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Data centres consume high levels of energy to power the IT equipment contained within them, and
extract the heat they produce. Because of the industry's heavy reliance on power, data centre metrics
have historically used operational efficiency as a proxy for sustainability. More recently the industry has
begun to recognise that its focus needs to go beyond energy consumption, with the creation of metrics
for issues such as carbon, water and compute efficiency. However, single-issue metrics often consider
only the operational phase, omitting impacts from other issues, during other stages in a facility's lifetime.
Further approaches exist to assess more holistically the impact of data centres, such as building envi-
ronmental assessment methods, but none have the capacity to capture fully the interlinked nature of a
system, where improvements in one area and to one impact, can adversely affect a totally different area
and totally different impacts.

The following review of literature summarises the approach of the data centre industry to environ-
mental impact, and provides direction for future research. Part 1 describes the energy consumption of
the ICT industry and in particular data centres; current knowledge on the environmental impact of the

industry; and how single-issue metrics have risen to prominence.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Data centres contain IT equipment used for the processing
and storage of data, and communications networking [1]. They
are the backbone of IT networks across the globe [2,3] and
include extensive supporting infrastructures required to power
and cool the IT equipment. A data centre can be as simple as a
single rack in a server closet or as complex as a large warehouse,
typically having built-in redundancy for the avoidance of
downtime.

Data centres are high energy consumers. In 2007 the ICT in-
dustry was estimated to account for 10% of total UK electricity
consumption [4], and 2% of global anthropogenic CO, |[5],
approximately equal to the direct emissions of the aviation in-
dustry operation. The operation of data centres already accounts
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for around a quarter of these emissions [4], and is believed to have
the fastest growing carbon footprint from across the whole ICT
sector [5].

This energy consumption has drawn the attention of data centre
owners and operators. Firstly because of the cost of energy bills,
and more recently because of it's impact on the environment.
However, exclusive consideration of energy consumption has
meant that other impacts and stages in a data centres life cycle are
not well understood.

This two-part literature review seeks to present the current
energy consumption and environmental impact of the data centre
industry, and how it is monitored, assessed and benchmarked,
and concludes the need for a more holistic approach to the
management of environmental impact in the future. It does not
seek to establish ways in which to reduce the impact. The review
aims to focus the industry on why it has approached environ-
mental issues in the current manner, highlight the need for a
change in approach, and suggest further research and work
required to enable this. Part 1 describes the energy consumption
of the ICT industry and in particular data centres; current
knowledge on the environmental impact of the industry; how the
industry benefits the environment; and how single-issue metrics
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have risen to prominence. Part 2 builds on this foundation to
describe the use of building environmental assessment methods
and tools; and based on both parts of the review, concludes the
need to apply life cycle thinking to assess the environmental
impact of data centres.

2. Data centres

Data centres house servers, and networking and storage
equipment, and are considered the central nervous system of the
21st century. They contain comprehensive mechanical and
electrical infrastructures to support the energy intensive
computing required to perform one or more of the following
functions [6,7]:

e The physical housing of IT equipment such as computers,
servers, switches, routers, data storage devices, racks, and
related equipment.

e The storage, management, processing and exchange of digital
data.

e The provision of application services or management for data
processing, such as web hosting, internet, intranet and
telecommunication.

Data centres vary in size from a single rack in a server closet to
huge server farms with floor areas reaching 150,000 m?. Some
occupy floors within offices and others are steel sheds on dedi-
cated sites like that shown in Fig. 1. Large facilities contain data
halls as shown in Fig. 2, which contain racks of IT equipment; the
remaining floor space houses power and cooling equipment.
Typically, the extensive floor space required for the supporting
infrastructures can be as much as two [9] to four (when there are
no external services) [10] times greater than the data halls
themselves. Tight controls on air quality mean that the data halls
do not include windows, and in the UK are often built using a steel
frame and concrete floor construction resulting in large,
windowless boxes. They are high energy consumers, both for po-
wer and the extraction of the heat dissipated from the IT equip-
ment, and although some have huge floor plates, they are
incredibly low occupancy facilities.

