
The storage industry’s 
inflection point
Why NVMe is replacing HDD 
across all storage tiers



The storage industry is undergoing one of the most significant transformations in its history. Traditional spinning Hard 
Disk Drives (HDDs), which have served as the backbone of enterprise and hyperscale storage architectures for more 
than four decades, are increasingly being challenged by rapidly advancing NVMe flash technologies.

Modern workloads are fundamentally pe�ormance-driven. Real-time AI inference, high-density vi�ualization, 
distributed cloud native applications and large-scale analytics all require extremely low latency and high concurrency. 
HDD-based infrastructures—built around mechanical limitations—are struggling to keep pace with these demands.

NVMe storage, with its inherently parallel architecture and ultra-low-latency design, is emerging as the clear successor. 
Beyond raw speed, NVMe offers significant advantages in power efficiency, cooling economics, rack density, 
operational simplicity, reliability and long-term sustainability.

This paper evaluates NVMe and HDD technologies across several critical dimensions:

1  Executive summary: 
   A structural shift in data center storage

For more than 40 years, HDDs have dominated enterprise storage environments primarily due to their relatively low 
cost per gigabyte and predictable operational characteristics.

However, the nature of enterprise workloads has changed dramatically. Emerging use cases—including AI data 
pipelines, high-speed analytics, Kubernetes orchestration, large-scale object storage and latency-sensitive 
applications—demand storage architectures capable of extremely high concurrency and rapid data access.

Mechanical storage systems were originally designed for sequential workloads. As a result, they struggle to efficiently 
suppo� the highly parallel and random-access pa�erns generated by modern enterprise and cloud applications.

Organizations are therefore modernizing their storage environments by adopting NVMe-based architectures that 
deliver breakthrough pe�ormance with significantly improved efficiency.

This transition represents more than a simple pe�ormance upgrade. It reflects a broader architectural shift in how 
data is stored, accessed, optimized and delivered at scale.

2 The changing demands of modern data centers

Cost per GB and long-term 
total cost of ownership (TCO)

Power consumption and 
operational expenditure

Cooling requirements and 
thermal efficiency

Latency, throughput and IOPS 
pe�ormance

Rack space utilization and 
data center footprint

NVMe flash media types such 
as TLC, QLC and SLC

The evolution of PCIe 
standards (4.0, 5.0 and 6.0)

The analysis demonstrates that NVMe is no longer limited to 
high-pe�ormance workloads. It is increasingly becoming the 
preferred storage medium across both pe�ormance and capacity 
tiers, as organizations prioritize efficiency, scalability and 
future-ready infrastructure.



Hard Disk Drives store data on rotating magnetic pla�ers, with a mechanical actuator arm 
that positions the read/write heads.

Although HDDs can provide large capacities—typically 8 TB to 22 TB per drive—their mechanical design restricts 
pe�ormance improvements.

Technologies such as SMR (Shingled Magnetic Recording) and HAMR (Heat-Assisted Magnetic Recording) enable 
higher density but do not meaningfully improve pe�ormance. This growing gap between capacity growth and 
pe�ormance stagnation represents one of the most significant limitations of HDD technology.

NVMe (Non-Volatile Memory Express) is a storage protocol designed to leverage the full potential of flash memory by 
directly communicating over the PCI Express (PCIe) inte�ace.

Unlike legacy protocols such as SATA and SAS—which were originally developed for mechanical storage—NVMe 
suppo�s extremely deep command queues and highly parallel I/O operations with minimal overhead.

Because NVMe storage contains no moving pa�s, it delivers dramatically lower latency and much higher pe�ormance.

Typical NVMe capabilities include:

▪ 100,000+ IOPS per drive

▪ 50–150 microseconds latency

▪ Extremely high bandwidth enabled by 
PCIe connectivity

NVMe drives are available in several 
form factors, including:

▪ U.2 / U.3

▪ M.2

▪ EDSFF E1.S / E1.L / E3

While this architecture has proven reliable over decades, it introduces inherent physical 
limitations including:

3 Overview of core storage technologies
3.1 What are Hard Disk Drives (HDDs)?

3.2 What is Non-Volatile Memory Express (NVMe) 
       storage architecture

Seek time delays

Rotational latency

These physical constraints significantly limit pe�ormance. Typical HDD capabilities include:

80–200 IOPS 4–10 milliseconds latency Sequential bandwidth of 150–250 MB/s

Mechanical vibration sensitivity

Long-term wear of moving components

These designs enable dense deployments optimized for
hyperscale and enterprise data centers.



Flash memory technologies are categorized based on the number of bits stored in each memory cell. This directly 
affects endurance, pe�ormance and cost.

These flash technologies enable NVMe storage to suppo� a wide range of workloads—from high-pe�ormance 
transactional systems to multi-petabyte data repositories.

SLC (Single-level cell)
Offers the highest endurance and fastest 
pe�ormance. Best suited for write-intensive 
workloads and caching layers.

MLC (Multi-level cell)
Provides a balance between endurance and cost, 
historically used for database environments.

PLC (Penta-level cell-emerging technology)
Designed for future archival storage environments where cost per GB is the primary factor.

Flash Type Endurance Cost Use case

SLC Very high Very expensive Write-intensive, caching

MLC High High Databases, OLTP

TLC Medium Mid-range Enterprise NVMe arrays

QLC Lower Lower Capacity tier, object storage

PLC (future) Lowest Lowest Archival cold data

TLC (Triple-level cell)
Represents the most widely deployed enterprise 
flash type today, offering a strong balance between 
pe�ormance, density and cost.

