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A B S T R A C T

The power usage effectiveness (PUE) metric has become an industry standard for reporting energy
performance of data centers. However, it is an incomplete metric, failing to address hardware efﬁciency,
energy productivity, and environmental performance. The industry should focus on adopting and
systematically reporting more comprehensive metrics, which would allow more insight into data center
energy performance.
ã 2016 Elsevier Inc. All rights reserved.

1. Introduction
The advent of the digital computer brought about the
“Information Age,” an era in which information has come into
its own as a valuable commodity. The accuracy, relevance, and
timeliness of an organization’s information are—as they have
always been—keys to its success. However, the higher speeds,
greater trafﬁc, and increased access on the “information superhighway” have made ﬁrms hungrier for ever-increasing volumes of
data.
Data services lie at the heart of operations for many companies
and constitute a core product for others. Google indexes the web to
provide search services to users while simultaneously collecting
information about search activity to deliver advertising. Social
networking entities such as Facebook collect personal data in
exchange for hosting virtual communities, aiding interaction
among groups. Online retailers like Amazon.com house online
inventories and bring buyers and sellers together. Data service
providers such as Dropbox and Apple allow users to store their
documents, ﬁles, and digital content “in the cloud,” a distributed
storage network. Even traditional retailers like Walmart and
Whole Foods use data-intensive processes to manage their
inventories in real time.
The hardware and software used to store, transmit, and utilize
data to provide e-services are collectively known as information
technology (IT) or information and communications technology
(ICT). ICT includes computers and software, mobile devices, and
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communication networks and their components. As digital content
has proliferated, so too have the storage mechanisms grown,
moving from the lone server to the server closet, the server room,
and now the server farm. These storage repositories are collectively
known as data centers, which not only provide static storage but
also dynamically provide a wide variety of services including
hosting web pages and email, streaming multimedia, and running
complex business applications like banking management software.
Individuals, private ﬁrms, universities, and government entities all
use data centers of varying scale and complexity to manage the
digital information they need to operate.
Expansion of data and services has meant exponential growth
in needed storage capacity. IBM reports that global daily data
production is 2.5 quintillion bytes and that 90% of the world’s data
has been produced in the previous two years (IBM, 2013). In
addition to the magnitude of data produced, increasing complexity
of software has increased its size. As the prevalence of data centers
has grown, so have public concerns about their aggregate energy
consumption (Markoff and Hansell, 2006). A series of bottom-up
estimates has generally found that data centers use on the order of
1–2% of U.S. and global electricity consumption (Koomey, 2008,
2011). An industry report examining the greenhouse gas (GHG)
emissions attributable to ICT estimates that, while data center
carbon emissions are a negligible part of the global total, they have
grown at 8.6% annually since 2001 and will continue to outpace
both the global footprint growth rate and the that of other ICT
subcategories (networks and end user devices) through 2020 (BCG,
2012).
In response to these concerns, and also to get a better handle on
operational costs, the industry has worked to establish metrics to
assess data center performance. The most prevalent of these is
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power usage effectiveness (PUE), which is the ratio of facility-wide
power consumption to power used by the IT equipment. This
article discusses the main problems associated with this metric.
We ﬁrst provide a brief background on data center types, as
different metrics may be more or less relevant to different sizes and
applications of data centers (Section 2). Section 3 deﬁnes PUE and
highlights its main drawbacks as an overall measure of data center
energy performance. Alternative metrics are discussed in Section 4,
while Section 5 brieﬂy summarizes different ways in which data
center energy performance—once assessed with an appropriate
metric—can be improved. Finally, Section 6 summarizes the
discussion.
2. Background: data center taxonomy
What is a data center? Lawrence Berkeley National Laboratory
(LBNL) describes a data center as a special-purpose facility with the
following characteristics and functions (LBNL, 2013):
! “Houses various equipment, such as computers, servers (e.g.,
web servers, application servers, database servers), switches
routers, data storage devices, load balancers, wire cages or
closets, vaults, racks, and related equipment.
! Store[s], manage[s], processe[s], and exchange[s] digital data and
information;
! Provide[s] application services or management for various data
processing, such as web hosting internet, intranet, telecommunication and information technology.”
While the LBNL deﬁnition is focused on facility contents and
function, ICT consulting ﬁrm Gartner uses a deﬁnition more
focused on the organizational role the data center plays, deﬁning a
data center as “the department of an enterprise that houses and
maintains the back-end [IT] systems and data stores—its mainframes, servers, and databases. In the days of large, centralized IT
operations, this department and all the systems resided in one
physical space.” (Gartner, 2013)
These deﬁnitions make no statements about size, and include
few restrictions on function. Data centers can range from small
server closets to huge server farms and can host a variety of IT
services, such as corporate email and ﬁlesystems, data archives,
and cloud services. The main criterion for a data center seems to be
that it houses “back-end” ICT equipment—equipment accessed
indirectly by users via a network.
The variety of size and function can make clear classiﬁcation
difﬁcult, though most classiﬁcation systems rely on some
combination of size, criticality of service, and service type. We
adopt the following nomenclature for context, loosely based on the
taxonomy used by IDC (Patterson, 2010):
1. Server closets, or “ad-hoc” data centers, support small
businesses or individual projects at larger companies. They
may get some support from a corporate-level IT department but
may also be conﬁgured and operated by non-experts.
2. Server rooms are small data centers that support small
businesses or special groups or projects of larger entities. They
may be administered by central IT staff or “owned” by each
project or division.
3. Localized data centers provide business-critical applications
and have some power and cooling redundancy, though
downtime is not catastrophic. Restoration of service on the
order of hours is acceptable.
4. Mid-tier data centers are large-to-medium-size data centers
used to host enterprise-wide applications in support of
operations or human resources (e-mail accounts, ﬁlesystems,