Data centres are used by businesses, corporations, educational
establishments and governments, to provide web hosting and the
internet, the storage of company information, and the processing
of business transactions. They can be public (accessible to all,
such as those for Google searches) or private (for the storage of
company information on network drives) and, based on the
importance of continued access to the data, display varying levels
of [12]:

Fig. 1. Facebook data centre [8].

Fig. 2. Inside a data hall [11].

e Reliability — probability that a component/system/data centre
operates without failure over a set time period. Facilities can
have the same availability, but a facility that has one outage per
year is more reliable than a facility that has many failures lasting
the same amount of time.

e Availability — the average time per time period (for example a
year) that a component/system/data centre operates as
designed, without downtime. For example 0.99999 availability
is a facility that has a total yearly downtime of 315 s.

e Redundancy — the topology of supporting infrastructures that
ensure a component/system/data centre remains available in
the event of a failure.

Facilities are described using Tier classifications [13] — Tier I to
Tier IV — which refer to the topology of the facility's supporting
infrastructures (power and cooling), and reflect how the building
performs under planned and unplanned outages. The ability of a
data centre to continue to perform its function in the event of a
problem is determined by the amount of redundancy (spare plant)
built into the design. For example, two mains power feeds to a site
would ensure continued operation if one feed is lost, because op-
erations can be switched to the other. The amount of redundancy
incorporated into a data centre is dependent on whether or not the
business linked to the facility can continue relatively unharmed in
the event of a fault.

The Tiers were established by the Uptime Institute (an industry
research body), to provide a common language across which the
availability and reliability (redundancy) of different facilities can be
compared, and are described in Table 1.

3. ICT and the internet

Worldwide, the number of data centres is growing, in part, due
to the increase in access to PCs (personal computers) and the
internet. The global PC installed base (including laptops) is well
documented, and has grown rapidly from 242 million in 1995
[15,16] to 592 million in 2002 [5] and 1 billion in 2009 [17].
Furthermore, projections up to 2004 [15,16] 2014 [17] and 2020 [5],
and shown in Fig. 3, fit with a pattern of exponential growth sug-
gested by these early figures; most of which will require access to
the internet and networks supported by data centres [17].

Furthermore, at the end of 2012, 34.3% of the global population
were internet users [18], a penetration that grew from less than 1%
in 1995 [19], as shown in Fig. 4, and equated to a rise from 0.04% to
6% in less developed countries [15]. Between 2000 and 2012,
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Summary of Tier classifications [14].

Tier Site level infrastructure topology

Tier I Basic Site-wide shutdowns are required for maintenance
capacity or repair work. Capacity or distribution failures will

impact the site.

Tier II Redundant Site-wide shutdowns for maintenance are still
capacity required. Capacity failures may impact the site.
components Distribution failures will impact the site.

Tier [l Concurrently Each and every capacity component and distribution
maintainable path in a site can be removed on a planned basis for

maintenance or replacement without impacting
operation. The site is still exposed to an equipment
failure or operator error.

Tier IV Fault tolerant  Anindividual equipment failure or distribution path
interruption will not impact operations. A fault
tolerant site is also concurrently maintainable.
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Fig. 4. Worldwide internet users [18,19].
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because of rapid growth in parts of the developing world such as
Africa, the Middle East and Latin America, access to the internet
increased by 566% [18] (Fig. 5).

As global access to the internet increases and more businesses
move their operations online, more ICT equipment is used and as a
result more data centres are required [9]. In addition, as the
internet has expanded, it is used in a more demanding manner.
More powerful applications and faster speeds, and the online
hosting of media and social networking sites [20] have therefore led
to increases in the overall demand of data centres on power.

4. Operational energy use of ICT and data centres

Power demands in the UK have meant that the infrastructure is
near breaking point, with demand set to outstrip supply by 2017 if a
‘do nothing’ approach is adopted for its generation [4]. Further-
more, in 2004 the UK ‘became a net importer of energy’ [4], making
it politically vulnerable [3], and by 2016 the safety margin in the
National Grid is expected to reach 4%, equivalent to a blackout risk
of 1in every 12 years [21]. The efficient use of energy by ICT, and in
particular data centres, is therefore a key concern of the ICT
industry.

