The Al Disruption: How a Generational Workload
Remade the Data Center Stack (2020-2025)

From Power and Cooling to the Quantum Frontier, a five-year transformation
driven by unprecedented computational demand.
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The New Antagonist: Al Workloads
Ignite a Power Density Crisis

Legacy Rack (Pre-2020) Al Training Rack (2024)
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A single 8-GPU server
(e.g., NVIDIA H100)
can draw ~5-8 kW, the
power of an entire
legacy rack.

From 10kW to 100kW+ per
rack in under five years.

Cutting-edge Al
supercomputers demand
120-150 kW per rack, far
exceeding traditional

enterprise loads.
Sl 5
~5-10 kW 40-100+ kW
The surge in Al training clusters, driven by high-wattage GPUs in dense Meta's 2024 Al clusters (24k H100 GPUs each) required doubling the power
configurations, has rendered traditional data center power and cooling envelope versus the prior generation. Training workloads for models like
designs obsolete. ChatGPT have been reported at over 80 kW/rack on NVIDIA A100 clusters.
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The Bottleneck Shifts from Compute to Interconnect and Memory

Training: Massive Parallelism & Synchronization Inference: Scale-Out Latency & Efficiency

Requires high-bandwidth, low-latency fabrics (200-400 Gbps Scales out more flexibly across a heterogeneous mix of CPUs,
InfiniBand or NVswitch) to keep thousands of GPUs synchronized for smaller GPUs, and custom ASICs (e.g., AWS Inferentia).
all-reduce operations. High-performance storage (All-Flash NVMe,

L Prioritizes latency and throughput-per-watt over raw cluster size.
NVMe-oF) is critical to feed data at terabyte-per-second rates. loritizes latency and throughput-per-watt over raw clu iz

Often leverages 100-400 Gbps Ethernet with RoCE for distributed

The bottleneck has moved “away from raw compute toward serving.

memory bandwidth and interconnect performance,” necessitating
HBM (3+ TB/s on H100) and ultra-fast fabrics.
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. o ° S Traditional air cooling is effective only
The PhyS“:aI Limit Of Alr: up to ~30-50 kW/rack. Beyond this,

Liquid Cooling Becomes Essential liquid cooling is required.

Direct-to-Chip Immersion Rear-Door Heat Exchanger (RDHX)

The most widely deployed solution, capable Enables extreme densities (100-150+ kW/rack). Liquid cooling deployments are projected to
of cooling 60-120 kW racks. . e grow 4x, rising from ~5% of the data center
Moved from niche (crypto) to trials in

: ; i
Meta's Grand Teton servers use DTC for H100 hyperscale Al (Microsoft, Meta). CoONg MarReUtl 2020 gkl n by 2025

> el DoweTea Y. Offers superior efficiency as dielectric fluids

are 1,000x more heat-capacitive than air.
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Reinventing Power Delivery for the Megawatt Aisle

Stage 1: Legacy (12V AC/DC) Stage 2: Hyperscale Standard (48V DC) Stage 3: Future Al Factory (800V DC)

‘ ~16x lower Extreme efficiency
L\‘ W distribution loss. for IMW + cabinets.
=
High IR > IS >
Losses 4 ﬁ
S |
I e |
L
Stage 1: Legacy (12V AC/DC) Stage 2: Hyperscale Standard (48V DC) Stage 3: Future Al Factory (800V DC)
Key Technical Shifts
The 48V Standard The 800V Future Resiliency Trade-offs
Adopted by all major hyperscalers by 2022-2025. NVIDIA's 2025 architecture to support future 200kW+ Some Al training clusters relaxed redundancy from
Reduces current by 4x for the same power, cutting racks. Centralizes AC-to-DC conversion and uses 2N to N or N+1, reasoning that non-critical batch
copper bulk and power conversion losses by ~30% vs. high-voltage DC distribution to improve end-to-end jobs can be restarted, trading some resiliency for
PP P y g g P ] & y
12V systems. A key enabler of OCP's Open Rack v3. efficiency by ~5% and reduce copper usage by ~45%. cost and efficiency.
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A Parallel Evolution: The Edge Rises to
Meet Low-Latency Demands

Key Definitions:

» **Regional Edge**: Small colocation sites
(500 kW-5 MW) in second-tier cities.