internal data). The data is critical, but incidental to the primary
business line. Downtime lasting longer than a few minutes has
signiﬁcant impact on the business. These facilities are operated
by the company’s central IT department.
5. Enterprise data centers are large facilities used, usually by nonITC companies, in support of core business operations (e.g.,
banks, health care companies, etc.). These data centers are often
in special-purpose facilities and operated under a separate
business unit or division. Downtime is catastrophic, and these
facilities have highly redundant infrastructure.
6. Hyperscale data centers, server farms, or warehouse-scale
computers (WSCs) are the very large data centers, usually
constructed in their own physical plants, built by ICT companies
with a primary business line focused on data (e.g., Google,
Apple, Facebook, Amazon, et al.) and, increasingly, cloud-based
services. Barroso and Hölzle (2009) coined the term warehousescale computer to emphasize the distinguishing large economies of scale, extreme parallelism, hardware and software
homogeneity, and aggressive focus on efﬁciency of these data
centers.
Generally, size, infrastructure redundancy, quality of service,
and criticality increase as one moves down the list, though these
distinctions are necessarily qualitative and somewhat fuzzy in
nature. Note that these data center types can be deployed in very
different domains, ranging from corporate entities to universityand research-based enterprises.
The Uptime Institute, a corporate data center consultancy, has
published a data center classiﬁcation focused on infrastructure
redundancy, ranging from “basic” to “fault-tolerant” (Turner et al.,
2008; C7 Data Centers, 2012). Tier I data centers have no redundant
systems, whereas Tier IV facilities have duplicate active power and
cooling distribution paths, with redundant components on each, so
that the center can withstand any single equipment failure. The
tiers roughly follow the functional/size-based classiﬁcation above,
with Tier I & II data centers being appropriate for businesses that
have no or low obligated quality-of-service requirements and Tier
III and IV data centers being appropriate for businesses that need to
deliver round-the-clock services with serious consequences for
downtime.
When analyzing the energy performance of a data center, it can
be difﬁcult to draw a clear boundary around the system,
particularly if it is part of a larger multiuse building, as is often
the case. Generally the data center encompasses the computing
load and associated equipment in such cases, not the entire
building. However, if cooling, lighting, and HVAC systems are
shared between the data center and spaces dedicated to other uses
(e.g., ofﬁces), which is especially common in the smallest data
centers, then it can be hard to accurately assess energy
performance. Inconsistency in what is included in the measurements can make comparisons among different data centers
difﬁcult.
3. Measuring energy efﬁciency: PUE
Estimates of aggregate energy usage provide context for
determining if data center energy consumption is a cause for
concern. However, these sorts of studies cannot reveal how that
energy is being used—that is, how efﬁciently do data centers use
energy to deliver the services they provide? To assess energy
performance, we must ﬁrst deﬁne a suitable metric.
There have been many different metrics proposed by various
industry and research organizations. One review paper cited no
less than 30 metrics proposed by various organizations to measure
different aspects of data center energy efﬁciency (Jamalzadeh and
Behravan, 2011). However, the industry has converged on power
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usage effectiveness, or PUE, as the standard of choice (Avelar et al.,
2012).
3.1. PUE deﬁnition
PUE is the ratio of total power used by the data center facility to
the power used by the IT equipment: PUE = total facility power/IT
equipment power.
Thus, lower PUE values are better, with 1.0 being ideal. A PUE of
1.0 would indicate that 100% of the power delivered to the facility is
used by the computing equipment. Power used for lighting,
cooling, and other overhead increases PUE. Some have argued that
1.0 is not necessarily a minimum value, as use of recovered waste
heat could enable PUE ratings of less than 1.0 (Hamilton, 2009)—
