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Abstract End-use efficiency, demand response and cou-
pling of different energy vectors are important aspects of
future renewable energy systems. Growth in the number of
data centres is leading to an increase in electricity demand
and the emergence of a new electricity-intensive industry.
Studies on data centres and energy use have so far focused
mainly on energy efficiency. This paper contributes with
an assessment of the potential for energy system integra-
tion of data centres via demand response and waste heat
utilization, and with a review of EU policies relevant to
this. Waste heat utilization is mainly an option for data
centres that are close to district heating systems. Flexible
electricity demand can be achieved through temporal and
spatial scheduling of data centre operations. This could
provide more than 10 GW of demand response in the
European electricity system in 2030. Most data centres
also have auxiliary power systems employing batteries
and stand-by diesel generators, which could potentially
be used in power system balancing. These potentials have
received little attention so far and have not yet been

considered in policies concerning energy or data centres.
Policies are needed to capture the potential societal benefits
of energy system integration of data centres. In the EU,
such policies are in their nascent phase andmainly focused
on energy efficiency through the voluntary Code of Con-
duct and criteria under the EU Ecodesign Directive. Some
research and development in the field of energy efficiency
and integration is also supported through the EU Horizon
2020 programme. Our analysis shows that there is consid-
erable potential for demand response and energy system
integration. This motivates greater efforts in developing
future policies, policy coordination, and changes in regu-
lation, taxation and electricity market design.

Keywords Data centres . EU policy . Digitalization .

Demand response . Sector coupling . Energy efficiency

Introduction

Data centres are becoming an increasingly critical part
of the infrastructure for the digitalized society. Digitali-
zation, high-speed wireless networks, new data-
intensive technologies and a rising demand for cloud
computing have led to the development of data centres1

from a few enterprise computing centrals to major
electricity-intensive industry. The share of global elec-
tricity used by data centres is currently estimated to be
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1 A data centre is a facility dedicated to the operation of equipment
providing data processing and storage. It typically consists of servers,
storage devices and communication networks, together with ancillary
equipment required for cooling and power supply.
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about 1% (IEA 2017), but the steady increase in data
processing, storage and traffic is cause for concern re-
garding the future electricity demand of this industry
(Andrae and Edler 2015,Andrae 2018).

The potential growth in the number of large-scale
data centres and their associated electricity demand
should be seen in the light of rapidly changing power
systems with increasingly larger shares of variable
renewable energy. An electricity sector relying main-
ly on renewables is the cornerstone in achieving a
climate neutral EU by 2050 (European Commission
2019). The total electricity consumption in the EU
has increased only slightly since 2000, mainly in the
service and housing sectors (Eurostat 2019). Driven
by the recent dramatic fall in the price of solar pho-
tovoltaic cells and wind power (IRENA 2019), sev-
eral long-term scenarios project that the demand for
electricity could increase substantially as both the
transport and the industrial sectors become electrified
(Lechtenböhmer et al. 2016). These traditional sec-
tors have been analysed carefully from an energy
system perspective. However, data centres constitute
a new sector, and has not yet been included in energy
economic modelling or studied as a separate part of
EU long-term climate strategies (see, e.g. European
Commission 2011, European Commission 2018).

There is a growing body of literature dealing with
the electricity demand and energy efficiency of data
centres, as well as studies on renewable energy inte-
gration, as a means of reducing the environmental
impact of power generation and reducing electricity
costs for data centre operators. Several extensive
studies (Masanet et al. 2011; Shehabi et al. 2016)
have been carried out to estimate the total electricity
consumption of the full spectrum of US data centres.
Key strategies and technologies for increased energy
efficiency in data centres have been reviewed by
several groups, for example, Oró et al. (2015), Rong
et al. (2016) and Ni and Bai (2016). Rahman et al.
(2014) reviewed power management techniques for
data centres, including strategies for increased inte-
gration of renewable energy sources. Integration op-
portunities via waste heat use or demand response
have been explored by Shuja et al. (2016) and
Ghatikar et al. (2012), respectively. However, few
studies have been carried out on data centre develop-
ment using a broader energy system perspective, to
explore the potential system benefits of data centre
and renewable energy system integration. By using

the potential for demand response and heat integra-
tion, the data centre industry could facilitate the tran-
sition to renewable electricity, rather than simply
being a power load.

The aim of this study was to assess the potential for
the integration of data centres in evolving energy sys-
tems with increasing shares of variable electricity, and to
discuss how EU policy could be developed to reap
potential benefits. Growth and technical development
in the data centre industry are rapid, and thus very
uncertain. As the data centre industry is still in a forma-
tive phase, this study is motivated by the fact that
considerable societal benefits may be achieved by
supporting not only end-use efficiency but also demand
response and energy system integration of data centres.
This paper is based on a literature review of the technical
potential for energy efficiency, demand response and
heat integration, together with mapping of EU policies
relevant to the data centre industry, and an analysis of
this potential in a 2030 scenario for the EU.

We begin in “Energy system and data centre devel-
opment” by describing the predicted development of
energy systems and data centres in the EU up to 2030.
In “The technical potential for energy-efficient and in-
tegrated data centres”, we review and analyse the po-
tential for improved efficiency, demand response and
heat integration, and in “Current EU policies concerning
data centres and energy”, we map the EU policies af-
fecting data centres. Based on the potential identified
and on the predicted development, we assess the poten-
tial for energy system integration and improved efficien-
cy within the EU in 2030, and analyse the policy chal-
lenges. Based on this analysis, we identify weaknesses
and suggest strategies for improvement in “Concluding
discussion”.

