously
published estimates.

2. METHODOLOGY

The data center energy model presented here employs a bottom up
modeling approach, which is described in general form by Equation 1. The
approach facilitates analysis of energy demand in five data center space types:
server closets, server rooms, localized data centers, mid-tier data centers, and
enterprise-class data centers. The characteristics and technology assumptions
associated with these data center space types are summarized in Table 1.

Table 1. Typical characteristics
of data center space types

Space Typical |Typical IT device Typical infrastructure equipment

type size (ft2)|characteristics characteristics

Server <200 1-2 servers Typically conditioned through an office
closet No external storage heating, ventilation, and air conditioning

(HVAC) system. Environmental

conditions are not as tightly maintained as
for other data center types. HVAC energy
efficiency associated with server closets is
probably similar to the efficiency of office

HVAC systems.
Server  |<500 A few to dozens of servers | Typically conditioned through an office
room No external storage HVAC system, with additional cooling

capacity, probably in the form of a split
system specifically designed to condition
the room. The cooling system and power
backup equipment are typically of average
or low efficiency because there is no
economy of scale to make efficient
systems more first-cost competitive.
Localized|<1,000 |Dozens to hundreds of Typically use under-floor or overhead air
data servers distribution systems and a few in-room air
center Moderate external storage |conditioning (AC) units. AC units in
localized data centers are more likely to
be air cooled and have constant-speed
fans and are thus relatively low efficiency.
Operational staff is likely to be minimal,
which makes it likely that equipment
orientation and airflow management are
not optimized. Air temperature and
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Space Typical |Typical IT device Typical infrastructure equipment

type size (ft2)|characteristics characteristics

humidity are tightly monitored. However,
power and cooling redundancy may
reduce overall system efficiency.

Mid-tier |<5,000 |Hundreds of servers Typically use under-floor air distribution
data Extensive external storage |and in-room AC units. The larger size of
center the center relative to those listed above

increases the probability that efficient
cooling, e.g., a central chilled water plant
and central air handling units with
variable speed fans, is used. Staff at this
size data center may be aware of
equipment orientation and airflow
management best practices. However,
power and cooling redundancy may
reduce overall system efficiency.
Enterpris |5,000+ |Hundreds to thousands of |The most efficient equipment is expected

e -class servers to be found in these large data centers.
data Extensive external storage |Along with efficient cooling, these data
center centers may have energy management

systems. Equipment orientation and
airflow management best practices are
most likely implemented. However,
enterprise-class data centers are designed
with maximum redundancy, which can
reduce the benefits gained from the
operational and technological efficiency
measures.

Source: Derived from [4] and [10].

This level of spatial disaggregation was chosen because many U.S. servers
are expected to be located in server closets and server rooms [10], which have
different technology characteristics—and, hence, different efficiency
opportunities—than larger data centers. It also facilitates better
characterization of electricity costs and potential cost savings, since server
closets, server rooms, and localized data centers are often subject to
commercial rates whereas larger data centers are often subject to (usually
much lower) industrial rates [5].
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EP“=  Data center electricity demand (KW hivear)
EI"':_= Electricity used by servers of class § in space type j (EWhfyear)
Ef"= Electricity used by external storage devices in space type j
(KW hfvear)
EN= Electricity used by network devices in space type j (KW h'vear)

PUE= Power milization effectiveness of infrastructure equipment in space
type j (EWh/EWh)

Equation 1 estimates data center demand as a function of four variables
that account for the electricity use of servers, external storage devices, network
devices, and infrastructure equipment. These variables are calculated for each
space type using equations and assumptions described in the subsections that
follow. In Equation 1, the total electricity use of IT devices within a given
space type is determined through summation of the electricity use of servers,
external storage devices, and network devices (i.e., the term in brackets). The
total electricity use of IT devices is then multiplied by an assumed power
utilization effectiveness (PUE) for that space type. The PUE—which is
defined the ratio of total data center energy use to IT device energy use—is a
common metric that accounts for the electricity use of infrastructure
equipment [11, 12]. The variables in Equation 1 depend on several parameters
related to the adoption of energy efficiency measures as described below. This
functionality allows the model to estimate current electricity demand (based on
present day adoption of efficiency measures) as well as potential electricity
savings in different measure deployment scenarios. The measures included in
the model capture the major classes of data center equipment and operations
efficiency strategies identified in the EPA study [4], which extensively
reviewed such strategies.