although this is perhaps stretching the deﬁnition of PUE to
encompass energy performance issues beyond its intended
application.
Companies like Google and Facebook have aggressively reduced
their PUE in recent years through a focus on efﬁciency and custom
hardware design. Google reports a trailing 12-month (TTM) ﬂeet
average PUE of 1.12, with individual site ranges from 1.09 to 1.31
(Google, 2015). Facebook does not report a ﬂeet average, but
provides dashboards showing real-time PUE measurements for
two of its largest data centers, which report TTM averages of 1.08
and 1.09 (Facebook, 2016a,b).
Businesses where data centers are a more ancillary part of
operations likely have higher PUEs, and small-to-medium data
center operators are less likely to focus intensely on energy
efﬁciency of their installations (Delforge and Whitney, 2014; BCG
2012). According to an Uptime Institute survey, among ﬁrms with
fewer than 1000 servers, only 50% of operators were concerned
with PUE; among ﬁrms with over 5000 servers, that number was
90% (Patrizio, 2013). The smaller ﬁrms do not have the resources or
expertise to achieve the ultra-low PUE benchmarks set by the big
ﬁrms, and the lower ﬁnancial rewards put data center greening off
the radar of executive leadership. Reported industry-wide average
PUE measures, based on survey data, vary between 1.8 (Miller,
2011) and 2.9 (Digital Realty Trust, 2013). The latter survey
reported that only 20% of data centers had PUEs of less than 2.0.
Reporting of PUE has become the de facto standard—or perhaps
more than simply de facto, as the EPA has used PUE as the basis for
its ENERGY STAR for Data Centers rating program (Miller, 2009)—
and has led to a sort of arms race among large data center
operators. We now discuss signiﬁcant problems with over-reliance
on this metric.
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are housed internally or externally to servers. To get a “correct”
value for IT equipment energy, measurements would need to be
taken at the component level: CPU and other integrated circuits,
memory, disks, etc. (Hamilton, 2009). The fact that such measurements are impractical means that equipment efﬁciency can muddy
the PUE calculations. A low-overhead facility running older, less
efﬁcient servers could conceivably achieve a low PUE while still
using more energy than it needs. In practice, this may not be much
of a concern for larger data centers that refresh their server stock
frequently. However, data centers occupying the lower tiers of the
spectrum deﬁned in Section 2 may need to look beyond PUE at the
hardware they use.
The variation in how the IT equipment “box” is bounded means
that PUE measures may not be directly comparable and provides
opportunities for organizations to game the rating. Furthermore,
actions that improve energy efﬁciency can perversely increase
PUE—reducing IT load through virtualization, for instance (Cole,
2011).
3.3. PUE as a measure of business operational efﬁciency
It is worth noting that energy efﬁciency is not the most
important measure of effectiveness for data centers, which
necessarily prioritize access time, availability, or other such
“quality-of-service” metrics. In the early rush to build out storage
capacity, energy efﬁciency was not a primary concern for data
center operators. A focus on performance, server uptime, and
hardware costs by IT engineers who purchased the equipment left
operating costs as an afterthought. Even at companies like Google,
an aggressive leader in data center energy efﬁciency, “it was clear
the only way to make [search] work as [a] free product was to run
on relatively cheap hardware” according to Urs Hoelzle, the
company’s vice president of operations (quoted in Shankland,
2009).
However, the growth of data centers means that their operating
budgets are an increasing part of overall corporate spending. A
heightened focus on efﬁciency has led to declining PUEs.
Unfortunately, for companies focused on improving operational
efﬁciency, PUE says nothing about how well energy is being
translated into the services or products the organization delivers. A
company operating a server farm with a very low PUE but without
an optimal allocation of the computing load to the hardware may
be operationally inefﬁcient. Such inefﬁciencies can result from
excessive redundancy in the system or underutilization of the
hardware (Klaus, 2012; Armbrust et al., 2009; Kaplan et al., 2008).