Energy system and data centre development

Decarbonizing the electricity sector in the EU

The transition to renewable energy sources is changing
how power systems function by increasing the need for
demand response and energy storage to maintain grid
balance and power quality (Haas et al. 2013, Schleisser-
Tappesser 2012). Future EU electricity production is
expected to be dominated by variable renewable energy
sources. If the EU’s climate and energy goals for 2030
are met (reducing GHG emissions by 40% compared to
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1990 levels; having 27% renewable energy sources in
the energy mix; and reaching 27% energy efficiency
compared to projected levels), the European Commis-
sion’s Joint Research Centre (EC-JRC) predicts that the
share of renewables in the gross generated electricity
mix in the EU in 2030 will reach 47% (Banja and Jégard
2017). The total installed capacity for power generation
in the EU in 2030 is projected to reach 652 GW (com-
pared to 406 GW in 2016), where non-dispatchable
wind and solar power are projected to account for over
500 GW. This figure is conservative. The share of non-
dispatchable electricity in the EU electricity systemmay
exceed 50% by 2030 (Banja and Jégard 2017), or even
60% (Artelys 2017), due to low-cost renewable electric-
ity technologies simply outcompeting coal and gas. The
ambition and trajectory of future EU policy and renew-
able electricity development indicate a power market
dominated by non-dispatchable renewable electricity
by 2040–2050 (European Commission 2011, Artelys
2017).

It is expected that up to 40–50% renewable electricity
could be integrated into the current power system, with-
in the current market regime, by activating existing
flexibility options (e.g. demand response, storage and
f l ex ib l e power p roduc t ion ) in the sys t em
(Papaefthymiou and Dragoon 2016). However, at levels
of non-dispatchable renewables above 70–80%, the
need for flexibility increases rapidly, especially on lon-
ger timescales (weekly and seasonal storage) (ibid). This
will create a rapidly growing market for both demand
response and for storage options on varying timescales.
For example, Kondziella and Bruckner (2016) estimate
that in a 100% renewable electricity system, up to 40%
of the total electricity demand must be supplied via
flexibility measures such as batteries or demand re-
sponse in order to maintain the grid balance.

Electricity demand of data centres in 2030

The earliest estimates of the electricity demand of data
centres indicated that they used about 150 TWh, corre-
sponding to 1% of the total global electricity use, in
2005 (Koomey 2008), and roughly 200 TWh, or 1.1 to
1.5% of the global electricity use, in 2010 (Koomey
2011). A similar figure has been presented by Andrae
and Edler (2015), who estimated the data centre share of
global electricity use in 2010 to be 1%. The IEA de-
scribes the number of recent comprehensive studies on
data centre global electricity demand as “limited”, and

inconsistencies in the methods and system boundaries
used make comparisons difficult. Nonetheless, the IEA
estimates that in 2014, data centres worldwide con-
sumed 194 TWh electricity, corresponding to 1% of
the global electricity demand (IEA 2017).

Koomey’s (2008) estimate of the total electricity use
of data centres in Western Europe in 2005 was
41.4 TWh. In a report by Bertoldi et al. (2012), pub-
lished by the EC-JRC, the total data centre electricity
consumption in the EU-27 in 2007 was estimated to be
56 TWh. The European Commission (2015) estimated
that the electricity used by data centres in the EU-28 in
2015 was 78 TWh, which is equivalent to 2.5% of the
total EU electricity use. However, the methodologies
used and the scope of these studies vary, and they do
not accurately portray growth over time.

The demand for data centre services is growing rap-
idly, as reflected in the global amount of data centre
traffic and the number of workloads2 and computing
instances, all of which are expected to increase in the
coming years. Global IP traffic is expected to increase at
a compound annual growth rate of 25% during the
period 2016–2021. The corresponding value for work-
loads and computing instances is 19%, which is equiv-
alent to a doubling every 4 years (Cisco 2018).

The information and communications technology
(ICT) sector is developing towards increased centraliza-
tion as cloud computing and data centres take over work
from consumer devices such as laptops, tablets and
smartphones (Andrae and Edler 2015). As many busi-
nesses are discovering the advantages of cloud comput-
ing, a shift is taking place from traditional small-scale
server installations, or “closet servers”, often with poor
energy performance, to more efficient, large-scale cloud
data centres. It is expected that by 2021 the majority of
servers, as well as processing power, data traffic and
stored data, will be collected in a few mega-scale3 cloud
data centres owned by one of a handful of internet
companies (Cisco 2018).

The electricity demand for data handling is gener-
ally expected to grow, but it is uncertain by how
much. After a period of high growth rates in the

2 Cisco (2016) defines a workload as “a virtual or physical set of
computer resources, including storage, that are assigned to run a
specific application or provide computing services for one to many
users; [it] is a general measurement used to describe many different
applications”.
3 A data centre with an installed load of over 10 MW, sometimes
several 100 MW.
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2000s, a slowing down has been seen since 2010.
This is mainly explained by efficiency gains through
a shift from smaller servers to large-scale centralized
data centres with substantially better energy perfor-
mance (Van Heddeghem et al. 2014). The European
Commission (2015) expects that the demand for elec-
tricity for data centres will start to increase slowly
again in 2020.The IEA (2017) estimated a modest 3%
increase in global data centre electricity demand over
the years 2014–2020. Although blockchain technol-
ogy currently only accounts about 0.1 to 0.3% of
global electricity consumption, its popularization
could have significant effects on data centre electric-
ity use (IEA 2019). In a more alarmist estimate of
future global data centre electricity use, Andrae and
Edler (2015) suggest that the increasing demand for
digital services could outpace efficiency improve-
ments. In this scenario, the global power demand of
data centres could reach as much as 13% of global
electricity use in 2030, corresponding to a 14-fold
increase compared with 2010 (ibid). However, in a
more recent study, Andrae (2018) revised this value
to 3% of global electricity use in 2025.

The technical potential for energy-efficient
and integrated data centres

As an emerging electricity-intensive industry, data cen-
tres can have considerable impact—negative or
positive—on future energy systems. To be sustainable
in an energy system perspective, data centres must not
only be energy-efficient but must also contribute to a
well-functioning renewable power system via various
integration alternatives, which are discussed below.

