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I. I NTRODUCTION
Energy efficiency has quickly become a first-class design goal
for data centers [5], motivating a concerted effort by government,
academia, and industry to investigate potentially transformative strategies to improve efficiency. A growing chorus of studies in academia
[3], [16], [17], [21] and industry [11] espouse low-power design to
improve the energy efficiency of server hardware. The motivation
for low-power design is two-fold. First, years of engineering effort
have been expended optimizing mobile/embedded-class designs for
energy-constrained deployments. Second, these designs omit complex
features (e.g., massive caches and wide out-of-order issue) that conventional wisdom suggests provide diminishing performance returns,
providing an inherent efficiency advantage.
We observe two major caveats to adopting low-power components
in the data center. First, scaling software to run on weaker systems
presents a significant challenge as it implies distributing the work of
one high-power server across several low-power servers. The greater
demand for parallelism makes scale-out more difficult; systems with
finite parallelism run into Amdahl bottlenecks. Furthermore, though
comparable throughput may be achievable, latency may suffer greatly
as noted by several authors [18], [14], [16].
We discuss a second caveat that recent literature has not addressed:
limiting the system power envelope might decrease the energy
efficiency of the hardware itself. This paper argues that constraining
a system’s power budget (e.g., by selecting low-power components)
eliminates points in its design space that may be more efficient. In
essence, we call into question the notion that low power correlates
with energy efficiency in the data center context. Rather, we argue that
designers often pay an efficiency price in exchange for a lower peak
power. While mobile platforms have inherent peak power budgets
(e.g., driven by form-factor), for servers there is no inherent advantage
to using a low-power design. In this study, we examine the question
of whether low power correlates with energy efficiency for data
center servers from two aspects. First, we investigate the recent
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goal. In response, many studies have emerged from the academic community
and industry using low-power design to help improve the energy efficiency
of server hardware. Generally, these proposals hold the assumption that lowpower design is inherently better for energy efficiency; this preconception
stems mostly from great success in the mobile space with building lowpower, energy-efficient systems. We observe that unlike mobile devices,
constraining a data center server to a low power budget is arbitrary and
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that high-power servers are generally more energy efficient than low-power
ones. Furthermore, we evaluate building low- or high-power server clusters
and find that the small increase in the cost of cooling high-powered servers
is easily outweighed by their greater efficiency.
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Fig. 1: Historical trend in server efficiency. For both high-power
(> 300 W) and low-power (≤ 300 W) designs, efficiency is generally
increasing, however there have been highly efficient and inefficient
designs recently in both classes. Data from [1].

historical record by leveraging the rich set of power/performance
data available in the audited SPECpower2008 results [1]. Using the
historical data, we investigate what factors of server design, if any,
have been correlated to energy efficiency. Our first central observation
is summarized in Figure 1, which shows efficiency results against
system availability date. We classify a design as low-power if its peak
power is less than 300W and high-power if it is greater. Although it
is clear that there is a general trend toward greater efficiency in both
classes, even in the latest submissions, efficient and inefficient designs
appear in both. Whereas peak power is not particularly correlated
with efficiency, we find instead that (1) energy efficiency at peak
utilization, (2) wide dynamic range (equivalently, low idle power),
(3) peak performance and, to a lesser degree, (4) the number of cores
per socket correlate strongly.
A second strong motivation for low peak power in the data center is
the higher cost of cooling high-power systems. It is well-known that
cooling costs grow rapidly with power density. Hence, intuitively, one
might expect power-dense servers to exact an unpalatable increase
in cooling energy. We investigate the question: to make up for its
disadvantage in cooling requirement, how much more energy efficient
must a high-power server be to break even on total energy with a lowpower server? Using the SPECpower data, we build on a previously
published model of data center thermodynamics [24] to contrast
cooling costs of high-power and low-power 1U servers. Our second
central result is that, to build an iso-power and iso-throughput data
center, high-power-density servers must be only a few percent more
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Fig. 2: Server Efficiency Design Space. Each point represents a unique server design submitted to SPECPower2008. Subfigure a)
demonstrates that the peak power of a server has little to no correlation to average efficiency. Note that the most efficient server design
(highlighted with a diamond) is also one of the highest-peak-power designs. Subfigure b) demonstrates that server peak-efficiency strongly
correlates with average efficiency. Similarly, subfigure c) shows that the dynamic range (i.e., energy-proportionality) of a server also greatly
affects average efficiency, but correlates less strongly than peak-efficiency. In subfigure d), one can see that, in general, adding more cores
to a system increases efficiency, but the range of efficiencies for a given core integration is large and systems with less cores can easily be
more efficient than those with more. The peak performance of a system also correlates well with efficiency as seen in subfigure e), but less
strongly than peak efficiency or dynamic range. Subfigure f) illustrates the relative lack of correlation between peak power and dynamic
range. We annotate this graph with a line connecting all the pareto optimal designs from subfigure a). Data collated from [1].