3.2. PUE as a measure of facility and equipment efﬁciency

3.4. PUE as a measure of ‘greenness’

Facility efﬁciency is exactly what PUE is designed to measure.
PUE is improved by reducing overhead (e.g., cooling, lighting) in
comparison to the compute load (IT equipment). Calculating PUE
requires two measures of power use: one in the numerator (total
facility power) and one in the denominator (IT equipment power).
While the calculation is a simple one, in practice there is variability
resulting from differences in measurement points.
The numerator is intended to be measured at the utility meter
(Avelar et al., 2012). However, smaller data centers inside multiuse
facilities may not be independently metered, while very large data
centers may be metered at higher voltages. In the latter case,
measuring at the meter will impact PUE by including losses
associated with step-down transformers that occur outside the
scope of measurement for other data centers.
The denominator can be affected by what is included in the “IT
equipment” calculation. Though they are viewed as infrastructure,
components like cooling fans and power supply units may be
either counted as IT equipment or not, depending on whether they

Another reason to care about data center energy use is in the
context of “green” operations. Measures that increase energy
efﬁciency to reduce operating costs also tend to reduce greenhouse
gas emissions (GHGs), criteria air pollutants, and impacts on water.
McKinsey & Co. (Kaplan et al., 2008) estimated that in 2007 data
centers were responsible for 170 Mt CO2 worldwide and projected
emissions to quadruple by 2020. GHG emissions attributable to
data centers come from four sources: (1) electricity consumption,
(2) onsite combustion, (3) refrigerant use, and (4) embodied
emissions (Greenhouse Gas Protocol 2012a). We discuss PUE in the
context of (1) and (2); (3) and (4) are important factors in overall
data center environmental evaluation but are outside the scope of
this article.
Greenpeace’s 2012 report, “How clean is your cloud?” noted
that GHG emissions associated with electricity supply are
important, and claimed that several of the largest data center
operators relied heavily on dirty electricity (Cook, 2012a). In
addressing data center professionals at the Uptime Symposium,
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the report’s author noted that “PUE is a very useful metric and
diagnostic tool, but it is not a good indicator of how green you are.
. . . It does not speak to the resources you use in the outside
world” (quoted in Miller, 2012).
We now illustrate that PUE does not necessarily correlate with
carbon efﬁciency using a small sample of data center measurements. Most companies that measure their data center performance hold results as proprietary information. Here, we use data
from 32 data centers in a series of LBNL benchmarking studies (e.g.,
LBNL, 2003; Greenberg et al., 2006), supplemented with analysis of
two federal data centers owned by the Environmental Protection
Agency (Patterson, 2010) and the National Renewable Energy
Laboratory (Sheppy et al., 2011) as well as self-reported and
estimated data for four WSC-type data centers operated by Apple
(two) and Facebook (two).
The LBNL case studies were focused on cooling, but they also
reported power consumption broken down by use: computing,
HVAC, lighting, and UPS losses. We estimate PUE for each facility by
dividing total energy use by energy used for computing. As these
case studies were carried out by three different organizations,
there is some variation in the data reported and the terminology
used, particularly with respect to facility size as distinct from
building size. Many, though not all, of the data centers occupy
multi-use buildings. We made a best effort to calculate PUE based
on only the data center portion of the facility (i.e., the “white
space,” or the space inside the data center cooling envelope used by
the IT equipment).
For Facebook, self-reported PUE values were used for the Forest
City, N.C., and Prineville, Ore., data centers. Apple does not publish
PUE values, though one data center industry insider claims that
Apple’s Maiden, N.C., facility comes in at about 1.1 (Roberts, 2013).
Interestingly, this article implies that measures like the solar arrays
and fuel cell plant at the facility give it “an advantage” in the
“constant PUE chase.” This false conﬂation of PUE values with
carbon efﬁciency by a data center professional is troublesome but
not all that uncommon. Greenpeace has estimated the PUE for the
facility at 1.35 (Cook, 2012b), though there is considerable
controversy over its assumptions. We use the 1.1 number for
Apple’s Maiden facility under the assumption that the Greenpeace
estimate is too pessimistic and that Apple is generally competitive
with Facebook and Google. We use the 1.35 value for Apple’s older
Newark, Calif., data center. However, given the rapidly changing
landscape and lack of detail in the data provided, it would be best
to treat these as abstract warehouse-scale data centers rather than
accurate representations of speciﬁc Apple and Facebook facilities.
Fig. 1 shows PUE plotted against physical size for these data
centers. Unsurprisingly, the large WSC data centers have lower PUE
ratings. However, PUE is less correlated with size for other data

Fig. 1. Data center PUE vs. physical size (white space ﬂoor area) for 38 heterogeneous data centers. Data are from LBNL benchmarking studies; one EPA legacy data
center; one state-of-the-art data center built at NREL in 2010; and 2012 data from
four WSC-type data centers.

