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D ata centers are complex facilities that include information technology 
(IT) and infrastructure equipment, often distributed across several buildings. IT 
equipment typically comprises electronics housed in server racks, networked 

to one another and powered by electrical infrastructure. Each rack contains general 
purpose and/or accelerated processors, connected to memory chips and short- and 
long-term storage. Electrical infrastructure converts electricity to the appropriate levels 
for IT equipment operations.

A data center running artificial intelligence (AI) workloads operates like a massive, 
high-speed postal sorting facility designed to handle an enormous volume of 
specialized packages. The servers act as sorting stations where incoming data packets 
(like letters and parcels) are processed by workers (processors) who must quickly 
analyze, categorize and route information. Memory serves as temporary holding 
areas where packages wait to be processed, while storage systems function as vast 
warehouses storing reference materials needed for sorting decisions. The networking 
infrastructure resembles conveyor belts that move packages between stations.

As described in Chapter 1, AI workloads are particularly energy intensive; processing 
AI packages requires cross-referencing millions of previous deliveries simultaneously—
each “package” (data point) must be compared against vast databases of patterns and 
examples before determining where it should go next.
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A. Defining and Measuring Energy Efficiency

Computing energy efficiency has improved by an extraordinary factor of 10 billion over 
5 decades, from ENIAC’s (Electronic Numerical Integrator and Computer) 150-kilowatt 
power consumption in 1946 to modern processors achieving billions of operations 
per watt-hour. This transformation followed Koomey’s Law, which demonstrated that 
computations per watt-hour doubled every 1.6 years during the “golden age” from 
1946 to 2000. The improvement was driven by transistors shrinking while maintaining 
nearly constant power density, creating exponential performance gains with stable or 
decreasing power consumption.1

Figure 2.1-1. Image of a data center. 

Around 2005, this golden age ended as Dennard scaling broke down due to quantum 
effects at atomic scales. The industry pivoted to architectural innovations, with recent 
advances showing continued but slower progress—efficiency now doubles every 2.3 
years instead of every 1.6 years.2 The last decade has seen exceptional technological 
progress. Processors advanced through smaller manufacturing nodes (22 nm to 3 nm), 
multi-core architectures and dynamic power scaling. Memory, storage and networking 
designs evolved. Critically, ARM processors and specialized AI chips challenged x86 
dominance with superior performance-per-watt. 
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Improvements in the energy efficiency of IT equipment components have slowed but 
not stopped. These improvements are expected to continue in the years ahead. (See 
the second part of this chapter.) Yet when these component-level improvements are 
viewed at the system scale, a different picture emerges. Chip-level efficiency gains 
are increasingly offset by exponential demand growth from AI and other workloads. 
Despite these energy efficiency improvements, carbon emissions at data centers 
continue to rise.3

Companies, researchers and engineering consortia have yet to align on a 
comprehensive way to measure IT equipment energy efficiency in AI workloads. 
Epoch.AI, a research institute, tracks hardware efficiency trends using FLOPS per 
watt—a traditional metric applied to scientific computing involving many “floating point 
operations per second” (FLOPS). While this metric does not provide a complete picture 
due to IT equipment diversity and the nature of AI workloads, it serves as a good 
approximation. The MLCommons Power Work Group recently released a benchmark 
intended to include applications from data centers to mobile devices, from training to 
inference.4 Stanford’s Human-Centered AI 2025 Index Report, using Epoch.AI data, 
calculates a 40% reduction in energy consumption in AI-specific hardware per FLOP 
over the past three years, indicating that progress may be slowing down even further 
(Figure 2.1-2).5
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Figure 2.1-2. Energy efficiency of leading machine learning hardware, 2016-24.
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B. Components

Chapter 1 discussed energy use trends at the level of entire servers, showing how 
average power draw has increased over time. Below we discuss the components 
within those servers and how each contributes to overall energy use. Figure 2.1-3 
presents a sketch of typical components found in a server. Each component consumes 
different amounts of energy in different ways. 