energy-efficient than the low-power-density alternatives. Therefore,
the cooling-cost objection to high-power servers is a red herring.
II. R ELATED W ORK
Many studies have investigated the energy efficiency of processors
through design space exploration [4], [20]. These studies provide
insight into how to design the most efficient processor given a
performance goal; however, these studies do not consider the total
power cost of a server platform (e.g., memory, disks, etc.) nor the
implications of deploying these designs in a data center.
Other studies have evaluated the efficiency of a specific workload
on differing server platforms [16], [27], [21], [17], [3]. These studies
conclude that low-power designs may sometimes lead to latency
degradation [16] and that the highest-performing server may be the
most energy efficient [27]. These studies provided the intuition to
motivate our own work; however, they each look at only a handful
of server designs and do not consider total data center power.
Several proposals present schemes for reducing data center infrastructure costs. Power capping schemes [9] oversubscribe data
center infrastructure and PowerRouting [25] corrects dynamic power
distribution imbalances to amortize capital costs. Cooling power can
be minimized through dynamic management [4], [23]. Such proposals
are orthogonal to our investigation of high- vs. low-power servers.

III. S ERVER - LEVEL E FFICIENCY
To better understand the factors affecting server-level efficiency,
we analyze the recent history of the server design space based on
results submitted to SPECPower [1]. This data set includes over 200
server configurations that have been finely tuned by their vendor
to maximize both performance and minimize power consumption.
Although this data set evaluates only one benchmark, there is no
other data set which provides insight into hundreds of real carefullyoptimized server designs.
Low-power and high-power. We classify servers as low-power or
high-power based on their relative maximum instantaneous power
consumption (peak power). Hence we say a system is low-power
if its instantaneous power draw is small compared to other design
alternatives.
Energy efficiency. We define the energy-efficiency of a system as the
work done per unit energy. This metric is a function of the average
power draw of a system. Over a long period, this can be expressed
as:
Throughput
(1)
Energy Efficiency =
PAvg.
SPECPower provides an overall efficiency metric in terms of operations per second per watt, or (equivalently) operations per joule.
This average efficiency is determined by running the server across

ρ - Spearman Rank Correlation Coefficient
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Fig. 3: Correlation between design features. This figure provides the spearman rank correlation coefficient of each pair of design features
we examine. This metric measures monotonic covariance between two variables, but does not rely on linearity. The pairs are ranked from
most- to least-correlated. This figure quantifies the trends in Figure 2. Peak efficiency, dynamic range and cores per system kWatt have
the strongest correlation with efficiency. On the other hand, peak and average efficiency correlate little with peak power.