The equipment at data centres is commonly divided
into IT equipment and ancillary equipment. IT equip-
ment includes servers, storage devices and communica-
tion networks that are directly involved in delivering the
core functionalities of the data centre, i.e. the storage,
processing and transmission of data. The ancillary
equipment includes primarily a cooling system and
power infrastructure, but also lighting, security and oth-
er minor supporting equipment. Data centres usually
also have an emergency power supply system based
on batteries and/or diesel generators to ensure an
uninterruptible power supply (UPS) in the case of a grid
power failure.

Energy efficiency potential

Data centre energy efficiency is a complex issue that
goes beyond the efficiency of the equipment. The re-
sources needed to provide a certain digital service de-
pend on the system’s performance, which is influenced
not only by equipment design but also software archi-
tecture, resource allocation and operational set points.
The complexity of the system and the difficulty in
defining what is useful work (“one unit of digital ser-
vice”) is why it is practically impossible to objectively
measure and compare data centre efficiency using gen-
eral metrics.

Nonetheless, there are many ways through which the
data centre industry can become more energy-efficient.
For analytical reasons, we discuss potential improve-
ments in energy efficiency in data centres on three
different system levels: IT equipment efficiency, ancil-
lary equipment efficiency and efficient computing man-
agement. In practice, these categories are interdepen-
dent; for example, the choice of components will affect
the applicability of different management strategies.

IT equipment efficiency

IT equipment efficiency is expected to improve follow-
ing historical trends. Computing electrical efficiency
(the number of computations that can be performed
per kWh) has doubled every 1.5 years for over 65 years
(Wong et al. 2011), as a result of the continuous decrease
in transistor size, and is commonly referred to as
Moore’s law. This exponential improvement in comput-
er capacity and energy performance is an enabler for the
growth of the ICT industry, by making increased com-
puting capacity affordable and compact. According to
chip maker Intel, in 2015, this development is expected
to continue for “at least ten more years” (The Economist
2015), and is one of the major sources of increased data
centre efficiency that will allow the industry to manage
the growing workload without an exorbitant increase in
electricity demand. The European Commission and the
IEA refer to this as “increased chip performance” in
their explanation as to why the increase in electricity
demand remains moderate in their projections. Howev-
er, it has been reported that the increase in chip perfor-
mance has slowed down since 2012, and continued
improvements have recently been questioned as we are
approaching several physical and engineering limits
associated with silicon-based chips (Waldrop 2016).
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New paradigms that can overcome the physical barriers
of silicon-based chips are envisaged (e.g. quantum com-
puting or “millivolt switches”), and although research is
ongoing, no solutions have yet become commercially
available (European Commission 2015). It is not clear
how long chip performance can continue to improve at
the current rate. Andrae and Edler (2015), for example,
assume a slowdown in the rate of efficiency improve-
ment after 2022.

Ancillary equipment efficiency

The potential for improvements in ancillary equipment
energy efficiency lies mainly in designing a highly
efficient cooling system. The electricity demand for
cooling has so far been one of the main reasons for the
overall low energy efficiency of data centres, measured
as power use efficiency (PUE) defined as follows: (total
electricity demand) / (IT equipment electricity demand).

Using a traditional vapour compression refrigeration
system typically means that 30 to 50% of the total
electricity consumed in a data centre is used for cooling.
Electrical losses in ancillary equipment account for
roughly a further 10% of the electricity used (e.g.
Rong et al. 2016). Most of the electrical losses can
usually be attributed to the double conversion mecha-
nism (converting AC toDC and back to AC) in the UPS.
It is difficult to reduce these losses. If the grid supply is
considered to be very stable, it may be possible to
eliminate the UPS (Boden Type DC One 2018), but in
most cases, this is considered too risky. Cooling tech-
nologies have therefore been the main focus of efficien-
cy measures for ancillary equipment in this industry.

Among the most common, cooling efficiency strategies
today are optimizing the air flow and using natural cooling
sources. If the air flow is well designed, cold and hot air
can be kept separate, which allows temperature set points
in the mechanical cooling equipment to be increased (Ni
andBai 2016), resulting in significant savings in electricity.
According to Wang et al. (2013), raising the set point by
1 °C saves between 4.3 and 9.8% of the electricity required
for cooling. Further savings can be made by eliminating
local hotspots and making the air flow smoother, which
reduces the electricity required to run the fans that circulate
the air (Rong et al. 2016). The cost of carefully designing
the layout and ventilation for optimal airflow in a large data
centre can amount to 10% of the total investment cost, but
the payback time of this investment is only 2 to 3 years
(Rong et al. 2016).

Efforts to improve cooling efficiency over the past
10 years have led to the development of cooling systems
that use ambient air or water for cooling to a greater
extent, so-called free cooling (Zhang et al. 2014). Free
cooling can be used to replace part, or all, of the me-
chanical cooling equipment, thus saving electricity. Free
cooling requires larger investments, but results in lower
operating costs (Heslin 2014). A prerequisite for this is
that the data centre is located in a region with a relatively
cold climate, and/or close to a body of water that can be
used as a cooling source. The choice of location for data
centres thus has considerable influence on the electricity
required for cooling. Rong et al. (2016) conclude that
the appropriate choice of site and making rational use of
free cooling can typically result in overall electricity
savings of 12 to 15% in a data centre.

Air-based cooling systems for data centres dominate
today, but are being replaced with liquid cooling sys-
tems. The development of liquid cooling systems is
driven by increasing chip performance, as this results
in servers with higher heat densities. Air has a relatively
low heat capacity compared to liquids (water or organic
liquids), and is expected to be inadequate for cooling
new servers. Other drivers of liquid cooling systems are
the reduced cost associated with energy and space sav-
ings, and the potential of exploiting the outlet tempera-
ture of the liquid coolant to increase the reuse of waste
heat (Ebrahimi et al. 2014; Capozzoli and Primiceri
2015). Liquid cooling systems may have many different
configurations, and several new concepts are being de-
veloped (e.g. Murshed and de Castro 2017; Khalaj and
Halgamuge 2017).