» **Far Edge / Telco Edge®™: Unmanned
modules (<100 kW) at cell towers, base
stations, or on-premises.

Market Growth & Drivers:

» Edge market projected to reach ~$50-70
billion by 2025, with ~15-25% CAGR.

+ Driven by 5G, IoT, and latency-sensitive
apps: AR/VR, cloud gaming, autonomous
vehicles, and real-time video analytics.

Regional .
Edge
Real-World Deployments:

» American Tower plans >1,000 locations
for modular data centers at its tower
sites; Verizon 5G Edge with AWS
Wavelength is live in 10+ metro areas,
enabling single-digit-millisecond access.
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Edge Infrastructure: Designed for Autonomy,
Resilience, and Harsh Environments
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Key Design Principles
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Unmanned, Lights-Out Operations

Monitored and controlled entirely remotely via DCIM and
Alops. Out-of-band management is critical for recovery.

Environmental Hardening

Designed for wider temperature ranges (-10°C to +45°C),
with sealed cooling loops (air-to-air heat exchangers) to
protect against dust and moisture.

Compact & Modular

Prefabricated modules (from half-rack cabinets to 6-rack
pods like Vapor I0's) are factory-built for rapid deployment
in space-constrained locations like cell tower bases.

Zero-Trust Security

Physical and logical security are paramount. Edge nodes use
TPMs for hardware root-of-trust and remote attestation to
prove their integrity before connecting to the core network.
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The New Compute Landscape: ARM, RISC-V, and Chiplets Redefine the Server

X86: ~95%+

~2019

The Rise of ARM

-

ARM-based server market share grew from
<5% in 2019 to a projected ~21% of global
shipments by 2025. Led by hyperscaler
custom silicon like AWS Graviton (offering
30-40% better price-performance) and
high-core-count CPUs from Ampere.

ARM

dWS Graviton

ARM ~21%
ﬂMF’EHE
# h RISC-V*

2025 Projection

Chiplet Architectures Become Standard

» To overcome Moore's Law limits, vendors
embraced chiplets. AMD EPYC pioneered
multi-chiplet design and 3D V-Cache, boosting
performance by ~50% in some database
workloads.

« The UCle Standard (founded in 2022) enables

a future of mix-and-match chiplets.

RISC-V on the Horizon

» The open-source ISA is gaining traction,
with startups like Ventana announcing
192-core server chips.

» Initial data center use is in DPUs and
controllers, with potential for broader
adoption.
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Managing Complexity: The Ascent of the Autonomous Data Center

<>

From Manual Ops to GitOps

Infrastructure-as-Code
(IaC) & GitOps

Code templates (Terraform,
Ansible) define the desired state.

=

AlOps & Predictive
Analytics

ML algorithms analyze
telemetry to predict
failures and detect
anomalies.

Infrastructure changes are treated like
code deployments—version-controlled,
tested in CI/CD pipelines, and
automatically applied. This reduces
human error, a major cause of outages.

Digital Twins

Virtual models (like
NVIDIAs Omniverse)
simulate changes to
optimize planning.

03
@é Self-Healing

Orchestration

Kubernetes and other
systems automatically
remediate issues.

The Goal

“Lights-out” operations with minimal
human intervention, improving
reliability and allowing engineers to
manage hundreds of sites remotely.

AlOps in Action

Google's use of DeepMind to
autonomously optimize cooling saved
~40% on energy. Predictive maintenance
uses ML to forecast hardware failures
before they occur.
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Storage Re-Architected for Unprecedented Speed and Scale

Key Storage Innovations
NVMe over Fabrics (NVMe-oF)

» Became mainstream for pooling flash storage at
near-local speeds (<20ps latency overhead). Enables
disaggregated and composable storage architectures.