Central processing units (CPUs) handle general-purpose computing tasks with 
moderate power draw (50-200 W), while accelerated processors, like graphics 
processing units (GPUs) and custom chips like tensor processing units (TPUs), excel 
at parallel processing but consume much more electricity (400-1000+ W). Memory 
provides fast temporary storage for active data, consuming negligible power that 
scales with capacity. Storage devices, such as solid-state drives (SSDs), provide 
persistent data storage, with SSDs using less power than older mechanical drives. 
Networking components move data between systems, with power consumption 
varying dramatically based on speed and distance requirements.

i. Computation: processors and memory 

Chapter 1 shows that servers consume the majority of power in data centers. 
Processors and memory are a primary source of energy usage within servers.
Historically, data centers relied mainly on CPUs, which ran at roughly 50-200 W per 
chip. GPUs for AI have been drawing 400-700 W, with newer (2024+) chips expected 
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to run at over 1000 watts.6 GPUs contain thousands of smaller cores compared to 
CPUs’ dozens of larger cores, meaning far more transistors are actively switching and 
consuming power simultaneously during parallel computations.

Major chip designers are pursuing different energy efficiency strategies. NVIDIA claims 
its most recent processor architecture uses up to 25x less energy relative to its own 
previous generation chips during AI inference.7 Advanced Micro Devices (AMD) is 
focusing on using fewer GPUs to achieve similar outputs, claiming its recent offerings 
have a 30% advantage over competitors.8 Intel targets energy savings with open 
system standards, claiming a 40% average power reduction relative to competitors.9
Hyperscalers are targeting energy efficiency by specializing for AI applications. Google 
claims its most recent accelerated processor TPUs are 67% more energy efficient 
than previous versions.10 Amazon Web Services similarly claims a 40% improvement in 
energy efficiency for its own accelerated processors.11 Microsoft, Meta, IBM and other 
hyperscalers appear to be aiming to achieve similar outcomes.

Startup companies are developing novel processor architectures with promising 
energy efficiency performance. Untether AI recently demonstrated a 3-6x improvement 
across multiple machine learning (ML) Commons benchmark categories.12 Groq claims 
to achieve 10x energy efficiency improvement through a novel chip design.13

The software that trains AI models and runs inference requires large amounts of 
memory. These chips consume energy as data are written to and read from memory. 
AI systems leverage higher memory bandwidth (the rate at which data are transferred) 
to accelerate AI training and inference. But higher bandwidth typically correlates 
with higher power consumption. Researchers and industry are working toward novel 
architectures to increase bandwidth while minimizing energy usage.14

ii. Storage 

Chapter 1 distinguishes energy usage between servers and storage. Below we discuss 
storage technology within the context of servers (for short- to medium-term information 
needs during processing). 

SSDs provide the high-speed data access required for training large AI models. During 
training, AI systems must process massive data sets containing billions of examples, 
which requires continuous, rapid data transfer from storage to processing units. For AI 
inference operations, SSDs enable rapid access to AI models and any reference data 
needed for generating responses.

AI workloads create unique energy demands for SSDs due to their sustained high-
throughput patterns. During training, SSDs experience bursty read and write patterns 
as data sets are streamed repeatedly, keeping the drives in active states rather than 
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allowing them to enter lower-power idle modes. In contrast, memory usage is read-
heavy, continuous and sustained during inference.

Current SSD technology is almost twice as fast as the previous generation 
but consumes 50-100% more energy during peak operations.15 Memory chip 
manufacturers, such as Samsung and Micron, are developing new designs that 
maintain performance while reducing energy consumption by half.16,17

iii. Networking 

Data center networking controls how information flows throughout the system. 
Switches direct data to their destinations—some locally within server racks, others 
regionally within building sections. Load balancers ensure that no single server 
becomes overwhelmed. Together, these devices aim to provide fast and reliable 
information flow.