center tiers. It is important to note that most of the LBNL case
studies are now at least 10 years old, so, although industry reports
indicate that average PUE values may still be near 2.0 and that the
rate of improvement has stagnated (Digital Realty Trust, 2013;
Beltran, 2014), the worst performers may have subsequently
adopted best practices and improved their PUE ratings.
Fig. 2 shows that PUE and size are not particularly well
correlated with data center energy or carbon performance. The
horizontal axis is energy intensity (energy used per square foot);
the vertical axis is carbon intensity. Bubble area corresponds to
data center size, while bubble shade reﬂects the PUE of the data
center, with lower PUEs (light) being better, and higher PUEs (dark)
being worse. Carbon emissions factors, based on the NERC region
in which each facility is located, are from Greenhouse Gas Protocol
(Greenhouse Gas Protocol, 2012b). The data set includes a wide
variation in data center size, type, and use. Facilities are located in
12 states, with over-representation in California and Hawaii.
We note ﬁrst that energy intensity is highly correlated with
carbon intensity. This relationship makes sense, especially given
the nature of the calculation in which GHG emissions are
calculated directly from energy use. We expect greener data
centers to lie along a ﬂatter slope. However, PUE does not generally
identify clusters of data centers by either measure of performance.
While low-intensity data centers do tend to have poor PUE
measures, three facilities with excellent PUE values also show
relatively low carbon and energy intensity. The point is made
particularly clear by comparing data centers along the 0.5 MWh/sq
ft line; data centers with very different PUE ratings have the same
energy intensity, while the smallest of these has much worse
carbon performance despite having the better PUE value. Fig. 2
demonstrates empirically what Masanet, Shehabi, and Koomey
(2013) discuss notionally: namely, that PUE is a poor indicator of
overall data center environmental performance. (See, in particular,
their Fig. 2 and related discussion.)
4. The quest for a better metric
While these shortcomings of PUE are understood by many in
the industry, the metric continues to be emphasized—over 80% of
surveyed IT executives track and report it to corporate management (Beltran, 2014)—and many data center operators wrongly
report it as a proxy for environmental performance. Industry press
has conﬂated low PUE values with greenness (Roberts, 2013), and
even the GHG Protocol draft reporting standard for data centers
lists only PUE in its section on calculating operational emissions
(Greenhouse Gas Protocol, 2012a). Some governments, notably
Amsterdam, a data center hub, have enacted legislation setting
maximum PUE standards in a push to be green (Dijkhuis, 2008;
Henderson, 2011), while in the U.S., PUE has been adopted as the
basis for the ENERGY STAR data center labeling program (Miller,
2009).
The issue is not that these and others are using PUE; PUE is a
reasonable and useful metric for assessing the infrastructure
efﬁciency of a data center. The issue is that PUE is far from a
comprehensive metric, and quoting PUE values and nothing else
stops short of providing a truly meaningful sense of data center
performance. As a result, the industry has been working on
creating additional metrics to round out the picture. In this section,
we highlight some of the more promising ideas.
The ultimate energy efﬁciency metric would measure the
amount of useful computational work performed per unit of energy
used: hE = useful computational work/energy consumed; or, if we are
interested in carbon intensity: hC = useful computational work/
carbonemitted; or other metrics that represent environmental,
health, or other externality concerns.
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Fig. 2. Annual energy intensity (in MWh/sq ft) vs. GHG emissions intensity (in metric tons CO2e/sq feet) for 26 data centers in the United States.
Bubble area corresponds to data center size square feet; color scale identiﬁes measured PUE. Included data centers are from LBNL benchmarking studies; one EPA legacy data
center; one state-of-the-art data center built at NREL in 2010; and 2012 data from four WSC-type data centers. GHG for all data centers except for the WSC facilities are
calculated from GHG Protocol grid emissions factors for the year closest to the energy usage report; GHG for the WSC facilities are self-reported by the data center owner.
(12 facilities outside the plot bounds, up and to the right, not shown for readability.)

Indeed, the Green Grid has proposed a Data Center Energy
Productivity (DCeP) metric along these lines (Anderson et al.,
2008). The challenge, of course, is in deﬁning “useful work” in a
meaningful, measurable way.
Ebay’s Digital Service Efﬁciency dashboard (which posted
current data in 2012 and 2013) (ebay, 2013) hints at the
possibilities for productivity metrics, reporting URLs per kWh
and revenue per server, per user, and per MWh. The dashboard also
reports a PUE of 1.5. Other industry-speciﬁc metrics, such as energy
per bank transaction, per e-mail, per sale, or per user account,
could also be envisioned. The drawback of such special purpose
metrics is that they do not allow comparison of data centers that
serve different types of loads.
Because of the difﬁculty in deﬁning a widely applicable metric
based on useful work, other intermediate metrics have been
proposed to address aspects of energy performance not included in
PUE—in essence, treating data center productivity as a composite
of other metrics. A white paper from the Uptime Institute deﬁnes
four different factors in data center efﬁciency (Stanley et al., 2007):
1. Physical site infrastructure overhead involves facility siting,
design, construction, and operation.
2. IT hardware energy efﬁciency measures the efﬁciency of
individual hardware units (drives, chips, power supplies, etc.).
3. IT hardware asset utilization deals with making sure capacity is
fully utilized in operation
4. IT strategy is the overall approach to data center needs during
business planning.
PUE measures only the last of these.
Barroso and Hölzle (2009) factor DCeP into three individual
components: 1/PUE " 1/SPUE " computation/energy to electronic
components.
The ﬁrst term accounts for facility efﬁciency (Item #1 in the
Uptime Institute list above) as PUE. The second term addresses part
of IT hardware efﬁciency (#2) by creating a new metric, Server PUE