Frontrunners in the data centre industry who have
expanded in recent years have achieved high energy
efficiency with PUE values below 1.1 (e.g. Google
2018, Facebook 2019). This should be compared with
the average self-reported PUE of 1.58 among data cen-
tres participating in a recent survey (Uptime Institute
2018). The ultra-efficient systems of Facebook and
Google have been carefully designed with energy effi-
ciency in mind, and are often located in regions with
cool climates to make use of free cooling.

Efficient computing management

Underutilized IT equipment and idling losses consti-
tute a substantial power drain in data centres. Al-
though servers and storage media have become in-
creasingly energy-efficient when active, they
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typically spend very little time working at full ca-
pacity. The utilization profile and average level of
utilization of servers differ from one data centre to
another, and it is thus difficult to obtain reliable data
in this regard. However, it has been suggested that
the industry-wide average server utilization level is
in the range of 10 to 30% (European Commission
2015). At least 20% of all servers are thus in con-
stant idle mode, or “comatose”, i.e. turned on, but
not performing any computations. However, most
data centre operators believe that less than 5% of
their servers are comatose, and many do not even
perform audits (Heslin 2014). An important way of
improving efficiency in the data centre industry is to
consolidate workloads, i.e. increasing the workload
density and utilization level of a smaller number of
active servers, rather than running a large number of
underutilized servers. Virtualization technology is an
enabler in this context. Data centre servers in 2010
handled on average 1.39 workloads simultaneously
per physical server. In 2012, the value had increased
2.02, i.e. 45% higher (European Commission 2015).
Rong et al. (2016) estimate that operators can save
10–15% of the electricity used in data centres by
adopting better computing management strategies.
However, many data centre operators today would
be unable to fully implement such management
strategies due to the ownership structures and legal
practices in the cloud computing industry. A data
centre operator does not always own the servers or
have the legal mandate to consolidate workloads on
them.

Considerable gains in energy efficiency through
workload consolidation are possible through the ongo-
ing centralization into cloud data centres. Large-scale
cloud data centres also tend to have more adequate and
efficient ancillary systems, which leads to further
savings. In a study carried out in 2013, Masanet et al.
(2013) found that if all US businesses switched to cloud
solutions for their basic digital tools (such as email), the
primary energy required to run these applications could
be reduced by 87%.

Potential for energy system integration

Heat integration

Practically all electricity consumed in a data centre is
eventually transformed into heat that must be removed

in order to keep the data centre running. Even with
energy-efficient cooling, large amounts of waste heat
are released that could have been utilized. Wahlroos
et al. (2017) suggest focusing on energy reuse efficiency
(ERE)4 instead of PUE as an efficiencymetric to capture
the use of waste heat. The waste heat from data centres is
of low grade, and the temperature depends on the tech-
nology used for cooling. For example, air cooling typ-
ically results in outlet temperatures of 25 to 35 °C, while
outlet temperatures of up to 60 °C are possible with
liquid cooling, and novel two-phase systems can pro-
vide outlet temperatures up to 90 °C (Ebrahimi et al.
2014).

There are numerous ways in which waste heat can be
utilized, such as the most common being direct use of
waste heat for nearby offices or apartment blocks. It has
also been suggested that small-scale distributed servers
could be used as heat sources in individual apartments
(Woodruff et al. 2013), where temperatures of 25 to
35 °C would be sufficient to meet heating demands.
On a larger scale, utilizing waste heat in district heating
systems is becoming common in Northern Europe
(Wahlroos et al. 2018; Davies et al. 2016). For use in
district heating, low-grade heat must be upgraded with
heat pumps in order to reach temperatures of 75 to
120 °C for distribution in district heating networks,
although fourth-generation district heating can be run
with supply temperatures of 45 to 55 °C (Wahlroos et al.
2018; Lund et al. 2014).

Several data centres are currently developing this
concept in Scandinavia (Wahlroos et al. 2018). Stock-
holm Data Parks (2019) is an example where several
data centres are co-located around a central heat pump
station that increases the temperature of the waste heat
and supplies the district heating network. This combined
siting reduces the risk of the district heating company
being reliant on a single data centre operator.

A third way of utilizing waste heat is for drying or
heating in industrial processes. This is a development of
the industrial symbiosis concept, where geographical
proximity enables waste heat recovery/use between dif-
ferent plants. Drying of biomass is one option, as well as
preheating in thermal power plants, thus increasing the
efficiency (Ebrahimi et al. 2014). Waste heat can also be
used for low-temperature applications such as green-
houses and aquaculture.

4 Measured/Defined as (Total energy – Reused energy)/IT energy;
PUE = Total energy/IT energy
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Demand response

Integrating renewables in their electricity mix has be-
come interesting for some data centre operators in recent
years as a means of reducing their carbon footprint and
for branding. Numerous workload management strate-
gies that align data centre activity with the availability of
renewables have been suggested to this end. Although
the objective so far has often been to increase the utili-
zation of on-site renewables or to take advantage of low
grid prices, the same strategies could be used to engage
the data centre in power flexibility markets. Various
strategies can be used to achieve a load shift. Scheduling
delay-tolerant workloads within a data centre can lead to
a temporal load shift (Goiri et al. 2014; Liu et al. 2012).
For operators with geographically distributed data cen-
tres, workloads can be shifted between data centres in
the network, leading to a spatial load shift (Chen et al.
2012; Liu et al. 2015; Toosi et al. 2017). By
implementing constraints in the algorithms, workloads,
and thus power demand, can be shifted without any
negative impact on the quality of service.