Tier 0 - Hot Data
NVMe-oF

Zoned Namespace (ZNS) SSDs

_ : * Deployed by hyperscalers to gain control over data
Tier 1- Warm Data ' ; l_ blocks placement, resulting in 2-3x better endurance and
ZNS SSDs SN\ae- more predictable latency for specific workloads.

HAMR Extends HDD Viability

» Heat-Assisted Magnetic Recording (HAMR) enabled
the launch of 30+ TB HDDs in 2023, with a roadmap to
50TB+ by 2025. This ensures HDDs remain the
economical choice for bulk data and cold storage.

Tier 2 - Cold Data
HAMR HDDs

Future Archival (Research)

» DNA and glass storage (Microsoft Project Silica) offer
astronomical density and thousand-year longevity but
remain experimental.
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The Quantum Frontier: Preparing for a
Radicaly Different Kind of Compute
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Key Infrastructure Demands

Extreme Environments: Quantum hardware requires conditions far beyond a
typical data hall, from near-absolute zero temperatures to space-level vacuums.

Significant Power Overhead: The quantum processor itself uses little power,
but support systems (cryogenics, control electronics) are energy-intensive. IBM
estimates ~35W per qubit for current systems, meaning a future 10,000-qubit
machine could require ~3.5 MW.

Ultra-High
Vacuum

Precision
Lasers

Room -
Temperature Xy

Hybrid Integration: Quantum computers will act as accelerators for classical
supercomputers. This necessitates co-location and high-speed interconnects
between quantum and classical racks.

Cloud Access Model (QCaaS): The prevalent model, with providers like IBM and
AWS hosting quantum machines in specialized facilities and offering remote
access, creating the first "quantum data centers.”
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The Sustainability Imperative: Taming the Environmental Cost of Al

Al Carbon Footprint (( \ Renewable Energy Procurement

Z

Water Usage Effectiveness

Circular Economy / E-Waste
(WUE)

&

Efficient by Design

Vendors now compete on performance-per-watt (TOPS/Watt), with each generation of GPU (NVIDIA
Hopper) and TPU (Google v4) delivering significant efficiency gains.
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A Market Remade: Investment, Consolidation,

and the Race for Sovereignty

Key Business Trends (2020-2025)

e Surging Al Investment: Global Al-related data center spending
grew ~40% annually. Hyperscalers like Meta planned massive
buildouts, targeting fleets of 350,000+ H100 GPUs.

e GPU Supply & Demand: Intense demand created severe GPU
shortages in 2021-23, with lead times of 6-9 months and soaring
prices ($30k+ for an H100).

e Consolidation and M&A: Major players acquired key
technologies to build full-stack solutions. Notable deals include
AMD’s $35B acquisition of Xilinx and NVIDIA’s $7B acquisition
of Mellanox.

¢ The Rise of Sovereign Al: Geopolitical tensions and supply
chain concerns spurred national initiatives (e.g., EU's GAIA-X,
China’s domestic accelerator programs) to reduce reliance on
foreign technology.

Explosive

Strategic M&A

CHIPS Act

Technological
Sovereignty

Investment

a5
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=
=50
Edge
computing
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The New Reality: The Data Center is Now Heterogeneous,
Disaggregated, and Autonomous
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1. Heterogeneous by Design 2. Disaggregated & Composable 3. Autonomous by Necessity

The one-size-fits-all CPU is gone. Infrastructure Monolithic servers are giving way to pooled Human-led operations cannot scale to this

is a mix of x86, ARM, GPUs, DPUs, and resources. Compute, memory (via CXL), storage complexity. The data center is managed by code,
specialized ASICs, orchestrated by software to (via NVMe-oF), and accelerators are assembled monitored by Al, and healed by automation. The
match the right workload to the right silicon for on-demand by software, improving utilization and goal is no-touch management from the core to
optimal performance and efficiency. breaking rigid hardware refresh cycles. the far edge.
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