its entire range of utilization; determining efficiency across the entire
utilization spectrum is critical because servers do not spend most of
their time at peak utilization [5]. We correlate efficiency against a
number of metrics to determine which factors affect efficiency and
which are irrelevant.
A. Analysis
We choose a feature set from SPECPower and use scatter plots to
present graphically how the features correlate in Figure 2. We have
selected these particular features to (1) demonstrate our main thesis,
that peak power is uncorrelated to efficiency; and (2) to reveal other
interesting factors that do seem to correlate well to efficiency. Each
design is classified by year based on the disclosed system availability
date; note that for simplicity the year “2007” also includes a few pre2007 designs.
Peak power. Figure 2(a) illustrates our main result: low-power
servers do not necessarily provide greater efficiency than their highpower counterparts. Many of the low-power designs have far worse
efficiency than the high-power designs. In fact, the most efficient
server is one of the highest power designs (highlighted with a
diamond).
Peak efficiency. Perhaps unsurprisingly, a server’s energy-efficiency
at peak (efficiency at 100% utilization) correlates more strongly
against its average efficiency than any other factor we examined.
Figure 2(b) shows that servers with a higher peak efficiency have
greater average efficiency. The average efficiency is always less than
the peak efficiency; modern servers are only maximally efficient at
100%. Intuitively, the efficiency of these systems has been increasing
over time.
Dynamic range. Next, we show that the dynamic range (peak power
minus idle power normalized by peak power) of a server correlates
well against average efficiency. A system’s dynamic range is a good
proxy for its energy-proportionality [5]. Figure 2(c) illustrates that
servers with a larger dynamic range are generally more efficient, but
that the correlation is not as strong as for peak efficiency. Some
designs with a smaller dynamic range have the same efficiency
as those with larger dynamic range; moreover some designs with
the same dynamic range have significantly different efficiencies.
Interestingly, the dynamic range of servers seems to be increasing
over time.
Multicore integration. A recent trend is to use multicore designs
to maximize throughput per watt. Figure 2(d) shows the impact of
mutlicore integration (i.e., number of cores per socket) on server
efficiency. The overall trend is that more cores per socket increases
efficiency; however, the range of efficiency at each of these design

points is large. Many four core designs are more efficient than 6 or
8 cores alternatives.
Peak performance. We observe that servers that have higher peak
performance tend to be more efficient as seen in Figure 2(e). This
observation has also been noted with servers running database workloads [27]. It is possible to have systems with orders of magnitude
difference in performance and the same efficiency, the general trend
suggests that building a faster server yields a more efficient system.
Over time, the peak performance of these systems has been increasing
as has the efficiency.
Dynamic range with respect to peak power. Finally, we would like
to know if the peak power of a server has an effect on its dynamic
range. For example, do systems with more powerful processors
increase the dynamic range because these components tend to be
more energy proportional than DRAM and disk? Subfigure f) shows
that this hypothesis is not supported by the data. In fact, we see that
peak power has little correlation with dynamic range. We annotate
a line connecting all the pareto optimal designs chosen from Figure
2(a); designs that are pareto-optimal with respect to peak power and
efficiency tend also to have high dynamic range.
B. Feature Correlation
Figure 3 shows the spearman rank correlation coefficient between
all pairs of the features in the design space we consider. The
spearman rank coefficient measures monotonic covariance between
two variables, but does not rely on linearity. That is, a ρ = 1.0
indicates that two features move in the same direction monotonically;
whereas ρ = 0 indicates no correlation between the features. We rank
these pairs from highest to lowest correlation.
We highlight several interesting data points. Foremost, the results
indicate that peak power and (peak) efficiency are the least correlated among the factors we investigate, confirming our main thesis.
Contrary to our expectations, peak power and dynamic range are also
relatively uncorrelated—we had expected servers with higher absolute
peak power to have generally larger dynamic range, as there is greater
scope for power variability. Several of the correlations confirm that
the industry trend towards multicore is improving energy efficiency,
at least for throughput-oriented workloads like SPECpower. Finally,
the historical record indicates that energy efficiency at peak is the
single most important factor in determining average efficiency.
IV. DATA C ENTER - LEVEL E FFICIENCY
We turn, now, to the second half of our study, where we investigate
the implications of high-power servers on data-center-level energy
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Fig. 4: Industry has achieved drastic improvements in PUE.
This figure shows the trend in PUE as reported by various
institutions over time [19], [6], [10], [13]. Most of the gains
in efficiency can be attributed to better cooling containment
systems (e.g, simple curtain systems, containerized data centers, hot-aisle containment). Note that there is a noticeable gap
in published data between 2002 and 2008. This gap is likely
due to innovations in PUE remaining confidential because they
gave a significant competitive advantage.