In an electricity system dominated by solar and wind
power, a major challenge will be to develop a reliable
power system where flexible load management will be a
key feature (Haas et al. 2013). Data centre load man-
agement strategies have considerable potential in this
respect. As data centres are large electricity consumers,
their participation in demand response is meaningful for
system stability. They are also highly connected and
automated, with components that are already monitored
and responsive to control signals. These characteristics
make them suitable candidates for demand response,
with minimal infrastructure investments (Krioukov
et al. 2011).

A US field study by Ghatikar et al. (2012) demon-
strated that data centres can participate in demand re-
sponse events with a duration of up to several hours and
with a response time of 2–22 min. The study focuses on
current possibilities and on automated responsemarkets,
and includes both geographic and temporal flexibility.
The amount of workloads that could be shifted was
estimated to correspond to 35% of the average power
demand in this case study. Clausen et al. (2014) applied
these/their results to the current situation in Denmark,
where data centres consuming about 500 GWh/year and
60 MW were estimated to be able to provide 22 MWof
demand response. In a bottom-up calculation, Koronen
(2018) estimated the maximum theoretical potential for

demand response for data centres to be in the range of 38
to 80% of the installed power demand in 2030. The size
of the potential demand response as a share of the data
centre’s average or peak power will, however, vary from
case to case, depending on the data centre. Furthermore,
the duration of the applicable demand response events is
typically in the range of minutes to hours, but depends
on the type of workload handled by the data centre. The
possibility of shifting the load geographically depends
on the delay sensitivity of the data management.

Innovative use of backup power

Data centres are normally equipped with UPS units to
ensure continuous and high-power quality, and for han-
dling grid power failures. The UPS unit is part of the
emergency power or backup power system which typi-
cally includes diesel generators. Typical UPS battery
units have the capacity to power the data centre at its
maximum power requirement for 5–30 min (Guo and
Fang 2013), which allows the diesel generators to be
started. Interest is growing in the more active use of UPS
units for peak shaving and frequency regulation in pow-
er systems with increasing shares of variable renewable
power generation (see, e.g. Shi et al. 2018).

Backup diesel generators are intended to be used only
in the case of a power outage. From a power system
perspective, this represents a large and underutilized
potential for grid balancing in the future. With increas-
ing needs for grid balancing and energy storage, as well
as power technology development, considerable eco-
nomic benefits may be obtained by designing microgrid
systems for grid services and balancing, rather than for
emergency backup power only (Luo et al. 2015; Ma
et al. 2018). New clean technologies also allow for
operation in areas where diesel generator emissions
would have posed a problem. Fuel cell systems appear
to be particularly promising in this regard, but the po-
tential and various technological options for data centres
seem to be relatively unexplored (Ma et al. 2018;
Navigant 2017).

It is quite conceivable that future data centres will be
highly integrated into power systems by routinely uti-
lizing capacity that was formerly perceived as backup
emergency power. Several data centre operators are
aiming at 100% renewable electricity on an annual
basis. It would be a logical follow-on from that to use
100% renewable electricity at every stage by using
emerging electricity storage options such as power-to-
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gas storage and fuel cells, or flow batteries, in a
microgrid5 (Navigant 2017). The viability of such a
system will depend partly on the regulations governing
power production, and on markets, grid access and
permits.

Current EU policies concerning data centres
and energy

The European Union has several policies promoting
energy efficiency and the development of ICT. The EU
is engaged in facilitating digitalization, internet access
and growth in the ICT industry. In 2015, the EU adopted
a digital single market strategy (European Commission
2015b) for Europe, including the provision of better
online access for customers and businesses, secure
high-speed IT infrastructure, and building a digitalised
economy. Digital transformation of both businesses and
society is recognized by the EU as important for the
economy.

The extent to which the data centre industry inte-
grates with the energy system and adopts energy effi-
ciency measures is important for the future development
of the European energy system. This development will
be influenced by EU policy: by regulations directly
targeting data centres, and by other policy initiatives
that define and create the market conditions for electric-
ity, demand response and heating. In our mapping of
policy initiatives, we have found only three EU initia-
tives that directly target energy use in data centres.
These are discussed below.

Energy efficiency through the Ecodesign Directive

One of the primary EU policy initiatives for energy
efficiency is the Ecodesign Directive (European
Commission 2009). Servers and storage devices used
in data centres will be included in the Ecodesign Direc-
tive through regulations entering into force in 2020. The
inclusion of this product group is expected to result in
energy savings of 37.5 TWh/year in 2030 (European
Commission 2016). Product group regulations under the

Ecodesign Directive set minimum mandatory efficiency
requirements for products allowed on the European
market. The regulations for data centre servers and
storage devices will include thresholds for certain com-
ponents and for idle power consumption, as well as
material efficiency requirements. They will also force
manufacturers to provide information on the energy
performance of equipment.

Voluntary code of conduct

An energy efficiency initiative in place since 2008 is
the EU voluntary Code of Conduct for Energy Effi-
ciency in Data Centres (CoC). The aim of the CoC is
to “inform and stimulate data centre operators and
owners to reduce energy consumption […] by im-
proving understanding of energy demand within the
data centre, raising awareness, and recommending
energy-eff ic ient best pract ices and targets”
(European Commission 2016b). The total electricity
consumption of the 289 reporting data centres in
2016 was 3.7 TWh (Avgerinou et al. 2017), corre-
sponding to roughly 9%6 of European data centre
electricity demand Parties join the CoC on a volun-
tary basis, either as participants, i.e. are data centre
operators, or endorsers, who are other actors in the
sector, such as vendors, consultants, customers, in-
dustrial associations or utility companies. Partici-
pants are required to monitor and report the energy
efficiency of their data centre annually to the EC-JRC
and to demonstrate continuous improvement over
time. Endorsers commit to promoting the CoC, and
are obliged to report their activities. In addition to the
reporting mechanism, a list of best practices forms a
central component of the initiative. These best prac-
tices are a set of standards describing energy-efficient
solutions in data centre design and operation†. Some
of these best practices are mandatory, while others
are optional. The best practices are reviewed by in-
dustrial professionals as well as independent experts,
and are updated periodically. They cover a wide
range of design and operational factors relevant to
energy efficiency in data centres† such as utilization,
management and planning, IT equipment and ser-
vices, cooling, power equipment, building design,
and monitoring (Acton et al. 2018).