4.1. Office and network equipment

The earliest research into the energy consumed by the ICT in-
dustry focused on IT components such as computers and periph-
erals (printers). Concern in the US was led by the Lawrence
Berkeley National Laboratory (LBNL) as early as the 1980s, where
research showed rising trends in energy use by personal computers
and office equipment [22—24]. In 1983 LBNL estimated total
average energy use by office equipment of 0.1 kWh/m?/year, and
projected levels would reach 0.4 kWh/m?/year by 2011 [23].

In 1999, updated US research found office and network equip-
ment consumed 74 TWh/year — 2% of total electricity or 3% when
telecommunications equipment and electronics manufacturing
were included [25]. By the start of the millennium, further research
with improved data readings estimated higher levels of overall
electricity usage of 97 TWh/year — 3% of total electricity [26] —
showing an overall upward trend since research started.

4.2. The internet

Since the start of the internet, users have continued to increase
as discussed in section 2.3. Alongside this growth in internet use
there has been much speculation around the amount of electricity
required to run it. At the end of the 1990s, Forbes published an
article summarising a non-peer-reviewed report which assumed

(c)

Fig. 5. Proportion of US electricity used for the internet (a), including embodied and operational impacts (b), and projected over next one to two decades (c).
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the largest power draws of each equipment type (peak power
without consideration of actual utilisation) and applied them uni-
versally [26]. The report claimed that 8% of all US electricity was
used to power the internet, a figure which grew to 13% if embodied
and operational energy for chips and computers was included, and
50% when projected over the ensuing one to two decades [27] as
shown in Fig. 5.

These figures, however, have been widely rebuffed by research
showing the article assumptions were overestimated almost
eightfold [28—30]. This was later independently confirmed by the
work of RAND [31] for the US DoE, in which four scenarios were
built for the electricity requirements of a digital society from
2001-2021, and in which even the largest projected growth in
digital devices was found to result in only a modest effect on
electricity demands of 5.5% [31].

Nonetheless, the statistic persists and continues to be quoted
today by journalists, and although it has been a catalyst for
improved research, it shows the need to handle energy data with
care.

4.3. Data centres

As access to IT and the internet has grown, so too has the
number of data centres, and their consumption of electricity. There
is little early evidence of peer-reviewed estimates on energy use of
data centres [32,33], especially those that include infrastructure
energy [34], but after incorrect estimates [28] made by Huber [27]
were widely spread and then refuted, industry-wide research
began to grow. Importantly in 2001, studies based on actual usage
data, as opposed to assumptions, began to emerge [35,36] as shown
in Fig. 6.

Early industry figures, based on overestimated facility assump-
tions and incorrect footprint areas, suggested data centre power
demand (including infrastructure draw) could be as high as
2150—2690 W/m? [6] and frequently well over 1000 W/m? [35].
However, total computer room power densities based on actual
usage data were approximated in 2001 at a much lower 355 W/m?
[35], and emphasised the errors in assumptions made in previous
studies. The data centre studied by Mitchell—Jackson et al. [35] was
later investigated in more detail. From 2001 to 2002, the study of
one internet data centre (IDC) found an increase in computer room
floor area of 33%, yet due to energy efficiency measures, the same
power density of 355 W/m? was displayed [36]. This shows that as
early as 2000, efforts were being made to improve operational
efficiency.

Later, the benchmarking of six data centres resulted in average
densities in 2004 in the order of 538 W/m? [6], with the bench-
marking of a further 22 data centres in 2006 yielding densities
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Fig. 6. Studies of data centre power densities.

ranging from 54 to 1000 W/m? [37,38]. The figures, while suffi-
ciently different, reflect the widely varying levels of efficiency that
are displayed in facilities, and the upward trend in densities and the
changes to technology over time.