An important note is that a number of calculations in the model are made
relative to static baseline values that reflect current data center characteristics.
This allows estimation of electricity savings potentials between scenarios in a
consistent manner. It also reflects a reality in available data; namely, most data
on energy saving measures are expressed relative to current data center
practices (e.g., a percent reduction) rather than on an energy intensity basis
(e.g., kWh per computation). Defining energy intensity metrics for data centers
is a complex undertaking due to the diversity of services provided; much work
is needed before such metrics are available. For clarity, baseline variables in
the model are labeled with a “hat” in the remainder of this paper.
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2.1. Servers

Servers are the workhorses of the data center, and as such represent the
most significant component (ranging from 50% to over 90%) of IT device
electricity demand in all space types [1- 4]. Correspondingly, servers are the
target of numerous efficiency measures. Equation 2 is used to estimate server
electricity use by space type based on server class, the number of servers in
each space type, and the annual electricity use per server in each class. The
model adopts three server class definitions from IDC based on unit sales
prices: volume servers (<$25,000), mid-range servers ($25,000 to $500,000),
and high-end servers (>$500,000). These definitions are used due to the
availability of IDC data on U.S. server installations by class [13] and recent
power data by class [1-4]. Equation 2 estimates the number of installed servers
in each class using a baseline value— defined as the current number of installed
servers—divided by a “device reduction ratio.” The device reduction ratio
accounts for the relative reduction in servers that can occur via efficiency
strategies that minimize server counts, such as virtualization, consolidation of
applications, and legacy server removal [4]. For example, a device reduction
ratio of 3 indicates that three servers have been replaced by one server (i.e., a
3:1 reduction ratio). Annual electricity use per server is estimated using
Equations 3-6, which reflect the relationships between server electricity use and
the adoption of key efficiency measures.

ES = —ief

¥ U

o )
E’= Electricity used by servers of class i inspace type j (KWhiyear)
W = Baseline number of servers of class i installed in space type j
o= Device reduction ratio for servers of class { in space type |
ef= Annual electricity use per server of class # in space type j (kWh/year)

Specifically, the potentials for three major efficiency strategies are

characterized: (1) use of efficient server hardware; (2) use of dynamic

frequency and voltage scaling (DFVS); and (3) reducing the number of
physical servers. Efficient server hardware refers broadly to hardware
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measures such as high efficiency power supplies, multiple-core processors,
more efficient memory, and variable speed fans [4]. Equation 3 expresses the
net effect of such measures relative to baseline server electricity use for each
server class. DFVS is a common energy saving feature that allows a
processor’s clock speed to ramp down during intervals of low utilization,
thereby reducing power use. The fractions of a server population with efficient
hardware and DFVS enabled can be varied in Equation 3 to estimate server
electricity use at different levels of measure adoption.

efy = éfilal (¥ — 1) + 1)(B56 + (1= B5)a(5)

gi= Annual electricity use per server of class ¢ in space type j (kW h'vear)

éf= Baseline annual electricity use per server of class ¢ in space type J (kWhivear)

o= Fraction of servers of class i in space type j with energy efficient hardware

j

yi= Ratio of efficient server to baseline server electricity use for servers of class f in
space type J

Bi= Fraction of servers of class { in space type j with dynamic voltage scaling
emahled

8. 4{= DFVS and wtilization factors

The net effect of reducing the number of physical servers is captured in
Equation 3 through two “DFVS and utilization factors.” These two factors
account for the dynamic relationship between the number of installed servers
that exist after device reduction initiatives, the average processor utilization of
these remaining servers, and the use of DFVS. Figure 1 plots a representative
relationship between server power use, processor utilization, and the state of
DVFS (i.e., enabled or disabled) [14]. In virtualization initiatives, several
physical servers are replaced by “virtual” servers that reside on a single
physical “host” server. An important implication is that the processor
utilization of the remaining host servers will rise due to the increased
computational demand necessary to support the virtual servers. As is evident
in Figure 1, the rise in processor utilization will lead to an increase in system
power use, and the magnitude of this increase depends on the DFVS state
(particularly at lower utilization). Despite the increase in server electricity use
that accompanies virtualization, data centers can realize substantial electricity
savings through large reductions in the number of servers.
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Figure 1. Relationships between utilization, system power, and DFVS state.

Equations 4 and 5 calculate the DFVS and utilization factors based on
server power-utilization functions such as those illustrated in Figure 1. For
simplicity, and based on available data in [14] and [4], these functions are
assumed to be linear and are thus described using slopes and y-axis intercepts
in the model (values assumed in this paper are shown in Figure 1).

mINu,, + BEY
e E ¥

':':'1:- = T ORF = TR
! w4+ by
£ £ (4)
;-r;l‘-‘_-*'= Slope of power-utilization function (DFVS enabled) for server class § in space
’) v
type
= Post-reduction processor utilization per server of class § in space type j (%)
b= Y-intercept of power-utilization function (DFVS enabled) for server class i in
space type |
;-r;l‘-:,"'-"'= Slope of power-utilization function (DFVS disabled) for server class i in space
typeJ
il j= Baseline processor utilization for active servers of class in space type j (%)
hEFF= Y-intercept of power-utilization function (DFVS disabled) for server class i in

space type
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m; 'F¥_ Slope of power-utilization function (DFVS disabled) for server class i in space
type j

uy = Post-reduction processor utilization per server of class § in space type j (%)