5 A microgrid can be defined as (Navigant 2017): “… a distribution
network that incorporates a variety of possible distributed energy
resources (DER) that can be optimized and aggregated into a single
system that can balance loads and generation with or without energy
storage and is capable of islanding whether connected or not connected
to a traditional utility power grid.” 6 Based on 78 TWh for 2014.
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Research and development funded by horizon 2020

A third European policy instrument for energy effi-
ciency in data centres is funding for research and
development through the Horizon 2020 programme.
The most recent call for funding applications has the
title: “Bringing to market more energy efficient and
integrated data centres”, aimed at innovation that
will lead to increased energy efficiency and energy
system integration of data centres (European
Commission 2019). The call places emphasis on
innovative and energy-efficient cooling solutions,
waste heat use, geographical and temporal workload
balancing, integration of local and remote renewable
energy sources, integration in smart grids, integra-
tion with district heating/cooling networks, integra-
tion of power backup systems in the grid, and the
use of heat pumps for efficient use of waste heat.
The projects funded by Horizon 2020 are, however,
few and relatively small. Two projects have received
funding of €2–3 million each (which represents 75–
85% of the projects’ total budget). Furthermore, the
focus of these projects is on energy efficiency and
the reuse of low-grade heat, rather than on power
grid integration. This suggests that the latter is not
yet on the agenda for data centre operators. Alterna-
tively, they may feel that exploring these issues
within the framework of a public project is not
interesting.

General digitalization and energy policies

Other more general policies also affect data centre ener-
gy efficiency opportunities. More flexible siting of data
centres has been facilitated by the recently adopted EU
General Data Protection Regulation, which is part of the
EU digitalization policy (European Commission
2015c). Regulations governing how data are to be man-
aged throughout the EU have created a legally level
playing field in terms of storing and managing data
within the EU (ibid). The digitalization policy is also a
driver for increased use of centralized cloud services.

Apart from considerations regarding communication
network latency and climate, the siting of data centres is
influenced, to some extent, by the cost of electricity,
especially in the case of mega-scale data centres. This is
strongly affected by the level of energy taxation, other
levies and grid access fees. Here, the definition between
industries benefitting from the EU minimum energy tax

and other privileges, such as exemption from renewable
levies, and those that do not, differs between member
states in the EU. Currently, Scandinavia, Ireland, the
Netherlands and France define data centres as an “ener-
gy-intensive industry” thus qualifying for minimum
taxes and levies. The difference in electricity cost be-
tween countries that give tax exemptions for data centres
and countries that do not can be major. As an example,
tax-exempted energy-intensive industries can have elec-
tricity costs around 40 euro/MWh, whereas industries
with little or no tax exemptions could pay more than
150 euros/MWh. Some member states also apply differ-
ent tax exemptions to mega-scale and medium-sized
data centres.

A third and more general field of relevance is the
whole governance of the electricity market regime
which determines the market conditions for demand
response. Several changes to the institutional framework
are under development. The enabling and recent devel-
opment of independent “aggregators”, supported by the
EU energy efficiency directive, is deemed key in pro-
viding flexibility to both customers and grid operators
(Zancanella et al. 2018). The electricity market directive
is also important in pushing for increased cross-border
trade in electricity and balancing services betweenmem-
ber states. The institutional framework for these changes
was agreed upon in May 2019 at the EU level, and it is
part of the Clean Energy for All Europeans package
(European Commission 2019b). However, the degree
of implementation of the previous directives for demand
response differs considerably between member states,
and although “demand response” is legal throughout the
EU, the regulations and institutional prerequisites, for
example, for aggregators, grid operators and other key
stakeholders, are far from clear in many member states
(Bertoldi et al. 2016). The way in which the Energy
Union and the associated directives regarding the elec-
tricity market regime are substantialized in the member
states will determine how and to what extent demand
response is actually realized.

Potential and policy challenges

The increased use of ICT is a key part of societal
development, and data centres are thus becoming an
increasingly important part of infrastructure. The data
centre industry may be a driver for the transition to
renewable energy sources if powered by green
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electricity, at high energy efficiency, and as flexible
loads.7 In the following sections, we provide rough
assessments of the potential for improved efficiency
and integration, and discuss the challenges associated
with policy.

Efficiency improvement and integration potential
in 2030

Data centre energy efficiency is already improving rap-
idly, and it is important to maintain this improvement if
data centre traffic and workloads develop as projected.
Centralization and the replacement of small installations
with cloud services are important drivers of overall
energy efficiency and also facilitate energy system inte-
gration. With the EU climate and energy policy defined
up to 2030 with legally binding targets, it is worthwhile
to assess how much electricity data centres will use in
order to estimate the potential for demand response and
energy system integration.

The European Commission has predicted data centre
electricity use in 2030 based on the generally accepted
assumptions that the number of workloads and the vol-
ume of data traffic will continue to grow at a rate of 25%
per year (see, e.g. Cisco 2018). Despite this massive
growth, the Commission projects that the use of elec-
tricity will only increase from 58 TWh in 2015 to
69.5 TWh in 2030. It is here assumed that improvements
in energy efficiency will be substantial due to
virtualization and increased chip performance, thus
keeping the increase in electricity use at a modest rate,
and that the average PUEwill decrease steadily from 2.0
to 1.5 over the same period. However, the estimated
total electricity use for data centres in 2015 of 58 TWh
in the Commission’s base case analysis is probably a
low value. As pointed out in the same study, a more
realistic estimate for data centre use in 2015 is 78 TWh
(European Commission 2015). Adapting the EU 2030
scenario to this results in a data centre electricity use of
about 90 TWh in 2030, which is the value used in Fig. 1.