Research into energy consumption of data centres was initially
focused on power densities as described above. However, more
recently this focus has shifted to total electricity consumption in
areas across the globe, and is dominated by the work of Jonathon
Koomey. In the period from 2000 to 2005, aggregate worldwide
electricity use by servers doubled, largely due to increased numbers
of cheap volume servers, and in part due to a small increase in
power use per unit [33]. In 2000, annual data centre electricity
consumption in western Europe (shown in Fig. 7) was 18.3 TWh, a
figure that rose to 41.3 TWh in 2005, and assuming a 12% year-on-
year growth was projected to reach 72.5 TWh by 2010 [34].

In 2007 the US EPA Energy Star programme compiled a Report
to Congress which concluded that in 2006 US data centres and
servers consumed 61 TWh of electricity — 1.5% of the country's
overall demand and double that in 2000 [1]| and equivalent to
33,672 kgCOqe (calculated using conversion factors from the IEA
2013 edition of fuel combustion emissions [[39], page 110]).

Later, in 2011, Koomey [40] published a report for The New York
Times which revisited the previous global and US projections from
his 2008 paper [34]. The study found a slow-down in the growth of
electricity because of efficiency improvements, the recession, and
virtualisation, resulting in only a 56% growth in worldwide elec-
tricity consumption between 2005 and 2010, rather than a
doubling as it did from 2000 to 2005 [40], as was projected by the
Report to Congress [1]. As a result, global annual consumption grew
from 70.8 TWh (37,382 kgCOze) in 2000 to 152.5 TWh
(82,650 kgCO4e) in 2005 and 238 TWh (125,900 kgCOye) in 2010
[39,40] as shown in Fig. 8.

Furthermore, if the 2010 consumption from the 2011 Koomey
study [40] is extrapolated to 2015 (assuming the same 56% growth
seen between 2005 and 2010, and split evenly between the five
year period) a global consumption of 291 TWh is found in 2012
[34,40] and 371.1 TWh (197,500 kgCOye) by 2015 as shown in Fig. 8.

In addition to the research by Koomey [34,40], Data-
centerDynamics (DCD) initiated a yearly census of the industry. In
2012, the DCD [41] Industry Census found a total global data centre
power use of 322 TWh, 1.8% of global electricity use, and compa-
rable to that suggested for 2011 by Koomey [40] of between 1.7 and
2.2%. Using a world average kgCOe per kWh of electricity gener-
ation this is equivalent to 171,630 kgCOqe [39].

Moreover, the census found that the UK currently has the third
highest global actual power demand of 2.70 GW in 2011 and
2.85 GW in 2012 [42] and 3.10 GW in 2013 [43], and which is
forecast to reach 3.68 GW by 2016 [43] and shown in Fig. 9.
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Fig. 7. Data centre electricity consumption in western Europe.
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Fig. 8. Data centre energy use extrapolated to 2015 [40].

Assuming that the data centres are running 24 x 7, using the Car-
bon Trust conversion factors [44] for the UK electricity grid in 2013,
this would have produced 10,536 kgCO-e in 2011, 11,122 kgCOye in
2012, 12,097 kgCOze in 2013 and will create 14,361 kgCO,e in 2016.

Furthermore, in 2011 the UK was estimated to have
7.59 million m? of dedicated data centre space — equivalent to 14
Pentagons — and a total maximum power consumption of 6.4 GW
[45] or 24,975 kgCOye.

Throughout the energy literature reviewed in this section, early
values for consumption across the industry were consistently var-
ied as shown in Fig. 6. The differences reflect the difficulty in
obtaining accurate data on energy use because of the lack of
monitoring, the constant change in technologies, increasing den-
sities, and changing approaches to calculating the consumption,
and the reluctance of owners to share energy data [35,36].

Later results from Koomey [40] and DatacenterDynamics [43]
are in the same order of magnitude and seem comparable. How-
ever, although there is a good correlation between the studies, the
Koomey work recognises that further research is needed, based on
actual energy use, and that while the DCD Census [41] is based on a
sample of the industry, it is extrapolated to build the overall picture.
It is clear therefore that both sets of results are exposed to un-
certainties that need attention to improve their accuracy.