BEF= Y-intercept of power-utilization function (DFVS disabled) for server class i in
space type f

il = Baseline processor utilization for active servers of class § in space type j (%)

The average utilization per server after device reduction is calculated via
Equation 6. The post-reduction utilization is a function of four variables: (1)
the device reduction ratio for servers (defined as the baseline number of
installed servers divided by the number that remain after server reduction); (2)
the baseline utilization of active servers prior to reduction; (3) the fraction of
removed servers that are legacy servers; and (4) the average utilization
“overhead” of virtualization software. Legacy servers are those that are
functionally obsolete (e.g., hosting applications that are no longer used) but
still draw power. Although the presence of legacy servers varies greatly by
data center, some industry analysts suggest that they can comprise up to 10%
(or more) of the server population at a typical large data center [22]. For
simplicity, it is assumed that legacy servers have negligible utilization and will
be completely eliminated in server reduction efforts; thus, they have no effect
on post-reduction processor utilization. The utilization overhead variable
accounts for the processor utilization increase necessary to run virtualization
software on the remaining host servers. This software overhead is in addition
to utilization increases related to the computational demands of virtual servers.

wy = fypl(1 = 8)) + iy,

(6)
uy=  Postreduction processor utilization per server of class § in space type j (%)
=  Baseline processor utilization for active servers of class i in space type j (%)
pi= Device reduction ratio for servers of class f in space type j
»-l‘|= Baseline fraction of servers of class i in space type j that are le gacy servers
=  Post-reduction processor utilization overhead per server of class § in space type j

(%)



Estimating the Energy Use and Efficiency ... 123

Equations 3-6 are designed to assess efficiency opportunities for volume
and mid-range servers, which account for the vast majority (95%) of U.S.
server electricity use [1-4]. Efficiency opportunities for high-end servers may
be more limited, since they typically incorporate efficient hardware
appropriate for their applications (e.g., high efficiency power supplies) and
operate at high utilization (making DFVS less applicable) [4]. However, the
approach is equally valid for high-end servers with the appropriate
assumptions (see Section 3).

2.2. External Storage

Equation 7 is used to estimate the electricity use of external storage
devices by space type. The electricity use of external storage is expressed as a
function of the baseline (i.e., current) number of installed devices, the device
reduction ratio, baseline storage device electricity use, and assumed adoption
levels of key efficiency measures. Equation 7 characterizes the savings
potentials associated with two broad efficiency strategies: (1) efficient storage
devices and management; and (2) reducing the number of external storage
devices.

Efficient storage devices and management refers to measures aimed at
improving the efficiency of both the physical device (e.g., a switch to high
efficiency hard disk drives (HDDs)) and data management (e.g., tiered storage
and/or spinning down HDDs). Device reduction strategies for external storage
include such measures as data de-duplication, virtualization, and increasing
capacity utilization [4].

Equation 7 can assess of any type of external storage device; however, the
model currently focuses on external HDD storage and related efficiency
opportunities. While tape storage systems are used in many data centers, a lack
of data on the installed base and average electricity use of tape storage devices
precluded their inclusion in the current model. Further, the electricity use of
tape storage is expected to be small compared to that of external HDDs, which
themselves only account for around 5% of current U.S. data center demand [3,
4].

o ™
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.-'?I;"-'= Electricity used by external storage devices in space type j (KWhfvear)

Ni"= " Baseline number of external storage devices installed in space type j

:}f": Device reduction ratio for extemal storage in space type j

£77= Baseline annual electricity use per external storage device in space type j
(kWhivear)

i{_;':"= Fraction of energy efficient external storage devices in space type j

_1:_;“""= Ratio of efficient external storage device to baseline external storage device

electricity use in space type j

2.3. Network Devices

Robust data on the number of installed network devices in U.S. data
centers, and their average electricity use, are currently not available in the
public domain. Existing reports, audits, and white papers mainly document the
relative contribution of network devices to total electricity use at specific
facilities [4]. Thus, the model estimates the electricity use of network devices
as a fraction of total IT electricity demand for each space type using Equation
8 (rather than in the bottom-up fashion used for servers and storage devices).
In this way, the model enables the use of available (albeit limited) data on
network devices in a manner that is consistent with the way those data are
reported. Still, Equation 8 could be used to coarsely estimate the effects of
network efficiency improvements by adjusting downward the network device
scaling term (i.e., the second term within the brackets).

