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A. Background

i. What is a data center?

Data centers can be thought of as the brains of the internet. These facilities process,
store and communicate digital information, providing myriad services including website
hosting, email, online shopping, banking, stock trading, maps and navigation, gaming
and much more. According to the American Society of Heating, Refrigerating and
Air-Conditioning Engineers (ASHRAE), a data center can be defined as any dedicated
space with information technology (IT) equipment loads greater than 10 kW and a floor
area with an IT power density greater than 20 W/ft*.!

In recent years, the data center sector has expanded rapidly to provide an increasingly
salient societal service: the computations that make artificial intelligence (Al) and its
many applications possible.?® Data centers range vastly in size from small rooms with
a few racks of IT equipment requiring tens of kW to massive dedicated buildings with
thousands of racks requiring many hundreds of MW (Figure 1-1).

a While most cryptocurrency mining centers meet this definition, they are outside the scope of this report (see Box 1-2).
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While approaches vary, data centers are commonly categorized as follows?:

- Internal data centers: Run by organizations internally, for their own use.
These can range in size from large standalone buildings to small rooms
and closets located in existing buildings. Such data centers can also be
referred to as enterprise data centers.

« Retail data centers: Include both co-location and wholesale data centers
built by real estate companies. Co-location data centers host multiple
tenants, each of whom leases dedicated space to install and operate
their own IT equipment, with cooling, power and other services provided
by the data center. A wholesale data center is leased in its entirety to a
single tenant.

« Cloud data centers: Offer cloud services (i.e., hosted software, hardware,
infrastructure and platforms) to consumers who, instead of building
and maintaining these systems themselves, pay the cloud provider for
remote access and usage.

« Edge data centers: Tend to be smaller data centers located close to
consumers to reduce latency.

« High-performance computing (HPC) data centers: Generally dedicated
to hosting supercomputers for scientific computing purposes.

« Hyperscale data centers: Built and operated by companies that deploy
internet services and platforms at massive scales. Examples include
Google, Amazon Web Services (AWS), Microsoft, Oracle, Meta and
Apple.*

In reality, these categories can have significant overlap. For example, Meta is classified
as a hyperscaler but operates its data centers in internal fashion.>® Many cloud
providers are also hyperscalers, such as Google Cloud, Microsoft Azure or AWS, and
these companies can also operate using space leased at co-location data center
facilities.” Spaces within co-location data centers can be operated as edge data
centers by some clients. Still, such classifications are typically useful for understanding
key energy and environmental attributes of data center operators, such as greenhouse
gas emissions from power consumption or type(s) of cooling technologies associated
with each category®® (see Chapter 2.3 of this Roadmap).

Chapter 1| Data Center Energy Use 3
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Figure 1-1. The many shapes and sizes of data centers. (a) Meta’s hyperscale data center campus in Odense, Denmark,
which contains more than 200,000 m2 of floor area”; (b) an example of a tenant-leased space in a co-location data
center with secured access”, (c) a high-performance computing (HPC) data center occupying around 13,000 m™*®; and
(d) a small data center room in an office building, occupying less than 100 m”,

The total number of data centers globally is unknown. This uncertainty is largely
attributable to internal/enterprise data centers that are operated mostly by non-tech
companies and have little visibility outside of the organization. For example, recent
estimates by Lei et al. (2024)"™ suggest there may be around 1.4 million small- and
medium-sized internal data centers operating in the United States alone. However,
such data centers are also expected to host a small share of the overall total

number of data center IT racks compared to—typically much larger—retail, cloud

and hyperscale data centers. For example, Lawrence Berkeley National Laboratory
(LBNL) estimated that all types of internal data centers represented only around 15%
of servers installed in the United States in 2023, which is currently the world’s largest
data center market.?® Conversely, LNBL estimated that around 75% of all US servers
were located in co-location, cloud and hyperscale data centers that same year.
Therefore, when it comes to energy use, while internal data centers are still important
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(especially from the firm-level perspective), the retail, cloud and hyperscale markets
will drive national and global data center energy use moving forward.

While estimates vary, more is known about the number of retail, cloud and hyperscale
data centers globally. For example, Synergy Research Group (2025) estimated that
the number of large data centers operated by hyperscale providers increased to

1136 at the end of 2024. More than half of these are located in the United States.
Online trackers of co-location data centers put their current global numbers around
6600-9000 globally®™® However, these numbers may change quickly, as the sector
is expanding rapidly in response to the ongoing Al boom.® For example, Synergy
Research Group (2025) expects to see 130-140 additional hyperscale data centers
coming online each year for the next several years.

il. How do data centers use energy?