5. The impact of ICT and data centres on climate change

The growing power demand of data centres has led to a
heightened awareness of their increasing impact on climate change
from greenhouse gas (GHG) emissions. Comprehensive research
into the impact of the whole ICT industry on climate change has

3.5

GW of power

2011 2012 2013 2014 2015 2016
Year

Fig. 9. UK actual power demand by data centres from 2011 to 2016.

been dominated by GeSI [5,46], but has been strengthened by
recent research by Malmodin et al. [47].

In 2012 the growth in GHG emissions (embodied and opera-
tional) from the ICT industry was projected to rise at a faster rate
than the total global footprint [46]. Note footprint and emissions are
used interchangeably in this section, and refer to the GHG emis-
sions including CO, and all GHGs converted to CO,-equivalent
(CO4e). Of the three main sectors of the ICT industry, data centres
are projected to have the fastest rate of growth at 7% per annum
(p.a.) from 2011 to 0.29 GtCOze in 2020 [46]. This growth echoes
those found in an earlier study by GeSI [5] that suggested a rise in
footprint of 7% p.a. from 2002 to 2020, but concluded a higher
overall impact in 2020 due to an actual measured increase (rather
than projected) of 9% p.a. from 2002 to 2011, and shown in Fig. 10.

In the 2008 study, GeSI estimated that ICT accounted for 2% of the
global GHG footprint — a figure supported by research from Gartner
[48] — and would grow to 2.8% by 2020. By 2011, however, research
based on more accurate data and altered behaviours in the industry,
meant only a 1.9% share of the total footprint was found [46].

A similar study by Malmodin et al. [47] compared its results to
the first (Smart 2020) report [5], and found different percentage
shares of the total global footprint, created by the use of old data in
the 2008 GeSI [5] report, and therefore an elevated ICT carbon
footprint. In the SMARTer 2020 report [46] these figures were
updated, but the percentage share of the footprint by 2020
remained higher (2.3%) than in the Malmodin et al. [47] study
(1.9%), suggesting these modelling differences remain.

Of the ICT impact, servers and cooling were found by Gartner
[48] to account for 23% of carbon dioxide emissions. However, the
GeSl report [5], which was more detailed and based on more ac-
curate information, found a figure (including power systems and
embodied impacts) closer to 14% shown in Fig. 11 below. Of this
14%, out-dated volume servers accounted for over a third of the
impact, a figure reflected in the Koomey [34,40] studies. Although
the difference in figures is big, it is clear that this is due to the
omission of embodied impacts from PCs and monitors in the
Gartner data [48].

6. ICT as a key enabler

Whilst the operation of ICT impacts negatively on climate
change, ICT also has the potential to impact beneficially by enabling
the reduction of emissions in other sectors. The potential of the
internet (which cannot exist without data centres) to improve ef-
ficiency and reduce carbon emissions across sectors other than ICT
was recognised as early as the 1990s when Romm et al. [49] noted
the potential for the internet to turn retail buildings into websites
and trucks into fibre optics.

0.4

9% /

i P

0.1 0.07

Global data centre emissions (GtCO2)

2002 2011 2020
Year

Fig. 10. Growth in data centre GHG emissions — 2002 to 2020.
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Total 2002 ICT footprint = 14% of total global footprint

Fig. 11. Composition of global data centre footprint in 2002 [5].

Between 1997 and 1998, total US energy consumption increased
by only 1%, yet the economy grew 4% year-on-year, and in 1998
GHG emissions rose by only 0.2%, the lowest since the recession
year of 1991 [49]. These trends were largely attributed to increased
low-energy production of computers and software (one third) and
the knock-on gains in efficiency (two thirds) from their use [49].

This research by Romm et al. [49] is further backed by US EIA
data [[50], Fig. 1.7], which illustrates the continued decrease in
primary energy consumption per real dollar of GDP (gross domestic
product) between 1973 and 2012. Alongside the growth in use of
ICT discussed previously, the trend suggests that a growth in ICT
occurs with a lowered increase in GHG emissions, which if
continued could lead to an overall reduction in emissions.