efficiency. One metric for measuring data center efficiency is the
Power Usage Effectiveness (PUE), defined as:
Power Delivered to Data Center
PUE =
(2)
Power Delivered to Servers
While the merit of this metric has been debated [12], it is widely
used and reported in industry and serves as a useful approximation
of the efficiency of data center power infrastructure and cooling.
A. Historical Trends in Cooling
Initially, when data center efficiency first emerged as an important
design consideration, historical data suggested industry-average PUE
was around 2.0. This result implied that as much energy is spent in
power delivery and cooling infrastructure as was consumed by the
servers themselves. Recently however, industry leaders have drastically improved the PUE of their latest installations. Figure 4 presents
the PUEs disclosed by various institutions over time [19]. Within the
last year, reports of PUE below 1.1 have been commonplace. Such
a drastic shift in infrastructure efficiency changes ones’ approach to
data center design and reduces the importance of minimizing heat
generation. For example, even very recent studies, such as [2] assume
PUEs of 2.0; this assumption grossly overstates the energy overhead
of cooling in modern data center design. As of the last three months
of 2010, of the ten data center PUEs disclosed by Google, all but
one is under 1.2 [10]. This drastic shift also illustrates the difficulty
of predicting industry trends, the US EPA’s 2007 study of data center
efficiency predicted that, by this year (2011), PUE would reach only
1.4 with wide-scale deployment of liquid cooling. Instead, improved
containment (separating hot and cold air), air-side economization
(using outside air) and high-temperature operation (raising servers
operating temperature) have driven gains.
B. Power and Cooling Model
We now construct a power and cooling model to evaluate the
impact of using high- or low-power design to build a server cluster.
Our model builds upon the work in [24]; for simplicity we assume homogeneous servers. We explain each of the components of the model
needed to provision a cluster and determine its power consumption.
Figure 5 illustrates the heat flow in a typical data center. Servers
are cooled with cold air at a temperature of TInlet , which is drawn
through the chassis by fans and expelled at a temperature of TOutlet .
Hot air returns through a Computer Room Air Handler (CRAH) at a

Fig. 5: Data Center Cooling Model. Racks of servers are
cooled by CRAHs. We assume a fixed, maximum server outlet
temperature set by reliability standards across all servers.
CRAHs cool air to TSupply which is optimized to minimize
cooling costs between fans and CRAHs. The constant κ
determines the amount of mixing between cold and hot air.
This value is directly influenced by the PUE of the data center
(higher PUE implies higher κ).

Variable
f
E
κ
CPair
fMax
ṁServerMax
PFanMax
ṁFanMax
PCRAHPeak
PCRAHIdle
TOutlet
TOutside

Value
Variable
0.5
[0.5, 0.95]
J
1.012 g·K
6900 CFM
70 CFM
9W
86 CFM
3 kW
0.1 kW
90◦ F
85◦ F

Description
CRAH Volume Flow Rate
Heat Transfer Efficiency
Containment Index
Heat Capacity of air
Maximum flow rate of CRAH
Maximum fan flow rate through a server
Maximum server fan power [8]
Maximum fan flow rate [8]
Maximum power draw of CRAH
Minimum power draw of CRAH
Server outlet temperature
Outside air temperature

TABLE I: Cooling Parameters. This table provides the value and a
brief description the fixed variables used in our study.

temperature of TReturn , where heat is removed and cooled to the cold
air temperature TSupply . CRAHs exchange the removed heat with a
chilled water loop with a cold water temperature of TChilledWater and
hot water temperature of THotWater (The hot water temperature does not
appear in our model because it is fully determined by other variables,
hence, for brevity, we refer to TChilledWater simply as TWater ). Finally, the
cold water loop temperature is maintained by a chiller and cooling
tower, which expels data center heat into the outside air.
Historically, a major source of cooling waste is in the mixing of
warm and cold air. This phenomenon is captured by the parameter κ,
which is the containment index of the data center [24]. A containment
index of 1.0 represents perfect isolation of hot and cold air streams;
any value between 0 and 1.0 represents various degrees of mixing.
κ=