=TS ) ()

(8)
;';“_I""= Electricity used by network devices in space type j (KWh'vear)
;'?'!-‘-;_= Electricity used by servers of class § in space type j (KW h'vear)
Ef'= Electricity used by external storage devices in space type j
' (kW hiyear)
el'= Ratio of network device to total IT device electricity use in space

type j (KWhKWh)
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2.4. Infrastructure Equipment

The electricity use of infrastructure equipment is estimated via an assumed
PUE for each space type. Equation 9 is used to calculate each PUE, based on
assumptions for the electricity use of four major infrastructure system
components: power transformers, uninterruptable power supplies (UPSs),
cooling systems, and lighting. The cooling systems component represents the
broadest class of infrastructure equipment in the model. It refers to primary
refrigeration units (e.g., air conditioners and water chillers), coolant pumps,
fans and air handlers, cooling towers, and similar equipment. Because the
types and configurations of such equipment vary greatly across data centers,
cooling system electricity use is represented in aggregate by space type. The
effects of efficiency measures are estimated through changes to the ratio of
component to IT device energy demand in Equation 9.

PUE, = 1 + Z

' ©)

PUE~= PUE of infrastructure equipment in space type j (KWh/EWh)

gh= Ratio of electricity use by infrastructure system component & in space type j to
IT device electricity use in space type j (KWh/EWh)

Because the PUE is a commonly-used metric [9], its use enables the
model to leverage reported PUE values from data center audits and
benchmarking initiatives [12, 16]. However, given its simplistic nature, the
PUE is more appropriate for estimating data center energy use in the aggregate
than for assessing or comparing the energy use or efficiency of individual
facilities [9, 15].

3. SCENARIO AND DATA ASSUMPTIONS

The data center energy model was used to estimate: (1) current (2008)
electricity demand of U.S. data centers; and (2) the technically achievable
minimum demand assuming maximum adoption of select efficiency measures.
These are referred to as the “current demand” and “efficient” scenarios,
respectively. The difference between the two scenarios represents the technical
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potential for electricity savings associated with the selected measures.
Technical potentials serve as an upper bound on savings from a technical
feasibility perspective; as such, they do not consider factors that may limit the
adoption of measures at individual data centers. Such factors could include
return on investment criteria, early retirement of existing capital, or perceived
risk.

The scenario assumptions are discussed below. All assumptions are based
on the best-available data in the public domain as of early 2010. For a number
of modeling input data in the current demand scenario, the EPA study [4]
remains the most credible (and often only) source of information. As described
in Section 1, few sources of peer-reviewed data exist in the literature and the
EPA study represents the most comprehensive resource for bottom-up,
technology-based data among these sources. Furthermore, many of the EPA
study data were supplied by the IT industry directly or through industry-led
surveys, and all final variable assumptions were subjected to peer review by
dozens of IT and data center industry experts. Thus, for many data the EPA
study provides reasonable consensus on national average values. Where
available, the scenarios employed more recent data as indicated below.

3.1. Baseline Variables

As discussed in Section 2, the model includes static baseline values that
reflect current data center characteristics. Assumptions for these variables are
summarized in Table 2.

Baseline numbers of installed servers were derived using 2008 market data
from IDC [13] and estimated distribution data for server classes across space
types previously published in [10]. Based on these data, an estimated total of
12.3 million servers were installed as of 2008. Approximately 97% of these
were volume servers and nearly 50% were assumed to be in the largest two
space types.

A total 2008 population of 16.4 million external HDDs was estimated
using market data from IDC [4] and information supplied by a major HDD
manufacturer [17]. This total was distributed proportionally across the three
largest space types based on installed servers to arrive at the estimates in Table
2.

Baseline IT device electricity use estimates were derived from published
server [1 3] and external HDD [4, 17] power data. Baseline processor utilization
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(05 |
and legacy server fractions ‘J'J were derived from data center survey
responses and feedback obtained during the EPA study [4].

Table 2. Baseline variable assumptions

Data center space type
IT Device Server closet | server room |Localized [Mid-tier | Enterprise
N{j = Number of installed servers (1,000) [10,13]
Volume 2,090 2,380 2,040 1,840 3,600
Mid-range Q 18 58 52 240
High-end Q 0 3 2 12
NJST = Number of installed external storage devices (1,000) [4,17]
External HDD [ o Jo [4,390 [3.960 8,050
L';[Sr = Average annual electricity use per server (kWh/year) [1-3]
Volume 2,080 (for all space types)
Mid-range 6,910 (for all space types)
High-end 81,400 (for all space types)
ﬁ”- = Average processor utilization (%) [4]
Volume 10 (for all space types)
Mid-range 20 (for all space types)
High-end 70 (for all space types)
é;’J = Fraction of servers that are legacy servers [4]
Volume 0.05 (for all space types)
Mid-range 0 {for all space types)
High-end 0 {for all space types)
&5 = Average annual electricity use per external storage device (kWh/year) [4,17]
External HDD \ | 240 (for all space types)

Note: Data sources are indicated by bracketed reference numbers.

3.2. Scenario Assumptions

Assumptions for the remaining variables are summarized in Table 3,
which lists values in the current demand scenario followed by those in the
efficient scenario (in parentheses). When a variable does not change between
scenarios, only one value is listed; this allows for easy identification of values
that change between scenarios, and by how much.