The energy use of data centers can be roughly divided into two major categories:

IT equipment and infrastructure equipment (Figure 1-2).2° IT equipment energy use
refers to the electricity consumed by data center IT equipment racks, which contain
servers, storage arrays and/or network switches (Figure 1-3).?' Servers provide the
computations and memory necessary for software applications, such as websites,
online ordering, and Al model training and inference. Storage arrays are used for
storing files, such as documents, databases and streaming videos, and can comprise
hard disk drives (HDDs), solid-state drives (SSDs) and even tape storage drives (for
archival storage). Network switches enable data communications between racks and
to and from the data center via the global internet.

Infrastructure energy use refers to energy consumed by non-IT equipment that
provides space conditioning and ensures reliable power within the data center.

Space conditioning involves cooling to keep the IT equipment from overheating and
humidification or dehumidification to avoid electrostatic discharge, corrosion and
condensation that would damage the IT equipment. Data centers use many different
types of cooling equipment, the choice of which depends on local factors. Such factors
include ambient climates, energy and water costs, building envelope, and rack power
densities,®?2 which are further discussed in Chapter 2.3 of this Roadmap.

Power provision equipment typically consists of transformers and switchgear,
uninterruptible power supplies (UPSs), power distribution units (PDUs), and backup
generators that provide power during grid outages. All infrastructure equipment runs
on electricity except backup power generators, which require fuels such as diesel or
natural gas for operation. (See Chapter 3.1 of this Roadmap.)

Chapter 1| Data Center Energy Use 5
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Figure 1-2. Schematic diagram of data center electricity use Ideally, most electricity consumed
(derived from Brown et al, 2007%°) by a data center would be used

by the IT equipment itself, which
performs the main revenue-earning

function of the data center. When
e 1 infrastructure uses a high fraction
of the total electricity consumed, a
data center is considered relatively
inefficient. This concept is captured
by a key metric used to assess data
center efficiency: power usage

effectiveness (PUE), which is defined
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However, these proportions can differ substantially at individual data centers
depending on their purpose, types of IT and cooling equipment, efficiency levels,
climate and other factors, as shown in Figure 1-5.3

The share of overall data center electricity use attributable to infrastructure has
steadily declined over the past two decades. This decline is primarily due to concerted
efforts by data center operators to improve the energy efficiency of their cooling
systems (as discussed in Chapter 2.3 of this Roadmap) and to adopt more efficient
electrical equipment, such as high-efficiency UPS systems. For example, in 2007 LBNL
estimated that infrastructure equipment consumed as much power as IT equipment in
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Figure 1-3. A typical data center information
technology (IT) equipment layout with
individual IT racks arranged in rows. In this
depiction, each row contains 13 racks.
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US data centers, resulting in an estimated nationwide average PUE of 2.0. However,
by 2023, thanks to the aforementioned efficiency gains, infrastructure equipment
consumed less than half as much power as IT equipment, with an estimated
nationwide average PUE around 1.43.2%°

Servers generally account for the vast majority of energy use on the IT equipment side
(Figure 1-5). The energy use characteristics of each major type of IT and infrastructure
equipment are discussed briefly below.

Figure 1-4. Estimated average IT equipment vs. infrastructure equipment energy use for different regions and countries.

B Servers M Other IT B IT Equipment M Storage [l Network B Infrastructure M Cooling [ Other Infrastructure

Global Asia Pacific China Europe Germany United States

20009

ii(a). Servers

Servers are generally the single largest consumer of electricity in most data centers.
While there are several different types of servers used in data centers, over the years,
the average power requirements of servers has been growing steadily as has the total
number of servers installed in data centers globally. For example, LBNL estimates that
the total stock of servers in the United States doubled from 2014 (around 15 million) to
2023 (around 30 million).2?® This implies a compound annual stock growth rate (CAGR)
of around 8%. While absolute stock numbers are not available at the global level, IEA
estimated that the worldwide stock of servers grew at an even faster CAGR of 10%
between 2015 and 2024.3

Chapter 1| Data Center Energy Use 7
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Figure 1-5. International Energy Agency (IEA) estimates of shares of electricity consumption by data center and

equipment type, 2024°
IT Equipment Infrastructure Euipment
M Servers M Storage M Network B Cooling M Other

All data centres

Enterprise

Colocation and
service provider

Hyperscale

0% 20% 40% 60% 80% 100%

The average power draw has increased over the past decade for all types of data
center servers according to stockwide average estimates from LBNL (Figure 1-6).2
While the data in Figure 1-6 are for the United States, global average power draws

are expected to be similar given that servers are commodity products. Conventional
servers are single, dual, 4-, and 8-processor servers (Figure 1-6a). These types

of servers have historically been associated with traditional data center services,

such as cloud computing, database hosting, websites, online commerce and so on.
Despite steady energy efficiency gains at the component level, the average power
requirements of conventional servers have increased due to a combination of higher
wattage central processing units (CPUs), greater onboard memory and storage
capacities, and higher utilization levels compared to the past. Accelerated servers
(Figure 1-6b) are those that are additionally equipped with accelerated processors,
such as graphic processing units (GPUs), which are required for machine learning (ML)
and Al model training and inference applications (see Chapter 2.2 of this Roadmap).
While accelerated servers are not new, their global stocks have expanded rapidly with
the proliferation of Al-focused data centers.