Similar to memory and storage requirements, AI workloads require high bandwidth 
networks. These expand beyond traditional enterprise networking standards. AI data 
centers’ bandwidth requirements can range from several gigabits per second to 
terabits per second.18

Traditional enterprise networking equipment consumes dramatically less power per 
port than specialized AI networking hardware, with power differences 3-10x higher for 
AI equipment. Despite this increase, networking remains under 5% of total data center 
power consumption due to the massive scale of AI compute requirements. Networking 
equipment manufacturers are adopting technologies, such as co-packaged optics, to 
increase bandwidth while reducing power consumption, with projections of up to an 
80% reduction in energy usage.19,20

C. Innovations and Forecasted Efficiency Gains

Data centers present significant opportunities for improving energy efficiency through 
both established best practices and emerging innovations. While conventional 
strategies benefit all data center operations (see Table 2.1-1 below), AI workloads 
demand specialized approaches, including high-bandwidth networking, sustained 
storage performance and power oversubscription tailored to inference patterns. 
Hardware advances in electronics, photonics and power distribution can improve 
energy efficiency, while tailoring server designs and data center operations to specific 
AI workloads—training versus inference—offers further energy savings. Although the 
rate of improvement in energy efficiency appears to be slowing, the innovations below 
may lead to new upticks in progress.
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Electronics 
Manufacturing

Select ENERGY STAR certified servers and 
equipment

Deploy solid-state drives (SSDs) over mechanical 
drives

Use e�cient memory technologies (e.g., DDR5, 
low-voltage)

Standard servers without 
e�ciency certifications

Traditional spinning disk drives 

Older DDR3/DDR4 standard 
voltage memory

Processors Enable processor power management (e.g., 
C-states, P-states)

Implement dynamic voltage/frequency scaling

Processors running at constant 
maximum frequency

Fixed voltage and frequency 
operation

Storage Storage virtualization and deduplication

Tiered storage with automated data placement

Implement storage power management

Direct-attached storage with 
redundant data

Single-tier storage systems

Always-on storage arrays

Networking Deploy energy-e�cient network switches

Network virtualization and consolidation

Use adaptive link rate and port power management

Legacy switches without power 
scaling

Physical dedicated network 
infrastructure

Fixed-rate network interfaces

Power 
Conversion

High-e�ciency power supplies (>90% e�ciency)

High-e�ciency uninterruptible power supply (UPS) 
systems (>95%)

Power factor correction (>0.95)

Standard 80% e�cient power 
supplies

Traditional UPS systems at 
85–90% e�ciency

Uncorrected power factor (0.7–0.8)

Operations Real-time power monitoring and management

Automated workload scheduling and migration

Manual monitoring with monthly 
readings

Static workload placement

i. Electronics manufacturing and packaging 

Chip packaging is the process of enclosing semiconductors in protective materials 
and connecting them to external circuits through pins. It provides physical protection, 
electrical connections and thermal management for delicate silicon chips.

Advanced packaging techniques, such as Taiwan Semiconductor Manufacturing 
Company’s (TSMC’s) chip-on-wafer-on-substrate (CoWoS), are delivering a 30% 

Table 2.1-1. Conventional data centers typically operate with legacy equipment at low utilization rates, basic power 
distribution systems, minimal virtualization, reactive operational practices and outdated hardware refresh cycles.
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reduction in power consumption compared to traditional packaging through reduced 
interconnect distances and improved thermal management.21 The company is 
targeting a doubling of its production capacity to 75,000 wafers in 2025.22

AI-designed chips represent the next frontier of chip designs with better power 
efficiency.23 For example, researchers at Oregon State University leveraged AI to 
design chips from new materials, achieving a 6x improvement in energy efficiency.24 

ii. Photonics innovation 

Silicon photonics innovation is revolutionizing data center networking. This technology 
uses light (photons) instead of electricity to transmit data through silicon-based optical 
components like waveguides and modulators. It achieves better power efficiency 
because photons do not generate resistive heat during transmission and can carry 
data over longer distances without signal amplification, unlike electrical signals that 
require constant power to overcome resistance and maintain signal integrity.25