Server device reduction ratios in Table 3 combine the effects of
virtualization, application consolidation, and legacy server removal. By default,
all server device reduction ratios equal 1 in the current demand scenario. This
does not imply that no server reductions have occurred to date; rather, such
reductions are already included in the baseline installed server numbers.
Adjustments to these ratios in the efficient scenario reflect additional server
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reductions that could be achieved moving forward. In the efficient scenario, the
assumed device reduction ratio for volume servers is 2 for server closets and 5
for all other space types. These values are based on the EPA study [4], which
concluded that post-reduction server utilization is not likely to exceed 50%-60%
in many facilities to ensure a capacity buffer. A device reduction ratio of 2 is
assumed for mid-range servers in the efficient scenario, since virtualization is
increasingly being applied to this server class (with the same assumed capacity
buffer constraint).

The post-reduction utilization overhead per server \Hij JIequals zero in
the current demand scenario, which assumes that baseline utilization values
include existing virtualization software overhead. A value of 10% is assumed
in the efficient scenario, commensurate with full deployment of virtualization
across the post-reduction populations of volume and mid-range servers.
While virtualization overhead can vary based on software, operating system,
and device architecture, a 10% national value was deemed reasonable by
stakeholders in the EPA study [4].

Device reduction strategies are not expected to be applicable to high-end
servers, given that such servers are expected to operate at high utilization
levels [4]. Thus, device reduction ratios and post-reduction utilization
overhead values for these servers were set to 1 and zero, respectively.

The two scenarios focus on efficient hardware measures for volume
servers only. Therefore, no hardware efficiency improvements are assumed
between scenarios for mid-range and high-end servers; the ratios of efficient

(y?

. - ii) _
server to baseline server electricity use */“equal 1 and the fractions of

.
servers with efficient hardware L) ) equal zero for both server classes.

For volume servers, the ratio of efficient server to baseline server
electricity use equals 0.7. This implies a 30% hardware efficiency
improvement, which is based on analyses supporting the recent ENERGY
STAR Tier 2 Computer Server Specification [18]. The fraction of volume
servers with efficient hardware in the current demand scenario equals 0.05,
based on recent market availability of high efficiency servers from several
manufacturers and projections for U.S. sales of such servers in [4]. The
efficient scenario assumes that all volume servers have efficient hardware.
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Table 3. Scenario variable assumptions

| Data center space type

Device/component | | Server closet [Server room | Localized [ Mid-tier | Enterprise

Pi—(} = Device reduction ratio for servers [4]
Volume 1(2) 1(5) 1(5) 1(5) 1(5)
Mid-range 1 1(2) 1(2) 1(2) 1(2)
High-end 1 1 1 1 1

L’LU = Average post-reduction processor utilization overhead per server (%) [4]
Volume 0(10) 0(10) 0(10) 0(10) (10)
Mid-range 0(10) 0(10) 0(10) 0(10) 10)
High-end 0 0 0 0

]/5- = Ratio of efficient server electricity use to baseline server electricity use [18]
Volume 07 0.7 0.7 0.7 0.7
Mid-range 1 1 1 1 1
High-end 1 1 1 1 1

a‘fj = Fraction of servers with energy efficient harcdware [4]
Volume 0.05 (1) 0.05 (1) 0.05 (1) 0.05 (1) 0.05 (1)
Mid-range 0 0 0 0 0
High-end 0 0 0 0 0

}3:} = Fraction of servers with DFVS enabled [23]
Volume 0.1(1) 0.1 (1) 0.1(1) 0.1(1) 0.1 (1)
Mid-range 0.1(1) 0.1 (1) 0.1 (1) 0.1(1) 0.1 (1)
High-end 0 0 0 0 0

pr = Device reduction ratio for external storage devices [24]
External HDD | [1 [1 [12) [1) [1@

erT = Fraction of external storage devices that is energy efficient [4]
External HDD [ Jo Jo [o.1(1) [oa (1) Jo1 (1)

}/f’T = Ratio of efficient storage device electricity use to baseline storage device electricity use
External HDD | [1 [ [o.85 [o.65 Jo.5

ajm = Ratio of network device electricity use to total IT device electricity use [25]
Network devices | Jo.05 Jo.1 [0.1 [0.1 Jo.1

E;'fk = Ratio of infrastructure system component electricity use to |IT device electricity use [1-4,12,18,19]
Transformer 0 0.05 (0.03) ]0.05 (0.03) [0.05 (0.03) ]0.05 (0.03)
UPS 0 0.20 (0.1) 0.20 (0.1) 0.20 {0.1) 0.20 (0.1)
Coaling 0.95 (0.48) 0.73 (0.36) 0.73 (0.18) 0.73 (0.18) 0.73 (0.16)
Lighting 0.05 (0.11) 0.02 (0.01) ]0.02 (0.01) |0.02 (0.01) [0.02 (0.01)

Note: Each cell lists the variable value assumed in the current demand scenario
followed by the value assumed in the efficient scenario (in parentheses). When an
assumed value does not change between scenarios, only one value is listed. Data
sources are indicated by bracketed reference numbers.