6.1. Sources of savings from the use of ICT in other industries

The potential savings achieved by using ICT come from a num-
ber of areas: dematerialisation (the swapping of high carbon
products for low carbon alternatives), energy, transport, buildings
and industry [49,51], and can be achieved through smart grids,
smart logistics, smart buildings and smart motor systems [5].

The reduced rate in increase of emissions discussed previously is
largely influenced by the indirect effects of ICT, rather than dema-
terialisation. In 2008 GeSI [5] estimated that ICT could save up to
7.8 GtCO4e by 2020, a figure that is 5.5 times the projected impact of
the ICT industry itself (1.4 GtCO,e). However, in 2012 GeSI [46]
increased this abatement potential to 9.1 GtCOze by 2020, 7.2

times the projected industry impact of 1.3 GtCO.e, which was
reduced to take into account new technologies, improved data, and
increased baseline emissions.

Building on the work of Romm et al. [49] and Turner et al. [51],
GeSI [46] presented four main ways (‘change levers’) by which ICT
can reduce emissions within other sectors: digitalisation and
dematerialisation, improved data collection and communication,
system integration, and optimisation of processes. Through the
adoption of these methods, an abatement potential of 9.1 GtCO,e by
2020 is projected to come from improved efficiency within six
sectors [46]:

e transport — ICT can improve logistics and create new
technologies;

e agriculture and land-use — ICT can be used to control irrigation
systems remotely;

e buildings — software can be used to more accurately design
buildings in a way that reduces air conditioning and heating;

e manufacturing — software can be used to automate and opti-
mise processes;

e power — software can be used to respond to dynamic changes in
demand; and

e service and consumer — for example the move to online retail.

Although there are barriers to the realisation of the reduction
potentials discussed in this section — such as poor economics and
finance, lack of awareness and resistance to behavioural change —
the potential of ICT to indirectly reduce climate change far out-
weighs the direct impact of data centres and the ICT industry. It is
therefore clear that data centres will continue to grow in number,
and reduction of their environmental impact will become
increasingly important.

7. Data centre metrics

With the growing energy consumption discussed in section 4,
efforts to improve the operational efficiency of data centres and the
components they contain have been widespread. As a result, a
number of common metrics and methods of assessment have been
adopted to monitor and benchmark their performance.

Most metrics focus on the efficient use of individual resources
during the operation of a data centre, and by this virtue can also
help to reduce operational expenditure. Table 2 gives a summary of

Table 2
Commonly adopted metrics.

Metric Equation

PUE Power usage effectiveness [52—56,62] _ Facility power P +Pocticy + P Py

> IT equipment power Prr
ERF Energy reuse factor [62,64] __Reuse energy outside of the data centre
- Total data cer(ljtli)e solur%e energy
. __ Green energy used by the data centre

GEC G.ree.n energy coefficient [62] . N ~— Total data centre source energy

SI-EER Site infrastructure energy efficiency ratio [32] Same as PUE

DCIiE Data centre infrastructure efficiency [53,54] e

Ui _ Useful work produced in the data centre
DCeP Data centre energy product1v1ty [62’65] " Total data centre energy consumed producing this work
ScE Server compute efficiency _ No. of samples where server provides a primary service . 100

Total no. of samples over the time period

A primary service is the main service provided by the server, for example the primary service of a mail server is to provide email [60]

DCcE Data centre compute efficiency [60]

DPPE Data centre performance per energy [59]

DC-EEP Data centre energy efficiency and productivity [32]
CUE Carbon usage effectiveness [58,62,66]

WUE Water usage effectiveness (site) [66,67]

WUEsource Water usage effectiveness (source) [67]

EDE Electronics disposal efficiency [63]

> ScE from all servers
~ Total number of servers

IT equipment utilisation factorxz IT equipment capacity
- Z Data centre energy consumption—Green energy

= SI — EER x IT productivity per embedded Watt

_ CO, emitted (kgCO,e) _ Total data centre energy
~ Unit of energy (kWh) IT equipment energy
__Annual site water usage

" IT equipment energy

_ Annual source energy water usage

= WUE + IT equipment energy

__ Weight of responsibly disposed of IT EEE

- Total weight of disposed of IT EEE
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some of the most common metrics used by the data centre
industry.