To illustrate the importance of continued improve-
ments in energy efficiency in data centres and ICT,
Fig. 1 shows the increase in electricity use over time if
some of these key efficiency gains are not realized. The

most important factor for efficiency in the EU scenario
is the assumed autonomous improvement in electricity
use per workload that will continue to follow Moore’s
law up to 2030. A counterfactual scenario in which the
electricity use per workload remains the same (“Frozen
efficiency”) is also shown in Fig. 1. However, this is not
a realistic scenario as the assumed continued growth in
data handling is dependent on increasing chip perfor-
mance. A substantially less optimistic scenario regard-
ing energy efficiency gains has been proposed by
Andrae and Edler (2015), and is recalculated at an EU
level8 is also shown in Fig. 1. Their scenario would
result in an electricity use of almost 600 TWh per year,
which also seems unrealistic from the energy supply and
cost perspectives, but demonstrates the risk of relying on
autonomous efficiency gains if the development accord-
ing to Moore’s law slows down. The EU “Frozen PUE
efficiency” scenario is also included in Fig. 1 to illustrate
the effect of maintaining the PUE at 2.0.

If we assume the EU scenario in which the electricity
use by data centres in 2030 is to be 90 TWh, we can then
estimate the potential for demand response. According
to the assumptions made by Koronen (2018), 90 TWh
corresponds to an average load of about 10 GW with an
average server utilization rate in 2030 of 30% and an
installed maximum load of about 23 GW. The theoret-
ical potential for demand response was estimated based
on the assumptions given by Koronen (2018) and the
practical potential based on the assumptions of Ghatikar
et al. (2012) both of which are given in Table 1. The
estimate based on the study by Ghatikar et al. (2012)
indicates what would be possible given current practices
and market regimes based on specific cases in the USA,
whereas our estimate based on the study by Koronen
(2018) is a maximum theoretical value given. Higher
electricity demand would correspond to higher loads
and higher potential for demand response. The values
given in Table 1 do not include the potential use of
emergency backup power equipment for power system
balancing.

For comparison, the theoretical potential was estimat-
ed to be 28% of the EU peak load, or about 160 GW, in
an impact assessment study of the total potential de-
mand response for all end-use sectors in the EU
(COWI/European Commission 2016). Data centres
were not listed among the electricity end uses whose

7 Greenpeace (2017) expresses it thus: “If data centers and other
digital infrastructure are 100% renewably powered, our increasing
reliance on the internet can actually accelerate our transition to a
renewably powered economy.”

8 Assuming that EU data centres represent 20% of the global fleet,
which is the current share (European Commission 2015).
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potential for demand response was considered in this
study, probably because little or no information was
available. In our assessment, data centres could add
several GW to that potential. It should also be noted
that 23 GWof installed capacity with an average use of
10 GW would result in a large amount of installed
emergency backup power capacity. If this was used
actively, e.g. in microgrid solutions, it could be used

for energy storage, adding several GW of potential
demand response in future power grids.

As all electricity eventually becomes waste heat, the
theoretical potential for waste heat recovery from data
centres in our scenario would be > 80 TWh. However, the
estimated total amount of waste heat in the EU is already
approximately 3000 TWh, which is roughly equal to the
current heat demand of the EU.Waste heat utilization will
thus be determined by user-side needs as availability is
not usually a problem. User-side needs are determined by
infrastructure availability (district heating, pipes), legisla-
tion and market regimes, which are largely determined at
national level, and not by the EU (Wahlroos et al. 2017).
Persson et al. (2014) estimated that 46% of current waste
heat could be used, but only a minor proportion is actu-
ally utilized, as incentives for waste heat recovery are
weak and not prioritized (Persson et al. 2014). Data centre
location, together with the development of policy incen-
tives, will thus be key in determining how much of the
waste heat generated by data centres could be utilized.

Policy challenges

The European Commission faces several challenges in
trying to guide future data centre development in a
sustainable direction. The first challenge is that
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Fig. 1 (i) Workloads assumed to increase ten-fold by 2030
(European Commission 2015), consistent with Cisco (2018), and
Andrae and Edler (2015). (ii) Counterfactual scenario assuming
that energy/workload remains unchanged. (iii) Andrae and Edler
assumed that efficiency gains according to Moore’s Law would

slow down considerably after 2020. (iv) Both European Commis-
sion (2015) scenarios assume that efficiency gains according to
Moore’s Law continues until 2030. (v) “Frozen PUE efficiency”
means PUE = 2.0. Computation efficiency assumed to increase
according to Moore’s law

Table 1 Potential for demand response for the EU Scenario of
90 TWh data centre energy use in 2030

Demand response (GW)a 2030

Theoretical upper limit based on Koronen (2018)b 8 to 18 GW

Current practical potential based on
Ghatikar et al. (2012)c

2.5 to 3.5 GW

aResponse rates are rapid (2 to 20 min according to Ghatikar et al.
(2012)) and the demand response (DR) is available for a period
varying from less than 1 h up to 1 day
bKoronen (2018) estimated the theoretical limits of DR on the EU
level assuming a centralized and common DR response of all data
centres, which is highly unlikely. The DR potential can be sepa-
rated into “time shifting” (batch loads) and “geographic shifting”
(interactive loads)
c Ghatikar et al. (2012) is based on current market regimes and on
automated response markets that do not interrupt data centre
operations in any way. The calculation is based on the assumption
that 25–35% of the average power use can be demand response
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development of data centres and associated infrastruc-
tures in the digitalized economy is proceeding very
rapidly, making predictions uncertain. This is driven
by a highly innovative industry, and the adoption of
regulative policies will thus be slow compared to tech-
nology and market development. A second challenge is
the division of competences between member states and
the EU, where the member states have a substantial
influence over how various energy policies are
implemented.