DFVS is assumed to be applicable to volume and mid-range, but not to
high-end, servers, as discussed in Section 2. In the current demand scenario,
the fraction of servers with DFVS enabled equals 0.1 for volume and mid-
range servers, and zero for high-end servers. These values are based on
industry data [23], which suggest that current use of DFVS is quite low despite
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its widespread availability. The efficient scenario assumes full DFVS use for
all volume and mid-range servers.

External HDDs are expected to be rare in server closets and server rooms
(see Table 1). For these two space types, the device reduction ratios for storage
devices equal 1, the ratios of efficient to baseline storage electricity use equal
1, and the fraction that is energy efficient (atsT) equals zero.

For the other three space types, an achievable HDD reduction ratio of 2 is
assumed in the efficient scenario. This value assumes an average capacity
utilization of 30%, and that this could be doubled (to 60%) via storage
virtualization, data de-duplication, and improved capacity management [24].
The ratio of efficient to baseline storage electricity use equals 0.65 for these
three space types in light of two efficiency trends. First, HDD hardware
efficiency can be improved through selective adoption of newer high
efficiency HDD technologies (e.g., small form factor HDDs). Second, tiered
storage and HDD idling technologies can spin drives down based on data
classification and access demands. No robust data exist on the energy savings
of these combined strategies; thus, a 35% efficiency improvement was
assumed based on data from the EPA study [4, 24]. The current fraction of
HDDs operating at this efficiency level was assumed to be low (0.1), based on
industry feedback in the EPA study [4]. The efficient scenario assumes that all
HDDs will operate at this efficiency level.

The ratio of network device to IT device electricity use equals 0.05 for
server closets, and 0.1 for other space types, based on industry data [25].
These ratios do not change between scenarios based on two simplifying
assumptions. First, it is assumed that the number of network ports (and hence
network energy use) will decrease proportionally with server counts. It is
possible that some data centers would install additional ports on “host” servers
to provide additional capacity on network links. However, it is assumed in the
efficient scenario that the number of added ports would be small compared to
the number of ports eliminated. Second, network equipment manufacturers
and researchers are actively pursuing hardware design and management
measures to improve the energy efficiency of network devices (see for
example [26]). As a preliminary estimate, it was assumed that efficiency gains
through such measures could help maintain a constant network device to IT
device electricity use ratio in all space types (despite significant reductions in
server and storage energy use due to server and storage efficiency
improvements). As better bottom-up data emerge on network device energy
use and efficiency options, however, these simplifying assumptions should be
reassessed.
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The ratios of infrastructure system component to IT device electricity use
L€ "") correspond to a PUE of 2 for all space types in the current demand
scenario. Although PUE values vary widely by facility, a national average of 2
aligns with industry consensus [1-4] and available audit data [12, 18]. All
infrastructure component ratios in the current demand scenario were based on
the EPA study [4]. In server closets, the PUE is assumed to be a function of
two components: building heating, ventilation, and air conditioning (HVAC)
systems for IT device heat removal, and lighting (see Table 1).

In the efficient scenario, infrastructure component ratios reflect nationwide
average PUE values of 1.6 for server closets, 1.5 for server rooms, and 1.3 for
localized, mid-tier, and enterprise data centers. For server closets and server
rooms, average building HVAC efficiency improvements of 50% were deemed
feasible based on recent U.S. data for commercial buildings [19]. For localized,
mid-tier, and enterprise data centers, the following improvements were
assumed [4]: transformer efficiency improvement from 95% to 98%; UPS
efficiency improvement from 80% to 90%; and a shift to cooling best practices
(e.g., free cooling, cooling towers, variable-speed air handlers and pumps, and
variable-speed drive chillers with economizers). These improvements lead to a
nationwide average PUE of 1.3 in these three space types, which aligns well
with highly efficient facilities in recent benchmarking studies [12, 16].

Efficiency improvements to transformers and UPS equipment in server
rooms were assumed to be similar to those in the larger space types. The
component ratios for lighting in the efficient scenario assume that lighting
needs are proportional to the number of installed servers, and that lighting
efficiency improves by 25% [19].

4. RESULTS AND DISCUSSION

Table 4 summarizes the results for the current demand and efficient
scenarios by IT device, infrastructure system component, and space type. Also
provided is a corresponding summary of technical potentials for electricity
savings (i.e., the difference between scenario results).

Current electricity demand is estimated at 69 billion kWh, or around 1.8%
of 2008 nationwide electricity sales [5]. This represents a 13% increase from
2006 demand (61 billion kWh) [4]. The increase is largely explained by
growth in installed servers, from approximately 11 million in 2006 [4] to over
12.3 million in 2008 [13].
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As in previous studies [1-4], volume servers and cooling systems are by
far the largest components of electricity use; together they accounted for over
70% of current demand. One third of total demand is estimated to occur in the
nation’s largest (enterprise) data centers.