∆TServer
TOutlet − TSupply

(3)

Servers. We use a simple, yet accurate, server power model [26]:
PServer = (PMax − PIdle ) · U + PIdle

(4)

Where U is the average server utilization. This model has been
validated to work well for coarse-grain power estimates [26]. More
sophisticated models can be used to estimate peak power [22] or to
account for inter-node variation [7].
The thermodynamics of cooling a server are captured by the
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Fig. 6: Impact of server power on cooling. These three figures illustrate key variables in our data center cooling optimization model as a
function of server power for iso-throughput data center designs. Subfigure (a) illustrates server inlet and chilled water loop temperature (left
axis) and server and CRAH fan speeds as a fraction of peak (right axis). Subfigure (b) shows the efficiency curve derived from SPECpower
results that we input to our model (left axis) and the number of servers (right axis). Subfigure (c) shows the total power dissipation in the
servers and each part of the cooling system (left axis) as well as the data center PUE (right axis).

following equation:
Q̇Server = κ · ṁServer · CPAir · (TOutlet − TInlet )

(5)

Where Q̇Server is the rate of heat removal (in watts) and must equal
the power draw of the server to maintain stable temperatures, κ is
the containment index, ṁServer is the mass flow rate of air through
the server (in kg/s), CPAir is the specific heat capacity of air (in
J
and TOutlet and TInlet are the server outlet and inlet temperature,
gK
respectively (in Kelvin).
Server reliability depends on maintaining temperatures of each
component within the server below some critical threshold. Hence,
we fix a temperature constraint at the server outlet to allow our model
to solve for the optimal (with respect to cooling cost) combination
of inlet temperature and mass flow rate to cool the server. Fixing
the temperature at the outlet rather than the inlet ensures all system
components operate at a temperature at or below this temperature.
Maximum acceptable server operating temperatures are currently
hotly debated; we fix TOutlet at 90◦ F, which is aggressive, but in
line with current industry practice. We will shortly describe how we
determine TInlet , which depends on the operation of other cooling
components. However, given a TInlet , we can determine the necessary
flow rate, ṁServer , through the server by:
ṁServer =

κ · CPAir

PServer
· (TOutlet − TInlet )

(6)

Note that we have equated PServer with Q̇Server to maintain temperature
stability; all server heat generated must be removed by air cooling.
Fans. The required flow rate through a server is achieved by forced
air provided by fans. Fan power varies cubically with respect to the
flow rate of air pushed (or sucked) by the device. Since flow rate
varies linearly with respect to fan speed, the power is:
3

ṁFan
PFan = PFanMax ·
(7)
ṁFanMax
In our case ṁFan = ṁServer .
CRAHs. The amount of heat a CRAH removes from the air is
governed by the equation:
Q̇CRAH = E κṁCRAH CPAir f 0.7 (κTOutlet + (1 − κ)TInlet − TWater )

(8)

Here, E is the transfer efficiency, κ the containment index, ṁCRAH
the mass flow rate of the CRAH. The value f represents the fractional

fan speed of the CRAH (from 0 to 1.0) and determines the power
required to run the CRAH itself:
PCRAH = PCRAHIdle + PCRAHDyn f 3

(9)

Which can be determined by solving Equation 8 for f .
Chiller. We model a chiller capable of removing 8MW of heat, with a
peak power consumption of 3,200KW at maximum load. The power
model is based on empirical regression curves detailed in [15]. Chiller
power only relies on three variables: QChiller , Twater , and TOutside
Cluster sizing and cooling provisioning. We assume one CRAH is
responsible for cooling a unique set of servers; accordingly, a given
CRAH removes heat equal to aggregate power dissipation of this set
of servers:
NServer