Developed by The Green Grid [52—56], PUE (power usage
effectiveness) is the most widely adopted metric, with reports from
research analysts at Gartner that 80% of all new large data centres
will have adopted the metric by 2015 [57]. The metric is used to
measure the ratio of total power delivered to site to that used by the
IT equipment, and is analogous to the miles per gallon metric for
the fuel consumption of a car. It is dimensionless, and has an ideal
value of 1.0 [58]; although Shiino [59] (2010) found actual values
ranged from 1.25—3.75. Whilst Koomey [40] found values in the
range of 1.36—3.6, from the EPA Energy Star programme's study of
61 data centres, and an average value of 1.92. In real terms this
mean value of PUE shows that the average data centre consumes
almost double the power required for just the IT equipment in
power losses, cooling, lighting and other miscellaneous loads.

The PUE metric drives the need to minimise power used by
anything other than IT. However, there are concerns that the metric
does not consider the actual productivity or efficiency of the
equipment [54,59]. As a result, a data centre in which no infra-
structure upgrades are made actually achieves an improved PUE as
the IT equipment ages and uses more power.

Recognising the need to consider more than just energy use,
CUE and WUE consider operational carbon and water usage,
following the same format as PUE. ScE and DCcE [60] consider the
efficiency of the data centre compute infrastructure, and allow
users to focus on operational efficiency, much like PUE. While DCeP
is a productivity metric, which attempts to quantify the useful work
performed by a data centre through a number of complex proxies
[61,62] and is more advanced than the XUE family (PUE, CUE, WUE).
EDE seeks to address the need for a metric to quantify the extent to
which IT consumers are disposing of IT equipment responsibly at
the end of their life [63]. Finally ERF quantifies the amount of en-
ergy reused outside of the data centre and GEC looks at the amount
of renewable energy used. The remaining metrics are a variation on
these themes.

7.1. Metric evaluation

There are a number of concerns with current data centre met-
rics. Most importantly, they are generally only concerned with the
operational phase of data centres, and do not coherently account
for other impacts that occur, for example, when the components
are being manufactured (embodied impacts).

Although originally no consideration was made to the renew-
ables content of the source electricity, the introduction of GEC
(green energy coefficient) [62] allows for comparison of two sites
with equivalent PUE values, one of which uses energy generated
from renewable sources and the other of which relies on energy
from coal-fired power stations. However, The Green Grid [62]
currently only recognises three authorities across the world that
issue green energy certificates that satisfy their requirements as
proof of renewables content, in the EU, Japan and USA. It is also
unclear whether purchase of these certificates is prohibitively
expensive to facilities in countries where a high renewables content
is almost a given. Nonetheless, the metric remedies the inability for
global comparisons.

When The Green Grid metric WUEgoyce Was released it intro-
duced an important area of expansion that is omitted from most of
the other industry metrics. Firstly, it considers water — not energy
— and secondly, it considers the water used not only during the
operation of the data centre (for example for humidification), but
also during the production of the power that is used on site. Much
like GEC now does for power usage. The metric, alongside CUE,
recognises that impacts due to the existence of a data centre occur

not only when it is in operation, but also in the production process,
and acknowledges that environmental burden comes from more
than just energy use.

This inclusion of impacts from the production phase is in line
with life cycle thinking, in which the impact that a product or
service has on the planet is assessed from the moment raw mate-
rials are extracted until eventual disposal of the product, while
crucially considering more environmental impacts than simply
energy and water use.

Without holistically considering the life cycle of a data centre for
various environmental impacts and stages of the life cycle, it is hard
to know how energy efficiency measures in the operational phase
impact on other parts of the life cycle. For example, it is difficult to
know whether the current drive to raise server inlet temperatures,
and reduce or eliminate the need for mechanical cooling, could
adversely affect the embodied impacts (impacts experienced pre-
and post-operation) of servers due to a potential decrease in the
time between technology refresh. In other words ‘pollution shift’ is
difficult to gauge without relevant research.