Despite continued growth in data center electricity demand, the results for
the efficient scenario suggest that deep savings may be achieved through
aggressive pursuit of energy efficiency. The technical potential is estimated at
approximately 56 billion kwh—an 80% reduction and an amount that is more
than double the annual electricity use of Los Angeles (26 billion kwh) [20].
The cost savings from such a reduction would be substantial. Based on 2008
U.S. average electricity rates—10.28 cents/lkWh for commercial and 7.01
cents/kWh for industrial buildings— annual electricity costs would be reduced
from $5.9 billion to $1.1 billion [5]. These results suggest both widespread
inefficiencies in current data center operations and the availability of
technologies and operating practices that could reduce these inefficiencies
significantly.

Substantial electricity savings are achievable across all space types, but
clearly the largest three (and enterprise data centers in particular) account for
the majority of potential savings.

The most significant demand reductions are associated with volume
servers and cooling systems, which is expected given their contributions to
current data center electricity use (see Table 4). However, Figure 2 reveals the
dominant role that server measures play in reducing electricity use. It plots the
average contribution to electricity savings of the efficiency measures assessed
by the model.

Savings by measure are presented in rank order for IT devices (the top half
of Figure 2, in blue) and infrastructure equipment (the bottom half, in orange).
Clearly seen is the dominant role that reduced demand for IT device heat
removal and power provision plays in minimizing infrastructure equipment
electricity use (indicated in Figure 2 by “reduced IT device demand”). Of the
31.1 billion kWh infrastructure equipment demand reduction, 25.1 billion kWh
are attributable to simply eliminating the need for infrastructure services
through reduced IT demand. These results underscore the importance of the
well-known “dual benefit” effect of reducing IT device electricity use.*
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Table 4. U.S. data center electricity use (billion kWh/year) by space type

Data center space type

Server closet [Server room [Localized [Mid-tier [Enterprise |Total |% of Total
Current demand (2008) scenario
Volume servers 41 4.7 4.0 3.6 71 23.7 34%
Mid-range servers (0.0 0.1 0.4 0.4 1.6 2.5 4%
High-end servers 0.0 0.0 0.2 0.2 1.0 14 2%
Storage devices  |0.0 0.0 1.0 0.9 1.8 3.7 5%
Network devices (0.2 0.5 0.6 0.6 13 3.2 5%
Transformer 0.0 0.3 0.3 0.3 0.6 15 2%
UPS 0.0 11 1.3 11 2.6 6.0 9%
Cooling 41 3.9 4.6 41 9.4 26.1 38%
Lighting 0.2 01 0.1 01 0.3 0.8 1%
Total 8.7 10.7 12.6 113 |25.7 69.0 [100%
% of Total 13% 16% 18% 16% |37% 100%
Efficient scenario
Volume servers 14 0.8 0.7 0.6 1.2 4.6 36%
Mid-range servers (0.0 0.1 0.2 0.2 0.8 1.3 10%
High-end servers (0.0 0.0 0.2 0.2 1.0 1.4 11%
Storage devices  |0.0 0.0 0.3 0.3 0.6 1.3 10%
Network devices [0.1 0.1 0.2 0.1 0.4 0.9 7%
Transformer 0.0 0.0 0.0 0.0 0.1 0.2 2%
UPS 0.0 0.1 0.2 0.1 0.4 0.8 6%
Cooling 0.7 0.3 0.3 0.2 0.6 2.2 17%
Lighting 0.2 0.0 0.0 0.0 0.0 0.2 2%
Total 2.3 14 2.0 1.8 5.2 12.8  |100%
% of Total 18% 11% 16% 14% 41% 100%
Technical potential for electricity savings
Volume servers 2.7 3.9 3.4 31 6.0 19.1 34%
Mid-range servers |0.0 0.1 0.2 0.2 0.8 1.2 2%
High-end servers (0.0 0.0 0.0 0.0 0.0 0.0 0%
Storage devices  |0.0 0.0 0.7 0.6 1.2 2.5 4%
Network devices [0.1 0.4 0.5 0.4 0.9 2.4 4%
Transformer 0.0 0.2 0.3 0.2 0.5 1.3 2%
UPS 0.0 1.0 11 1.0 2.2 5.2 9%
Cooling 3.4 3.6 43 3.9 8.7 240 [43%
Lighting 0.1 0.1 0.1 0.1 0.2 0.6 1%
Total 6.4 9.3 10.5 9.5 20.5 56.2 [100%
% of Total 11% 17% 19% 17% |36% 100%

Note: values may not sum to 100% due to rounding.