Companies are leading research and development (R&D) efforts in photonics. Intel’s 
co-packaged optics demonstrated a 67% power reduction over pluggable optical 
transceivers.26 Ayar Labs’ TeraPHY chiplets claim 4-8x greater power efficiency than 
traditional interconnects,27 while NVIDIA’s co-packaged solutions claim 3.5x better 
power efficiency.28

iii. Power conversion improvements 

Power electronics are circuits that convert and control electrical power between 
different voltage levels or frequencies or from AC to DC. Gallium nitride (GaN) and 
silicon carbide (SiC) semiconductors have wider bandgaps than silicon, allowing them 
to operate at higher voltages, temperatures and switching frequencies with lower 
resistance. This enables smaller, lighter power converters with less energy lost as heat 
during conversion.

GaN and SiC adoption is already driving efficiency gains in data centers.29 These 
technologies are showcasing up to 98% energy conversion efficiency30 versus the 
85-90% baselines seen with older power electronics. Both technologies are in active 
development, with pathways to an increased range of operation and reliability.31 
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iv. Data center operations

AI workflows are creating specific opportunities for operating data center IT 
equipment. Microsoft reports that the average and peak power usage in AI inference 
are bounded. This implies that AI data centers used solely for inference offer 
substantial headroom for power oversubscription, allowing the deployment of 30% 
more servers per AI inference data center with minimal performance loss.32

v. Server design 

Server design innovations center on liquid cooling advances that dramatically improve 
energy efficiency. (Chapter 2.3 explores this topic in detail.) Other strategies include 
Microsoft Azure’s efforts to use existing components to assemble server racks, leading 
to a net 8% reduction in emissions.33 Amazon Web Services (AWS) has focused on 
standardized yet modular equipment to help retrofit existing data centers.34

Box 2.1-1

Moving computation to the edge

Some AI use cases offer opportunities to avoid data centers altogether. So-called 
“edge AI” processes data locally on devices (smartphones, industrial robots, 
autonomous vehicles) rather than communicating with data centers. Motivated by the 
ability to work offline, with low latencies and strong data privacy guarantees, running 
AI workloads “on the edge” can also reduce energy consumption.

Edge AI workflows eliminate data transmission to data centers, thereby reducing their 
computational load. Specialized processors, such as field-programmable gate arrays 
(FPGAs) and edge-optimized AI chips, can effectively run AI inference workflows.35 The 
tradeoff is that edge AI devices are typically more expensive and less energy efficient 
than traditional counterparts. Multiple companies, such as DEEPX, Hailo and Axelara, 
are actively developing energy efficient and affordable edge AI processors.

While AI training will certainly remain at data center levels, forecasting how AI 
inference demand might shift toward the edge is challenging.36 Rising data center 
costs, regulatory pressure for data privacy and real-time applications may push toward 
edge AI adoption. However, increasingly larger model sizes and edge AI device costs 
may continue to drive AI inference demand in data centers.
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D. Recommendations

1.	 Companies, industry standard setters and engineering consortia should 
align on common metrics for calculating and reporting the energy 
efficiency of IT equipment. Data center operators should support such 
efforts since energy efficiency directly impacts their operating costs. 

2.	 Governments and educational institutions should develop and 
distribute resources to assist non-technical audiences in 
understanding and analyzing the energy requirements of IT 
equipment. 

3.	 Data center operators, utilities and government agencies should 
consider the nature of AI computation workloads in designing, 
provisioning, operating and regulating data centers. Differences 
between AI training and inference should be paramount during decision 
making. 

4.	 Governments, utilities and industry consortia should advance 
knowledge sharing platforms, case study data, diagnostic tools 
and training materials related to improving the energy efficiency 
of IT hardware from procurement, operations and management 
perspectives. 

5.	 Data center operators should conduct, support and publish AI 
inference demand forecasts. Trends between centralized data center 
computations and edge applications should be emphasized. 

6.	 Data center operators should redouble efforts to maximize the energy 
efficiencies of existing IT hardware, including the adoption of efficient 
equipment, virtualization, zombie server identification initiatives, and 
refresh cycles optimized for energy efficiency.
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