(SPUE), which accounts for the overhead of infrastructure at the
server level—e.g., power supplies and cooling fans.
Note that different data center architectures blur the line
between facility infrastructure and server infrastructure by
aggregating cooling fans and power supplies outside of each
server box or, going the other way, distributing power backup
batteries at the server level. Since it is not always clear on which
side of the “IT boundary” components reside, Total-power Usage
Effectiveness (TUE), as the product of PUE and ITUE (or SPUE), has
been proposed (Patterson et al., 2013).
TUE, comprising the ﬁrst two terms the equation above,
addresses overhead in the energy path from the meter to the IT
equipment. The third term addresses the efﬁciency of the IT
equipment itself: processors, memory, and other electronic
components. Just as hardware can be benchmarked for performance, several protocols, such as JouleSort (Rivoire et al., 2007)
have been developed to benchmark energy use by running predetermined workloads on the hardware while measuring energy
consumption.
With such benchmarks, we can get some sense of the “absolute”
or “theoretical” energy efﬁciency of the data center as constructed
and provisioned. However, energy efﬁciency of a data center is
heavily affected by how the facility is used operationally. Referring
to the Uptime Institute list above, Items #3 and #4 refer to what
might be called operational and strategic overhead. Both have to do
principally with server utilization. Because data center capacities
are often sized for peak load to ensure high quality-of-service,
most of the time servers are severely underutilized. Since
operators are concerned about handling load spikes, substantial
safety margins even beyond the observed peak load are common
(Katz et al., 2011). A measurement of 5,000 Google data centers
revealed utilization of 60% or less 95% of the time and of 30% or less
half of the time (Barroso and Hölzle, 2009). Importantly, Google
represents the upper end of utilization; most data centers will see
much lower utilization rates. The issue with underutilization is
that servers are not energy-proportional—that is, energy usage
does not scale linearly with computing load. An x86 server at idle
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consumes almost 50% of its peak power usage (Barroso and Hölzle,
2009, Fig. 5 .8). Therefore, idle power consumption can be reduced
in two ways: reducing the number of idle servers, and working
towards energy-proportional hardware. We further discuss
methods for increasing utilization in the next section.
While PUE, ITUE, and TUE are important components of data
center energy efﬁciency, we believe that a true data center
productivity or efﬁciency metric should incorporate a measure of
utilization.
All of these metrics by deﬁnition focus on energy efﬁciency,
which is correlated with both greenness and cost savings.
However, if the ultimate goal is to measure environmental
footprint, energy efﬁciency metrics are imperfect. As a supplement to PUE, some companies do focus on emissions, and there
are “sustainablility metrics” designed to evaluate carbon performance, such as Carbon Usage Effectiveness (CUE), which is
essentially PUE multiplied by a carbon emission factor (Belady,
2010): CUE = CO2 emissions from total facility energy consumption/IT
equipment energy.
eBay reports 0.56 t of carbon per MWh on its dashboard. Other
companies, such as Facebook and Apple, report carbon usage to
some extent in annual environmental footprint statements. Data
centers with the same PUE or DCeP could have vastly different
CUEs. For instance, consider Apple’s data center in Maiden, N.C.,
which is co-located with the country’s largest non-utility-owned
solar farm and largest non-utility-owned fuel cell plant (Apple,
2014). The very same data center would have a much different
carbon performance if it were powered from grid electricity.
Another proposed metric is the Green Energy Coefﬁcient, or GEC,
which is the ratio of green energy to total energy consumed by the
data center (Global Taskforce, 2012).
Primary power reliability also plays a role in a data center’s
operational carbon emissions, since interruptions in the main
supply are generally met with diesel generator backups. In
Northern Virginia, another data center hub, the aggregate capacity
of diesel generators is nearly equivalent to that of a nuclear power
plant (Glanz, 2012).
Furthermore, evaluating the environmental footprint of a data
center requires a lifecycle-cost analysis (LCA) approach to include
the embodied emissions of the facility and IT equipment (Raghavan
and Ma, 2011), although these carbon emissions are likely small
compared to operational emissions (Masanet et al., 2013).
Because the ﬁrst step in solving a problem is deﬁning it, creating
useful, precise metrics is the important ﬁrst step in improving data
center energy performance. Precise metrics help highlight the
aspects of the system where investment is most likely to improve
performance. We now turn to a brief discussion of some of these
target areas.