Stocks of accelerated servers can consume far more power per unit compared to
stocks of conventional servers (Figure 1-6). As a result, IEA estimates that while
accelerated servers accounted for less than 5% of global servers in 2024, their
operations accounted for around 20% of worldwide data center electricity demand
that same year (accounting for associated cooling, storage and network energy use).?
The shift to more accelerated servers will have major implications for server energy
use in the coming years. For example, IEA estimates that around 8% of the global
server stock will be accelerated servers by 2030, whereas LBNL estimates that 21-32%
of the US server stock will be accelerated servers by 2028 (8-12 million accelerated
servers out of 37 million total servers in 2028).2
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Figure 1-6. Average per-server operational power draw (kW) of US stocks of different server types for conventional and
Al-accelerated servers, historical and projected. Source: Shehabi et al (2024).?
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Finally, LBNLs projections for the future power draw of all server types suggest that
the average power draws of conventional servers and of the largest Al accelerated
servers will continue to rise for the next several years (Figure 1-6). These trends,
coupled with expanding server stocks and shifts to Al-accelerated servers, suggest
strong growth in global data center energy use in the near term (see Section C).

ii(b). Storage devices

Some servers contain sufficient onboard storage to support their applications. Many
others, however, require external storage arrays to store files and data that may be
accessed either frequently or infrequently. The two major external storage array types
are HDDs and SSDs, although tape storage is still utilized in some data centers for
infrequently accessed files, as well as for backup purposes, due to its longevity.?®

The choice between HDDs and SSDs is typically driven by application requirements,
costs and performance. In general, HDDs are cheaper than SSDs and offer higher
storage densities, but they have lower data transfer speeds, have higher cooling loads
and can be less durable in shock-prone environments. As a very mature technology,
HDD arrays can also be expanded and upgraded easily and cost-effectively. In
contrast, SSDs are faster and more durable, offering performance advantages in
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critical applications, while being quieter and running cooler than HDDs. The primary
disadvantage of SSDs is their higher cost.?’

On average, storage is typically the second largest consumer of electricity in the IT
rack, albeit at much smaller scales than servers (Figure 1-5).2 Both LBNL (2024)? and
IEA (2025)® estimate that, as of 2023, HDDs accounted for more than 80% of data
center storage capacity with the remaining share attributable to SSDs. The estimated
power draws and capacities of both types of storage are summarized in Figure 1-7a
and 1-7b, respectively.

For both types of drives, capacities have been increasing steadily as storage
companies continue to innovate. However, a different story emerges for HDDs
compared to SSDs. The former are also decreasing in power draw per drive, even

as capacities increase, leading to steady reductions in energy intensity (the average
watts of power draw per terabyte of storage). The latter have seen increases in power
draw per drive as capacity per drive has increased, indicating lower energy efficiency
gains compared to HDDs. On a watts per terabyte basis, by 2027 HDDs are expected
to exhibit substantially lower energy intensities than SSDs, which means they may be
the more energy efficient choice for applications where speed and performance are
not mission critical (Figure 1-7¢).

Figure 1-7. Trends in estimated power draw per drive, capacity per drive and power draw per terabyte for hard disk types
in Figure 1-8 are reasonable for other world regions drives (HDDs) and solid-state drives (SSDs), 2010-2027, derived from

panels (left) and (center). Source: Shehabi et al (2024)

M Flash B HDD M SSD

Storage Power Draw (W/Drive) Average Capactiy Per Drive (TB/Drive) Average Power Draw per unit Capacity (W/TB)

12

10

8

40 3

30

20

10

2010

14 18 22 26 2010 14 18 22 26 2018 2024 2027

October 2025 10



ICEF Sustainable Data Centers Roadmap

ii(c). Network switches

Network switches generally represent the smallest share of IT equipment energy use
by a significant margin. For example, network switches comprised only around 6-7%
of estimated national data center IT equipment electricity use in the United States
(2023) and Germany (2024).22* Similar to servers and storage, the overall electricity
use of network switches is driven by the total stocks of different network switch types
and the average per-unit power draws of each switch type. At a high level, network
switches fall into two categories: ethernet switches and InfiniBand switches. Ethernet
switches have been the dominant class with historical port speeds ranging from 0.1-100
GB/s and are primarily associated with conventional servers. InfiniBand switches are a
recent class of ultra-high speed switches (with port speeds up to 400 GB/s presently)
that are increasingly used in high-performance and Al computing applications.