QCRAH =

X

PServer = NServer · E[PServer ]

(10)

i=1

The total power of all CRAHs in the system is:
X
PCRAHTotal =
PCRAH = NCRAH · PCRAH

(11)

We assume that load is spread across all sets of servers evenly.
C. Understanding the Model
Figure 6 provides the output of our model for various values
of server peak power for a cluster with a fixed throughput. We
leverage the peak power, dynamic range and efficiency characteristics
from Section 3 for the server model. At each server design point,
we determine the optimal setting for fan speeds and temperature.
Figure 6 (a) provides the temperature of water and air as well as
the CRAH and server fan speeds for each design. Increased server
power causes an increase in server fan speed rather than altering
temperature. In Figure 6 (b) we provide the relationship between
peak power and efficiency, and the number of servers needed to
achieve the fixed throughput. Finally in Figure 6 (c) we show how
each component of the cluster’s power varies with server design and
how PUE is affected.
D. Cooling Analysis
To understand how the overheads in cooling affect the choice of
high- or low-power design, we perform a case study contrasting the
two design philosophies. Because low-power servers lower the power
density of a data center, their cooling solutions are generally less
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costly. The goal of this study is to understand how much more efficient high-power servers need to be than their low-power counterparts
such that the server power savings outweighs the increase in cooling
cost. The constants used in this study are summarized in Table I. We
evaluate a data center operating at 30% utilization, which is typical
of modern facilities [5].
The tradeoff in moving to low-power servers is density. Although
low-power servers can tolerate a higher inlet temperature (or lower
mass flow rate), more servers must be installed to reach a target
throughput. To quantify this tradeoff, we ask the question – for a
given reduction in density, how much more efficient must a highpower server design be such that the total cluster power consumption
is equal to a low-power design?
Figure 7 illustrates this tradeoff between density and efficiency.
H
The metric D
provides the ratio of high-power server density DH
DL
to low-power DL ; at 2.0 this means low-power servers will occupy
twice as much space (equivalently, each 1U server draws half as
H
much power). Varying this ratio impacts E
, the ratio between
EL
the high- and low-power efficiency (EH and EL respectively). We
provide two scenarios to evaluate the break-even point in cooling.
First, we evaluate an older data center with a low κ of .9 and
conservative TOutlet of 80◦ F. The tradeoff for this configuration
(“2006”) demonstrates that reducing density by a factor of three
requires just under a 2% gain in server efficiency. Second, we contrast
with a modern data center with a higher κ representing hot aisle
containment, an aggressive and conservative TOutlet of 95◦ F and free
cooling from air-side economization. In this configuration (“2011”),
high-power servers effectively do not need an efficiency advantage
over low-power servers to break even in cooling, because the gap in
cooling efficiency is negligible. It’s important to note that in both
scenarios the operating points of the cooling system are at their
optimal settings. Therefore, these results should be viewed as using a
scheme like [23]; many data centers from the early 2000s may have
far worse efficiency due to static temperature and fan control.
V. C ONCLUSION
We have provided a case that low-power design does not always
imply an increase in energy efficiency. This study is intended to
provide motivation for future research to delve into the details of
system design rather than rely on the notion that low-power systems
are always more efficient.
Our study provides two key insights challenging the assumption
that low power should be favored for energy efficiency. The first is

that, in fact, data from real servers shows that lower power servers
actually may be far less efficient than their high-power counterparts.
Peak efficiency, dynamic range and high core-count tend to correlate
far more strongly with server efficiency. Second, we demonstrate
that high-power servers should not be eschewed in favor of lowpower servers due to cooling overheads. Great leaps in infrastructure
efficiency have been made in the recent past and the small difference
in cooling overheads can easily be overcome by the greater efficiency
of the higher-power server. These insights suggest that low-power
design may not be key objective for server designers and that the
full design space of possible power envelopes should be explored.
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and NSF grants CNS-0834403, CCF-0811320, and CCF-0815457.
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