Figure 2 also sheds light on the relative importance of the measures in the
current model. Measures for servers offer by far the greatest potential for
reducing electricity demand, largely due to device reduction and the adoption
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of ENERGY STAR compliant volume servers. Considering the “dual benefit”
effect, server measures accounted for approximately 70% of the estimated
savings. These results underscore the critical importance of efficiency
measures for servers in U.S. data centers. Measures for storage devices and the
reduction in required network ports accounted for 20% of IT electricity
savings.

Currend (2008) demand |G 5.0

Device reduction: servers . 127
Improved server efficiency B 46
IT device electricity
Dynamic frequency/voltage scaling I 20

savings (Total =

25.1 billion kwh)

»
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H 1
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Figure 2. Efficiency measure contributions to electricity savings.

Although savings for infrastructure equipment are largely attributable to
IT device efficiency, Figure 2 shows that meaningful savings can be realized
through infrastructure measures. Improved cooling efficiency is the most
important measure, followed by improved UPS efficiency. Electricity savings
from transformer and lighting measures are relatively minor, given already
high transformer efficiencies and the minor contribution of lighting to facility
electricity use.

There are several caveats associated with Figure 2. First, the importance
and relative contribution of individual measures will vary by data center,
depending on installed equipment, operating practices, space type, location,
and other unique factors. Thus, Figure 2 data should be interpreted only as
estimates of national average measure contributions across all data center
space types. Second, the relative contribution of measures can change based
on the order in which they are applied. Figure 2 shows the average



Estimating the Energy Use and Efficiency ... 135

contribution of each measure based on multiple model runs, which applied
measures in different orders. Third, although the relative contribution of
infrastructure measures is fairly small, such measures may vyield substantial
savings in some data centers. Many data centers have significantly reduced
electricity demand through such simple improvements as operating at higher
temperature set points and improving air flow. However, the relative
contribution of infrastructure measures declines with increasing IT device
efficiency due to the “dual benefit” effect.

It is useful to compare results to the EPA study [4]. In its most aggressive
“state of the art” technology scenario, the EPA study estimated a nationwide
electricity savings potential of around 70%. The somewhat higher estimate of
electricity savings in this paper is attributable to two key methodological
differences. First, the improved model presented here includes efficiency
measures (e.g., mid-range server virtualization, storage efficiency
improvements, and ENERGY STAR servers) that were not modeled in the
EPA study. Second, the technical potentials presented in this study assume
100% penetration of the stated efficient PUE by space type, whereas the EPA
study applied its efficient PUE assumptions to only 50% of data centers within
each space type. A penetration of 50% was used in the EPA study as a lower
bound on technical potential for infrastructure systems to acknowledge that
such improvements may only during major equipment upgrades, facility
expansions, or new facility construction. Indeed, there are a number of
economic, information, and institutional barriers to realizing the full technical
potential presented here; such barriers (many are not unique to data centers,
and many can be overcome) are discussed in [4], [6], and [27]. Still, the
technical potentials presented here are useful for illustrating the full potential
of technologies available to data center operators, and for underscoring the
extent of the performance gap between technically-achievable energy
efficiency and real-world practice.

As with any model, the quality and utility of the results depend critically on
the availability of credible input data. While the analyses presented here
utilized best available data from a wide range of public and industry sources,
the robustness of many data could not be verified due to lack of peer-reviewed
sources for calibration. Furthermore, a thorough quantitative treatment of
uncertainty is not yet possible, given the predominance of point estimates
(rather than credible ranges) for many data in the model. Given the bottom up
nature of the model, improved data on installed device numbers, additional
device/equipment classes, and device/equipment electricity use in different
space types would particularly improve its accuracy. Improved data on tape
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storage and network devices would further improve the comprehensiveness of
the model. Lastly, the model focuses on electricity use and efficiency. If the use
of other fuels becomes more significant (e.g., natural gas engine driven
compressors or steam-based absorption chillers) [15], the model can be
expanded.

Finally, it is important to understand the macro-economic context of data
center services. Electricity used in data centers enables structural
transformations in the economy that can save energy and reduce resource use
[28]. For example, a recent analysis comparing the impacts of downloading
music to buying it on compact disc (CD) found substantial (40-80%) savings
in carbon emissions for downloads compared to the best case for physical CDs
[21]. Moving bits is usually preferable to moving atoms, and while minimizing
the direct electricity use of data centers is important, it is also critical to
understand the macro-economic system benefits enabled by data centers.
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End Note

! This effect can be visualized via Equation 1 and a simple example. Consider a data center with

100 units of IT device energy demand and a PUE of 2. Equation 1 estimates total data
center energy demand of 200 units of energy (100 units for IT devices, 100 units for
infrastructure systems). If IT device energy demand is halved (i.e., reduced by 50 units),
and the PUE stays constant, total data center energy demand is also halved (i.e., reduced to
100 units: 50 units for IT devices and 50 units for infrastructure systems). Implicit in this
effect is the assumption that a data center’s temperature set point remains constant (i.e.,
reduced heat generation by IT devices will lead to reduced cooling system demand to
maintain a constant space temperature).
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