Data from market firms such as International Data Corporation (IDC),%® which are used
by some analysts in data center energy analyses, provide network switch shipments in
terms of network port numbers and speeds. Figure 1-8 summarizes estimates by LBNL
(2024)? of the average power draw of different port types over time (left panel)—
categorized by port speed—and the corresponding total stock of different ports in the
United States (right panel). Similar data are not available for the rest of the world, but
IEA (2025)® has estimated that both the power draws and the shares of different port
types in Figure 1-8 are reasonable for other world regions.

Figure 1-8. Estimated average power draws of different types of network ports and shares of each port type in the
United States, 2014-2028, Source: Shehabi et al (2024)?
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The total electricity use of network switches is a function of the power per port and the
total number of ports installed in data centers (as seen in Figure 1-8). While steady per-
port power reductions were seen from 2014 to 2020, since that time LBNLs estimates
have held constant. Meanwhile, the number of US ports has risen rapidly, with shares
steadily shifting to faster port speeds over time as new switch innovations become
available. In the United States, the net effect has been around a three-fold increase in
network port electricity use from 2014 to 20232, however, overall shares of network
switch energy use remained small due to growth in IT electricity use overall.

As more Al-accelerated servers are deployed, the number of InfiniBand ports
connecting Al clusters is also expected to increase rapidly. Due this growth, InfiniBand
ports are expected to account for 45% of electricity use of all US network switches by
20282, underscoring how shifts to Al-accelerated servers will increase not only server
electricity use, but network switch electricity use, as well. LBNL (2024)? estimates

that InfiniBand switches require roughly 11 W/port, which is similar to the high per port
power draws of the fastest ethernet switches (Figure 1-8, left panel).

ii(d). Power chain

The electricity use associated with the data center power chain generally arises
from conversion and operating losses within transformers, switchgear, UPSs and
PDUs. Collectively, these losses can amount to around 10% of total data center
energy use on average (Figure 1-4). However, their scales can also vary significantly
by data center type (Figure 1-5), depending on the equipment efficiency levels the
data center has adopted. For
Table 1-1. Ranges of uninterruptable power supply (UPS) example, Table 1-1 summarizes
efficiences by US data center type. Shehabi et al (2024).2 typical efficiency ranges of the UPS
systems different types of US data
centers employ, which generally
represent the largest losses in the
data center power chain. While
the combined losses associated
with electricity transformation and
distribution equipment generally
amount to less than 10% of total
Internal data centers data center energy use, losses can
Colocation be much less for the most efficient
data centers.®?°

Data Center Type UPS Efficiencies

Commercial edge 77 - 85%
Enterprise branch

Small and medium businesses

Telco Edge

Comms service providers 80 - 94%

Hyperscale 90 - 99%
Al data centers
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ii(e). Cooling

Cooling systems generally account for the largest share of infrastructure energy use in
most data centers (Figure 1-2). The energy use of cooling systems depends on many
factors, including the types of cooling equipment employed, their efficiency levels,
data center temperature set points, local climate and more, as discussed in Chapter
2.3 of this Roadmap. A common proxy for the efficiency of cooling systems is PUE (see
Box 1-2), given that cooling systems typically consume the largest share of energy for
infrastructure at a data center (Figures 1-4 and 1-5). The most efficient cooling systems
generally deliver low PUE values, whereas the opposite is true for less efficient cooling
systems. Figure 1-97 depicts the wide range of PUE values associated with different
common cooling systems and approaches (left panel), estimated PUE ranges for
different US data center types as of 2023 (upper right panel), and IEA’s® estimated
regional averages for 2024 (lower right panel). Higher PUEs are generally associated
with today’s small, midsized and co-location data centers, which typically rely on air-
cooled racks with chiller-based systems or even direct-expansion (DX) cooling systems
in smaller spaces. The listed technologies include liquid cooling systems, which are
increasingly deployed to cool high power-density racks at Al data centers and can
generally achieve very low PUE values when well designed. However, as Al data
center campuses become increasingly large, with some announced data centers set
to consume gigawatts of power, even low PUE values can still translate into very large
electricity loads.?®

Chapter 1| Data Center Energy Use 13



ICEF Sustainable Data Centers Roadmap

Figure 1-9. Typical power usage effectiveness (PUE) ranges by cooling system equipment type, US. data center type in
2023 and world region in 2024,
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B. How Much Energy Do Data Centers
Currently Use?