servers idling and ready in case of a surge in activity that could
slow or crash their operations” (Glanz, 2012).
One way to reduce server idling is to put servers to sleep when
they are not being used. The central concern with such a scheme is
that latency involved with waking servers up to meet spiking loads
will decrease quality-of-service. However, drawing an interesting
parallel between computing loads in data centers and power loads
on the electricity grid, Katz et al. (2011) believe that a program of
waking and sleeping servers based on a predictable “base load”
while maintaining a “spinning reserve” to provide headroom for
stochastic, bursty components of the load will work for many types
of services. Other researchers, such as Gandhi et al. (2013), are
working on formal methods to optimize server provisioning for
different load parameters. These sorts of methods could provide
data center operators more conﬁdence to sleep or shut down idling
servers without risking service quality.
In addition to the designed overhead, there is also an issue of
“comatose” servers—those that are no longer needed but are still
running because no one can positively determine that the data is
old or wants to risk pulling the plug: “[a]necdotal evidence
indicates that 10–30% of servers in many data centers are using
electricity but no longer delivering computing services. These
servers have not yet been decommissioned and are probably not
counted in installed base statistics. In many facilities nobody even
knows these servers exist....” (Koomey, 2011, 7). Figures for
comatose servers may be even higher. A sample at a LexisNexis
data center revealed that three-fourths of installed servers used,
on average, 10% of their capacity (Glanz, 2012). Both intentional
overcapacity and failure to consolidate and decommission old
equipment result in very low utilization rates.
In addition to retiring comatose servers, virtualization,
colocation, and moving to the cloud have been shown to increase
utilization rates. A recent industry survey revealed the following
ﬁndings regarding migration to the cloud (Stansberry and
Kudritzki, 2012):

5. Improving performance

Putting data centers in facilities speciﬁcally designed for them
improves their efﬁciency. Standard practices include physical
separation of the “hot” and “cold” aisles between server racks,
raised ﬂoors, and carefully designed cabling conduits. An important contributor to efﬁciency is initial site selection: data centers in
cooler climates or unique locations (e.g., underground or near
water sources) allow for “free cooling.” Some advanced data
centers reduce the power loss by distributing DC current at the
facility level, rather than converting AC to DC in each individual
power supply unit.

There have been many suggested strategies for improving the
energy and carbon performance of data centers, but they ﬁt into
the broad categories of equipment utilization,building efﬁciency,
equipment efﬁciency, and power sourcing.
5.1. Equipment utilization
Server utilization in data centers is generally very low. Because
uptime, reliability, and fulﬁllment of service level agreements are
the priorities of data center operators, data centers are generally
built with extreme redundancy: “McKinsey & Company analyzed
energy use by data centers and found that, on average, they were
using only 6% to 12% of the electricity powering their servers to
perform computations. The rest was essentially used to keep

! Large companies are more likely to pursue cloud computing than
small companies, which is interesting because the cloud should
be appealing to smaller entities that do not want the overhead
associated with running a data center.
! Adoption of cloud computing is heavily skewed towards
technology service providers. Traditional large vertical enterprises are much less likely to use the cloud.
! Companies reluctant to move to the cloud cite security,
compliance, and reliability concerns.