Furthermore, the industry does not have a way to manage and
assess when equipment should be replaced, based on an evaluation
of the reduced efficiency and additional environmental impact
from the replacement component against the energy savings that
will be made as a result of the replacement [63]. The introduction of
the EDE metric, which is concerned with the disposal of IT equip-
ment, is incredibly important in this argument. Not only does the
metric follow life cycle thinking, alongside the release of The Green
Grid's guidelines to the application of life cycle assessment (LCA) to
data centres [68], the introduction of EDE and similar metrics in-
dicates that the industry is beginning to see the need to consider
more than single-issue metrics with a life cycle approach, and
recognises the need for benchmarking and tools to facilitate the
change.

8. Conclusions

The review of literature in part 1 presents a clear picture of the
rising access to ICT and it's increased energy consumption. How-
ever, there is still uncertainty in the true values of this consump-
tion, and how it will continue to grow into the future. Historic
information on installed equipment has changed, as more accurate
information becomes available, meaning projections are dynamic
and need revisiting on a yearly basis. Work is required to ensure
this information is more accurate in the first instance. In addition,
data centre asset management needs a better handle of the amount
of servers that are installed, and consuming energy to idle, but are
unused for compute. It is noted by Koomey [40] that the omission
idle servers from the estimates could mean the industry is actually
consuming more than currently known. Irrespective of model un-
certainties, energy consumption by data centres continues to grow,
and although ICT is an enabler for energy reduction in other in-
dustry, its consumption needs to be monitored.

In response to rising energy consumption, and with growing
concerns about energy security and availability [3], environmental
impact has become increasingly important for the data centre in-
dustry. One method adopted to monitor and benchmark this
impact is data centre metrics.

Metrics, such as power usage effectiveness (PUE), focus on
operational efficiency, using it as a proxy for sustainability. These
metrics have gained in popularity because of the documented rise
in operational energy consumption, but miss impacts that are
embodied in the facility due to energy consumed and emissions
created during the manufacturing and disposal of data centres and
their components [69]. By only considering one issue — for
instance energy, water or carbon — in one stage of the facility's
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lifetime, it is not possible to detect the effect that improving the
efficiency of one issue has on another at any other point of the
building's lifetime [69].

Although the industry's primary concern is the financial impli-
cations of this rising energy consumption, the industry is becoming
increasingly aware of its environmental impact and its vulnerability
from the uncertain future of its fuel supply. In response to the
resulting rise in energy bills, and power infrastructures pushed to
their limits, the industry has focused almost exclusively on energy
efficiency as a proxy for sustainability. The metrics have instigated a
change in behaviour for the industry to one with more concern for
sustainability, however, ‘pollution shift’ cannot be accurately eval-
uated by them and tends to be considered by intuition.

There is currently little evidence of detailed research that con-
siders the impact using a life cycle perspective. In order to ensure
impacts are not going unnoticed because of the operational focus, it
is imperative that more research is conducted into the interrelated
nature of environmental impact. This research should look to
provide greater information on the most environmentally impact-
ing parts of the facility beyond operational consumption; and seek
to determine whether a life cycle perspective is required. The work
of GeSI [46] and Malmodin et al. [47] already points to the contri-
bution ICT has to the global footprint of GHG emissions, and should
be strengthened by more detailed research.

As single metrics are so widely adopted by the industry, future
work from life cycle benchmarking should look to establish similar
simple metrics for a wide range of impacts, to enable the broadest
section of the industry to use and report against them. These could
take a similar form to impact factors for electricity from different
energy mixes, and global warming potential of different re-
frigerants, to allow designers and owners to understand their
impact more holistically.

Finally it should be reiterated that this paper seeks to provide a
picture of the current impact of the industry and methods used to
monitor it. It does not include consideration of how the impact can
be reduced.

Other options for assessing the impact of data centres are dis-
cussed in part 2 of this paper. This concluding part describes and
critiques the use of building environmental assessment methods
and tools; and based on both parts of the review, concludes the
need to apply life cycle thinking to more holistically assess the
environmental impact of data centres.
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