I. Estimation approaches

Unlike some other sectors, there are no comprehensive energy statistics available

for all data centers at national or global levels. While some large operators report

the annual electricity use of their data centers, others only report electricity use for
their entire organizations (which can include office buildings, research labs, retail
spaces and more), and some operators report no data at all.2° Even when such data
are collected from major operators by governments, as in Ireland,*° the many small
internal data centers operated by non-tech companies are often excluded. While the
share of global electricity use attributable to internal data centers is small compared to
hyperscale, co-location and Al data centers, as discussed earlier in this chapter, their
electricity use is still substantial in an absolute sense. While the reporting situation may
change with emerging policies that will require more disclosures (see Chapter 6 of this
Roadmap), historically, the only way to quantify the energy use of all data centers at
different spatial scales has been to use estimation methods.

In general, estimation methods fall into the following broad categories?3'32:

« Bottom-up calculations: Estimate total stocks of different types of
IT equipment by region and/or data center type, assume average
power draws for each, and apply PUE assumptions (e.g., as discussed
in Section A.2) to arrive at grand totals of energy use. Typically
considered the “gold standard” of estimation methods due to its rigor
and explanatory power, 22 its main drawback is that many (and often
commercial) data are required for comprehensive estimates.

« Top-down calculations: Rely on energy consumption data that
are collected by governments, reported by companies and/or are
associated with data center populations (e.g., advertised critical IT
capacities of co-location data centers) within a given region. While
such aggregated data are partially available, this method risks
omitting segments of the market that do not report (e.g., internal data
centers and non-reporting operators).

- Extrapolation-based calculations: Develop estimates by applying
growth rates to the estimates of previous years (which can be bottom-
up, top-down or even extrapolative in nature), wherein proxies, such as
internet traffic, investments or past energy growth, are typically used
for growth rates. This method can introduce large uncertainties for
multi-year extrapolations and lacks explanatory depth.

Chapter 1| Data Center Energy Use 15
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Each method has advantages and disadvantages, and each method is prone to
uncertainties. While examples of all methods exist in the literature, the most rigorous and
transparent analyses generally use bottom-up calculation approaches, such as recent US
national and global analyses published by LBNL (2024)? and IEA (2025),3 respectively.
Kamiya and Coroama (2025)* offer a detailed discussion of estimation methods.

ii. Estimated current energy demand

Summaries of the most recent and authoritative estimates of data center energy
demand are provided in Figures 1-10 and 1-11.2

At the global level, IEA (2025)® recently estimated that data center energy demand
increased roughly 3-fold over the past two decades, rising to 416 TWh in 2024, or
around 1.5% of global electricity use that same year (Figure 1-10, left panel). However,
much of that growth has occurred since around 2017, after a long period of relatively
modest electricity demand growth.*® The post-2017 rise was primarily due to growth
in cloud computing, increasing online media consumption and, importantly, increasing
deployments of Al computing globally. These trends are reflected by shifts in installed
IT power capacity away from internal/enterprise data centers and toward hyperscale,
cloud and co-location data centers (Figure 1-10, center). Over the same time period,
substantial growth occurred in the world’s three largest data center markets: the
United States, Europe and China—with the latter experiencing the greatest relative
growth due to large investments in Al data centers®* (Figure 1-10, right panel).

Figure 1-11 summarizes best-available country- and region-level results by market
segment and/or equipment type (when available) and for the most recent historical
years reported. In terms of individual countries, the United States and China represent
by far the greatest estimated shares of recent data center energy demand, at 8 and 5
times the scale, respectively, of Germany, which is the next largest country at around
20 TWhin 2024 (Figure 1-11). As a region, however, Europe is estimated by IEA (2025)
to be the third largest data center energy user, at 68 TWh in 2024, followed by the
rest of Asia Pacific (i.e., excluding China) at 48 TWh in 2024. Within Europe, data
centers in Germany consume 2-4 times the energy of the next largest countries, which
include France, the Netherlands and Ireland. Also notable in Figure 1-11 are the very
small current scales of data center energy use in the large world regions of Africa, the
Middle East, and Central and South America, whose collective energy use (around 5
TWh in 2024) is comparable to that of Ireland alone.

a Global estimates and those for all other countries besides the United States and Europe are from IEA (2025),® which relies
primarily on bottom-up methods. Estimates for the United States are from LBNL (2024),2 which also relies on bottom-up
methods. Estimates for Europe (except Germany) are from Kamiya and Bertoldi (2024),® which aggregates data from different
bottom-up, top-down and other types of studies. Estimates for Germany are from Murzakulova et al. (2025),2* which uses
bottom-up methods.
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Expressed as a share of total national or regional energy use, a different perspective
on data center energy use arises (Figure 1-11). Namely, while the United States and
China account for the largest absolute amounts of total data center electricity use
globally, data centers comprised only around 4% and 1% of their national electricity
consumption in 2024, respectively.3 Conversely, while Ireland’s total data center
electricity use is small from global perspectives, at the national level, data centers are
a major source of electricity use, comprising 22% of Ireland’s national electricity use
in 2024.% Therefore, the importance of data center electricity use can also vary by
country, even if country-level electricity use is a small contributor to global totals.