Among the three policies that directly affect data
centres, identified in “Current EU policies concerning
data centres and energy”, the Ecodesign Directive is a
regulative tool that can prevent the least energy-efficient
servers from being sold on the European market. Regu-
lating the energy efficiency of data centre servers and
storage devices under the Ecodesign Directive is more
difficult than regulating, for example, light sources and
domestic appliances. The development of the technolo-
gy is faster, and the operating modes of servers and
storage devices are more complex (IEA 2017). It is
therefore difficult to define fair and purposeful energy
performance standards, and the resulting energy savings
are difficult to measure and verify. Furthermore, the
energy performance of individual data centre compo-
nents constitutes only part of the overall efficiency.
Regulating equipment is motivated, but it is not suffi-
cient to ensure overall efficient operations.

The Code of Conduct/CoC for Energy Efficiency in
Data Centres is a relatively weak voluntary agreement
that encourages industry to network, find energy-
efficient solutions, and share best practices. Given the
complexity and rapid development of the data centre
industry, it seems appropriate to use a voluntary agree-
ment such as the CoC. Experience from earlier
programmes focusing on energy efficiency in data cen-
tres highlights the need to understand the rapid pace of
innovation and the specific decision-making process
within the data centre industry in order to be effective
(see, e.g. Howard and Holmes 2012). A voluntary ap-
proach allows industrial actors to develop and share best
practices, while at the same time allowing public au-
thorities to become involved and build up their knowl-
edge and technical capacity. Voluntary approaches can
thus serve the purpose of informing policy-makers of
what is industrially feasible. The experience gained
could be translated in the next step into regulative de-
mands, for example, in the Ecodesign Directive. Chal-
lenges include ensuring broad participation and

enhancing effectiveness by accelerating technology de-
velopment and realizing potentials.

Promoting research and development through
funding is a sensible policy/approach to develop and
demonstrate new solutions that are early in terms of
technology readiness level, but not yet ready for com-
mercial application. Typical challenges for policy-
makers include balancing public and private funding.
Publicly funded research and development will be es-
pecially important if the, so far mainly market-driven,
efficiency gains from ever increasing chip performance
(Moore’s law) indeed level out (Waldrop 2016), but will
also be crucial for developing and demonstrating how
data centres could find profitable business models for
increased participation in demand response markets.

We have highlighted the potential for greater energy
system integration through the use of waste heat and
through more demand response. Siting considerations
are important, both for energy efficiency and for system
integration. One challenge, from the EU perspective, is
that the definition of what constitutes an “energy-inten-
sive industry” and thereby qualifies for substantial tax
exemption, varies between member states, and thus
influences siting, especially in the case of mega-scale
data centres where the price of electricity is key. A
coordinated approach throughout the EU would ensure
a level playing field and thus benefit the rational local-
ization of data centres from an energy integration
perspective.

Concluding discussion

Our work shows that there are considerable potentials
for both improved efficiency and renewable energy
system integration in the data centre industry. Increased
efforts from both policy-makers and industry are needed
in the coming 10 years to capture this potential and to
benefit future energy system efficiency and flexibility. It
will require high resource and energy efficiency in data
centres and that enabling technical infrastructure as well
as legal frameworks are put in place.

It is difficult to govern efficient electricity use in the
data centre industry due to its complex infrastructure
and operations, and its rapid development. However,
this should not discourage from continued efforts
through the Ecodesign Directive or other ways of
implementing energy performance standards. Here, co-
ordination across different policy domains is important
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in providing direction and levelling the playing field.
One approach could be through the Industrial Emissions
Directive (IED), which specifies the best available tech-
nologies as a basis for permit procedures. Negotiated or
voluntary agreements can be further developed with
stronger incentives to promote best practices and sup-
port forerunners in efficiency and integration measures
(e.g. offering lower electricity taxes to participating
companies in exchange for commitments). Electricity
tax exemptions are now provided in some countries to
attract investments in data centres but without demand-
ing anything in return. This weakens the financial in-
centives for energy efficiency and creates perverse in-
centives for geographical siting. The taxation of elec-
tricity used in digital services must be discussed in a
broader context, as harmonization across the EU is
desirable.

With regard to energy system integration, there are
potentials but they must be further assessed both in
terms of technical options and the implications for reg-
ulation. According to our assessment, future data centres
may offer several to tens of GW of potential demand
response, but the details of this are so far not well
understood. Little attention is devoted to it, even in
research and development projects. This motivates more
technology R&D, policy development towards creating
enabling market conditions, as well as enhanced coop-
eration between data centres and the energy industry.
Electricity and heat market infrastructure, market design
and regulations are critical for facilitating energy system
integration and realizing the potential for demand re-
sponse and heat recovery. Knowledge and institutional
capacity building in this rapidly developing field are
important for developing better and more effective gov-
ernance and policy approaches.

The current policy initiatives, including the
Ecodesign Directive with minimum performance stan-
dards, the Code of Conduct with best practices, and the
Horizon 2020 projects for new technical solutions, do
provide a good foundation. In particular, it is important
to spread and disseminate good practices and best avail-
able technologies beyond the forerunners. However,
these initiatives should be seen as a steppingstone to-
wards future and intensified efforts. Furthermore, in our
assessment, the governance in this sector is currently
characterized more by carrots (e.g. various efforts to
attract investments) than sticks (e.g. regulations, market
design and taxes to promote system efficiency). The
balance between sticks and carrots is a political issue,

but it is important that opportunities for energy- and
resource-efficient solutions are not lost in this formative
and expansive phase of the data centre industry.
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