5.2. Building efﬁciency

5.3. Equipment efﬁciency
Most studies seem to identify other sources of efﬁciency gains
as more important than addressing the efﬁciency of the IT
hardware itself. However, the EPA EnergySTAR program has issued
product speciﬁcations for enterprise servers, uninterruptable
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power supplies (UPSs), data center storage, and network equipment (http://www.energystar.gov/products/specs/). Furthermore,
if energy-proportional equipment could be achieved, utilization
rates would no longer matter, since power usage would scale
linearly with load.
5.4. Power sourcing
The source of a data center’s electricity has a large effect on its
GHG and criteria air pollutant emissions, much like other
industrial users. While Apple may not be focusing on driving
down PUE to the extent that Google and Facebook are, the company
emphasizes its clean energy sources for its data center electricity. If
data center operators value a low carbon footprint, they must
address the emissions of the power supply either by siting in areas
where the grid has a low emissions factor, or by obtaining a
separate source for cleaner power.
Which of these four areas provide the most beneﬁt? Masanet
et al. (2013) suggest that efﬁciency potential on the IT side
(measured by ITUE and utilization) is larger than that on the
infrastructure side (PUE). They also argue that in an environment
where renewable energy is limited from the grid, data centers may
just be displacing other consumers of clean energy and should
therefore focus on improving efﬁciency rather than on power
sourcing.
Several reports (e.g., NRDC, 2012; Stansberry and Kudritzki,
2012) have mentioned that utilization rate is more important than
the efﬁciency of the equipment itself and is where the biggest
immediate gains can be made. The NRDC report compared onpremise data centers to the cloud environment with respect to
carbon emissions. The model uses PUE, server utilization rate,
server refresh period, virtualization ratio, and grid emissions factor
estimated for several typical data center deployment scenarios.
The study found that the most impact could be gained by targeting
server utilization and electricity source emissions factor, and only
then by improving infrastructure efﬁciency. Note that neither of
these proposed focus areas are measured by PUE. Perversely, a
decision to reduce energy consumption by shutting down idle
servers in an existing data center would likely increase (worsen)
the facility’s PUE (Cook, 2012a). Virtualization and moving to the
cloud signiﬁcantly increase efﬁciency and reduce GHG emissions.
Regardless of whether utilization, equipment, or the facility
infrastructure is being targeted for improvement, conﬁguring an
energy-optimal data center requires three "pillars": tracking real
time environmental and performance variables in data centers and
maintaining an accurate record of equipment inventories; following established procedures or best practices for operational
management; and experimenting, using simulation software, to
understand how conﬁguration changes interact with physical
principles to affect performance metrics (Koomey, 2016).
6. Conclusions and discussion
Power usage effectiveness (PUE) has become the industry
standard for reporting data center energy performance. While it is
a useful measure of facility overhead, it is an incomplete metric.
From an energy efﬁciency standpoint, it does not account for the
efﬁciency of the computing hardware. From a business standpoint,
PUE does not measure energy productivity. Finally, from an
environmental standpoint, it does not measure energy performance with respect to carbon emissions.
Based on these drawbacks, the industry’s past focus on PUE is
misplaced. While data center operators should of course continue
to adopt best practices related to facility power and cooling, they
would be better served by pursuing measures to increase
utilization rates, reduce redundancy, and source clean power
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rather than continuing the race to publish marginally lower PUE
numbers. Indeed, the technology leaders in this industry are doing
so.
The lack of speciﬁc data about how servers are being
conﬁgured and used as well as speciﬁc, benchmarked energy
usage for certain types of equipment such as storage and network
devices is a signiﬁcant research issue. This lack of data is a
recurring theme in the “future work” sections of literature and
was conﬁrmed in a conversation with EPA’s products manager for
the Energy Star labeling for data center equipment. To deal with
this want of data, two strategies are observed in the literature.
Most energy use assessments with the goal of estimating an
“absolute” value for total energy consumption use a bottom-up
approach where variables like server utilization, PUE, and server
stocks are estimated using best-available data and expert input
(Koomey, 2008). These ﬁgures are fed into relatively simple
calculations to render an estimate for overall sector energy
consumption. Few studies, however, report uncertainty ranges on
their results, though several parameterize different scenarios in
their models.
Alternatively, some researchers (NRDC, 2012) look at the
relative performance of different data center conﬁgurations. This
approach eliminates the reliance on estimates for server stocks,
though estimates for equipment performance, utilization rates,
and other parameters are still necessary. These studies do not
attempt to calculate absolute energy consumption, but rather to
show the magnitude of relative gains that can be made.
The ﬁrst approach estimates energy use for the aggregate ﬂeet
but does not target energy efﬁciency, while the second evaluates
potential efﬁciency gains for generic systems but does not provide
insight on what is deployed and how it is used sector-wide.
We believe this data gap could be addressed by establishing a
framework under which data center operators report general data
center characteristics and performance metrics. Reported data
could be sufﬁciently anonymized to alleviate security concerns
while providing the industry and researchers alike a more
complete picture of current performance. Though results from
voluntary reporting would likely be skewed towards highefﬁciency data centers, such results would still provide a broader
window into the data center ﬂeet than what is currently publicly
available. Indeed, several governments have programs in place for
data center reporting, either under voluntary certiﬁcation programs or carbon reduction mandates.
The U.S. EPA’s ENERGY STAR voluntary data center certiﬁcation
program lists 73 certiﬁed facilities, though minimal information
about each facility is reported (ENERGY STAR, 2016). The U.S. also
has several programs to collect data on federally owned data
centers through the DOE Sustainability Performance Ofﬁce and the
Federal Data Center Consolidation Initiative, though these data are
not publicly available. The National Australian Built Environment
Rating System, which allows building operators to rate and certify
their facilities, has a data center category, but only nine data
centers are currently reported in the database (NABERS, 2016).
Under the UK’s Carbon Reduction Commitment (CRC), large
consumers of electric power, including data centers, are required to
baseline and report electricity usage annually. The Environment
Agency converts electricity usage to CO2 emissions, which are
reported for each ﬁrm (Riley, 2014). Data centers are not easily
distinguished from other types of facilities, nor are any other
performance metrics or characteristics published. The European
Commission’s Joint Research Centre Institute for Energy and
Transport has developed the European Code of Conduct for Energy
Efﬁciency in Data Centres (JRC, 2014), a voluntary program.
Participation in the CoC includes a reporting form with useful
characteristic and performance data; however, the database of
participants is not publicly available.
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Given that lack of data seems to be a recurring complaint in the
policy and research arenas, it would behoove these communities to
come together with industry to establish a reporting framework.
While measurement of data center performance has important
nuances, and legitimate security and competitiveness concerns
exist, the technical and institutional barriers to creating such a data
set do not seem insurmountable.
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