Figure 1-10. Estimates of global historical (left) energy use by data center components, (middle) installed power
capacity by data center type and (right) data center enerqgy use by major world region, 2005-2024, Source: IEA (2025).°
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At subnational scales, data centers can affect electricity grids even more acutely. For
example, in the City of Santa Clara, California-in the heart of the U.S. Silicon Valley-
data centers account for around 60% of total electricity use, leading to electricity rate
increases for all inhabitants to support grid infrastructure projects.®® In the U.S. state
of Virginia, which hosts an estimated 13% of reported data center capacity globally,*”
data center electricity use comprised around 25% of total electricity demand,*® making
data centers a critical focus of utility planning, rate structuring, energy policy, and
community activism activities in recent years.
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Figure I-11. Most recent country- and region-level estimates of data center energy demand grouped by greater and less

than 50TWh/year. Sources. IEA (2025), Shehabi et al. (2024)? Kamiya and Bertoldi (2024),% and Murzakulova et al.
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data centers are typically precluded by several factors. First, Scope 1 emissions data®
that are specific to the onsite and/or backup generators used at data centers are

rarely reported. Second, the specific locations of many of the world’s data centers,

especially internal/enterprise data centers, are unknown. Third, even when the specific
locations of data centers are known, analysts must often use region- or country-level
emissions factors for Scope 2 emissions.* Fourth, when some companies report Scope
2 emissions, they report only “market-based” emissions that reflect renewable energy

credits and virtual power plant agreements rather than “location-based” emissions
that reflect actual emissions from their local grids. Market-based emissions tend to

be smaller than location-based emissions. (Scope 1, 2 and 3 emissions accounting is
discussed in Chapter 3 of this Roadmap.)

However, recent estimates can offer a rough sense of scale on regional and global
data center carbon emissions.
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In 2023 in the United States, according to LBNL, Scope 2 emissions from data centers
were 61 billion kg (61 Mt) of carbon dioxide equivalents (CO,e). This figure is based

on an estimate of 176 TWh of electricity (4.4% of total US electricity consumption)

and assumed spatial concentrations of data centers within the country.?2 For context,
total 2023 emissions from the US power sector amounted to 1454 billion kg (1454 Mt)
CO,e,* meaning data centers accounted for around 4.2%. These results suggest that
US data centers are located in power grids that deliver, on average, slightly lower CO,
emissions intensities than the national average.

At the global scale, IEA (2025) estimated that data centers accounted for around
180 Mt of CO, emissions in 2024 from the consumption of electricity, which excluded
emissions from backup power generation. As a share of total combustion-related
emissions globally, this value translates to around 0.5%.

These results suggest that, while data center electricity demand is poised to grow
rapidly, thus far it has made relatively small contributions to global CO, emissions
compared to other energy-intensive sectors. However, this may change in the near
future depending on the electric power sources that are employed moving forward to
meet increasing data center electricity demand.

C. Where Is Data Center Energy Use Headed?

The rapid increase in data center electricity demand in the past several years (Figure
1-10), coupled with many recent announcements of future Al data center expansions,
has led to the appearance of humerous recent studies that project future data center
energy use at national and global levels. These studies have employed a wide

range of different methods, data sources, analysis periods and assumptions in their
projections, with no two studies being directly comparable. Due to these different
approaches, there is wide variance in their results, as reported by Kamiya and
Coroama (2025).%

However, the recent IEA (2025)° report provides robust insights on possible future
trajectories of data center energy demand, as well as their drivers, the latter of which
are summarized in Figure 1-12. Between 2024 and 2030, IEA estimates that the

major drivers of data center energy demand growth will be major expansions of both
conventional server stocks and energy-intensive Al-accelerated server stocks (see
Figure 1-6), increased wattage of Al-accelerated servers, and expanded stocks of
storage and network switch arrays to accompany expansions in compute capabilities.
However, IEA also estimates that the energy demand growth attributable to the above

b Scope 1emissions for a data center come from equipment on site, such as backup generators and refrigeration equipment.32
c Scope 2 emissions for a data center come from the generation of electricity purchased by the data center.2®

Chapter 1| Data Center Energy Use 19



ICEF Sustainable Data Centers Roadmap

drivers may be partially offset through reduction in data center PUEs associated with
the shift to more hyperscale and Al data centers, which are increasingly adopting low-
PUE liquid cooling methods (see Chapter 2.3 of this Roadmap).

As a result of these drivers, in its base case scenario, IEA estimates that global data
center electricity demand could increase by a factor of 2.3 between 2024 and 2030,
from 416 TWh to 946 TWh. The majority of this estimated growth is associated with
large increases in the electricity demand of conventional and Al-accelerated servers
(Figure 1-13; left panel) and plays out predominantly in the United States and China
data center markets (center panel). In the base case, Scope 2 carbon emissions (right
panel) are projected to rise rapidly alongside electricity demand growth, increasing
from 180 Mt of CO, emissions in 2024 to around 320 MtCO, by 2030. Emissions in
IEA’'s base case stop growing and instead begin to decline slightly after 2030, as
lower-carbon electricity sources begin to penetrate. Future power grids are discussed
in Chapter 4 of this Roadmap.

Figure 1-12. International Energy Agency (IEA) estimates of the major drivers of global data center energy demand
growth from 2024-2030. Source: IEA (2025)
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Figure 1-13. International Energy Agency (IEA) (2025)3 Base Case scenario results for (left) global data center
electricty demand by data center component, (center) global data center electricty demand by world region and
(right) Associated Scope 2 (location-based) carbon emissions.
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In light of substantial estimation uncertainties, IEA (2025)3 also considered bounding
scenarios that correspond to “bullish” and “bearish” outlooks for growth of Al
computing applications. In its “lift-off” scenario, IEA considered stronger Al adoption
and increased global demand for digital services, leading to greater deployment of
data center facilities compared to the base case. In its “headwinds” scenario, IEA
considered plausible constraints to Al's growth, including difficulties financing further
investments, strong local constraints on data center development and delayed data
center construction due to electricity supply chain constraints. These two extremes
result in vastly different outcomes, with data center electricity demand reaching
around 1700 TWh by 2035 in the “lift off” scenario and leveling off at around 700 TWh
by 2035 in the constrained “headwinds” scenario. These scenarios are summarized in
Figure 1-14.

Scenario exercises such as these can shed light on possible future trajectories and
what drives them, which can help inform early decisions that may help steer Al and
data center energy demand toward the most sustainable outcomes. Such interventions
include more efficient hardware and software, more efficient cooling systems, greater
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use of renewable electricity, reuse of waste heat, and more as discussed in later
chapters of this Roadmap. As such, future analyses, especially those meant to guide
policy decisions, should develop and implement scenario exercises.*

Figure 1-14. International Energy Agency (IEA) global scenarios for the future of global data center electricity use
(TWh), which depict a broad range of potential outcomes depending on market growth, efficiency gains and potential

bottlenecks. Source: IEA (2025)*
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Box 1-1

Jevon's Paradox?

The recent rise in global data center electricity use has been predominantly driven
by demand for Al computing. This trend is expected to continue through at least
the end of the decade.?® This rising electricity use has occurred despite steady and
well-documented gains in the energy efficiency of Al hardware and software that
have occurred in parallel (see, e.g., Patterson et al. 2023%) and despite growing
adoption of the most energy-efficient cooling systems in many Al data centers.
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The fact that total electricity use has risen despite large energy efficiency gains has
led some analysts to invoke the concept of “Jevon’s Paradox,” which is attributed

to economist William Stanley Jevons. Jevon’s Paradox proposes that increasing

the efficiency of a resource’s use can lead to greater consumption of that resource
over time, not less. The theory is that, as efficiency increases, the costs of using a
resource are lowered, leading to more demand and expanded use of the resource.
Scholars are beginning to research Jevon’s Paradox in the context of Al computing.
This assessment will require careful analysis of technology trends, potential
rebound effects, and the extent to which Al substitutes for or complements demand
for societal services.*?*

However, Jevon’s Paradox has also been hotly debated in the energy efficiency
community for years. Some leading scholars suggest that efficiency is a critical
feature of sustainable growth, leading to enormous societal energy and cost savings
over time while expanding access to energy services. They also argue that Jevon’s
Paradox ignores other growth factors, such as economic development, and that it
paints energy efficiency as a negative force rather than a positive one.*45

With respect to current increases in electricity demand for Al, some analysts have
noted that Al technologies are in an early growth phase and many Al businesses are
expanding principally due to competition for market leadership, not due to energy
efficiency improvements.*® Finally, there are many examples of energy efficiency
improvements that have led to overall energy demand reductions, and despite
rebound effects, such as the case of energy-efficient lighting technologies in the
United States. Therefore, Jevon’s Paradox is not the universal axiom that many view
it to be.

While debates about Jevon's Paradox are not likely to be settled soon, most
analysts agree that energy efficient hardware, software, cooling systems and data
center operations will be critical for ensuring that Al data centers develop in the
most sustainable ways possible. For example, in its “high efficiency” scenario, IEA
estimates that energy efficiency could reduce the world’s data centers’ electricity
consumption by nearly 20% by 2035 compared to its base case. Indeed, many
gigawatts of future data center capacity builds have already been announced, not
in response to historical energy efficiency gains, but rather for business, economic
growth and national security reasons. Ensuring that these planned builds are as
energy-efficient as possible will be critical for minimizing their environmental and
social impacts.
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Box1-2
Cryptocurrency mining

Cryptocurrency mining refers to the use of specialized computing equipment that
performs calculations—most commonly “proof of work (POW)”—to validate blocks of
transactions in a blockchain ledger.”® Operators of this equipment can earn rewards
for each successful validation, which is typically paid in cryptocurrency, hence the term
“cryptocurrency mining.”

This specialized equipment, referred to as mining “rigs,” can consume substantial
amounts of electricity. For example, the global network of mining rigs for Bitcoin, the
largest POW cryptocurrency in the world, was estimated to require around 200 TWh
per year (as of August 28, 2025).*° This is an amount that exceeds the total estimated
electricity use of all US data centers in 2024 (183 TWh).?

Due to these high power demands, the majority of cryptocurrency mining occurs in
dedicated facilities that can each contain many thousands of mining rigs. Just like the
IT racks in conventional data centers, these mining rigs also generate large amounts
of heat that must be removed. Cooling techniques range from simple facility ventilation
fans to cutting-edge liquid cooling systems, depending on the operator.2*° Although
data on the geographical distribution of cryptocurrency mining facilities are scarce, as
of 2022, the majority of Bitcoin mining operations were estimated to be located in the
United States, China, Kazakhstan, Canada, Russia and Germany.®'

The highly specialized and physically distinct nature of cryptocurrency mining means
that it is often regarded as its own sector, distinct from either conventional or Al data
centers. For further information on the energy impacts of cryptocurrency mining, see
Shehabi et al. (2024), IEA (2025), and CBECI (2025).

Besides POW, there are several other methods for validating cryptocurrency
transactions, such as proof of authority (POA), proof of burn (POB), proof of capacity
(POC) and proof of stake (POS).5? Of these, POS—used by Ethereum and some

other cryptocurrencies—is the most common. The energy requirements of POS
cryptocurrencies are much lower than those of POW cryptocurrencies,*® due to more
efficient validation algorithms that can be run on standard computing equipment.
CBECI (2025) estimates that the global Ethereum network consumes around 4.4 GWh
of electricity per year, which is 45,000 times lower than the global Bitcoin network.

Cryptocurrency mining is outside the scope of this Roadmap.
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D. Recommendations

Data center energy use has risen rapidly, and according to many projections, may
continue to do so in the years ahead. However, our ability to understand and manage
this potential growth depends on having models, datasets and scenarios that can
accurately estimate where that growth may be headed, which factors may drive that
growth and what interventions and improvements can bend the curve toward more
sustainable outcomes.

To support such a vision, the following recommendations could improve the depth and
quality of the knowledge base on data center energy use:

1. Governments and regulatory agencies should develop public data
repositories on the energy use and characteristics of data centers
at national and sub-national scales, including via mandatory data
collection initiatives from data center operators with strict data
quality and measurement and verification protocols.

2. Data center operators should improve reporting and transparency
on the energy use, peak power demand, operating characteristics
and other environmental attributes (e.g., water consumption) of
data centers to improve the empirical knowledge base for data
center energy analysts.

3. Governments, philanthropies and research institutions should
organize and convene forums to establish best practice analysis
methods and data sharing initiatives to rapidly improve the state of
science for estimating and projecting data center energy use.

4. Researchers should conduct regular inter-model comparisons of
data center energy models and scenarios to understand model
differences, identify potential improvements, and establish and
coalesce on best practices.

5. Governments, research institutions and international organizations
should convene forums specifically aimed at developing and
disseminating scenario narratives for exploring future growth
pathways for Al and data centers, including associated frameworks
and analysis approaches; similar to the Shared Socioeconomic
Pathways,* such scenarios would enable inclusion of data center
futures in climate change mitigation scenarios.
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6. Governments and research institutions should develop and

disseminate models and datasets of data center energy use in
developing and emerging economies, which have historically been
overlooked by the research community but whose data center
electricity use may grow in the future.

Research institutions should reinforce the need for best practices in
analyses adopted by policymakers, given wide variance in results
associated with low-quality studies.”

Governments and research institutions should improve approaches
to identifying existing and planned data centers, such as through
in-country sources and open shared location datasets such as the
IEA Al Observatory. Improved understanding of the spatial patterns
of data centers is important for assessing potential local impacts and
proactively designing policies that avoid or minimize those impacts.

Governments and companies should support research to better
understand the CO, emissions of Al data center power sources,
focusing on more granular, grid-scale modeling of emissions. This
includes closely tracking announced investments in cleaner power
technologies, as well as tracking those investments when they
ultimately come online, for more accurate forward-looking scenarios.
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