QLC (Quad-level cell)
Stores four bits per cell, reducing endurance but 
significantly lowering cost per GB. QLC is increasingly 
used for capacity-focused workloads such as object 
storage, backup systems and AI training datasets.

3.3 NVMe flash types

The mechanical design of HDDs fundamentally limits their ability to efficiently handle modern workloads.

Random-access operations require physical movement of the actuator arm and rotational positioning of the pla�ers, 
resulting in significant latency.

NVMe drives, by contrast, operate entirely on flash memory and leverage PCIe connectivity to process large numbers of 
parallel I/O operations simultaneously.

As a result, operations that require milliseconds on HDD systems can be completed in microseconds on NVMe platforms.

4 Pe�ormance comparison: NVMe vs HDD

Metric HDD NVMe  SSD

Random IOPS 80–200 80–200  100,000–1,000,000

Latency 4–10 ms 50–150 µs

Bandwidth 150–250 MB/s 7–14 GB/s (PCIe 4/5)

Overall, NVMe provides 
approximately:

▪ 500–1000× lower latency

▪ 100× higher IOPS



Although HDD technology still offers a lower raw cost per gigabyte, evaluating storage economics solely at the 
media level can be misleading.

NVMe infrastructure dramatically reduces the number of drives, servers, racks, switches and software licenses 
required to achieve equivalent or higher pe�ormance.

When measured by pe�ormance per dollar, NVMe becomes 
significantly more cost-efficient.

In many environments, the pe�ormance of one NVMe drive can 
equal that of 400–500 HDDs.

This leads to substantial reductions in infrastructure requirements 
and lowers the long-term total cost of ownership (TCO)

5 Cost dynamics: 
     CAPEX and total cost of ownership

HDDs require continuous pla�er rotation and actuator movement, which results in higher energy consumption.

NVMe drives not only consume less power individually but also require significantly fewer drives to deliver 
equivalent pe�ormance.

6 Power consumption comparison

Typical pricing ranges between 
2024 and 2026 include:
▪ HDD: USD 0.02–0.03 per GB

▪ QLC NVMe: USD 0.05–0.07 per GB

▪ TLC NVMe: USD 0.10–0.15 per GB

Hard Disk Drives store data on rotating magnetic pla�ers, with 
a mechanical actuator arm that positions the read/write heads.

6.1 Power per drive:

Drive type Power (Active)

HDD (10–20 TB) 8–10 W

NVMe SSD 3–5 W

NVMe can therefore consume five to eight times 
less power per petabyte while delivering 
comparable or superior throughput.

6.2 Power per petabyte:

Technology Power per petabyte

HDD ~8–10 kW

NVMe (QLC) ~1–2 kW

At data center scale, this leads to:

▪ Lower energy consumption and operating costs

▪ Reduced cooling infrastructure requirements

▪ Stronger alignment with sustainability and 
ESG initiatives

▪ Improved power usage effectiveness (PUE)



Cooling requirements scale directly with both power consumption and drive count. Since NVMe architectures require 
significantly fewer drives to deliver the same capacity and pe�ormance, the overall thermal load of an NVMe based 
system is dramatically lower.

As a result, data centers can deploy more compute and storage within the same physical environment without 
overloading existing cooling systems or requiring additional HVAC investments. This efficiency translates directly into 
operational expenditure savings and enables denser deployments—an especially critical advantage for AI and ML 
clusters that consume large amounts of power.

7 Cooling efficiency and thermal impact

NVMe drives are available in multiple form factors designed to suppo� a range of enterprise and hyperscale 
deployment scenarios. These form factors differ in physical design, density, ai�low efficiency and power envelope, 
allowing organizations to optimize storage infrastructure based on workload requirements and data center architecture.

8 NVMe form factors and where they fit

This reduction in cooling demand leads to:

▪ Lower cooling and energy costs

▪ Smaller physical footprint

▪ Higher density system designs, pa�icularly valuable 
for AI platforms and large scale data lakes

HDD: ~30,000–35,000 BTU/hr per PB

Cooling efficiency per petabyte (PB)

NVMe: ~8,000–12,000 BTU/hr per PB

They provide:
▪ Balanced pe�ormance and 

endurance

▪ Compatibility with existing 
server and storage platforms

▪ Reliable thermal 
characteristics for enterprise 
arrays

U.2 and U.3 form factors are 
widely used in enterprise 
environments and represent the 
most common NVMe 
deployment model today.

These drives are commonly 
deployed in enterprise storage 
systems and are widely suppo�ed 
by major OEM vendors.

U.2 / U.3 NVMe

These form factors offer 
several advantages:
▪ Improved ai�low efficiency

▪ Higher storage density

▪ Higher power envelopes 
suppo�ing increased pe�ormance

▪ Be�er thermal management in 
dense deployments

EDSFF (Enterprise and Data 
Center SSD Form Factor) designs 
are increasingly adopted in 
hyperscale and next-generation 
data centers.

EDSFF architectures allow storage 
vendors and hyperscalers to deploy 
significantly larger capacities within 
smaller physical footprints.

EDSFF
(E1.S / E1.L / E3)

Current and upcoming 
inte�ace speeds include:
▪ PCIe 4.0: 7 GB/s

▪ PCIe 5.0: 14 GB/s

▪ PCIe 6.0: 28 GB/s (future)

The rapid evolution of PCI 
Express standards 
continues to expand the 
pe�ormance capabilities 
of NVMe storage.

As these standards mature, the 
pe�ormance gap between NVMe 
and traditional HDD-based 
architectures will continue to widen.

PCIe inte�ace
evolution



As enterprise workloads evolve toward real-time, data-intensive operations, NVMe’s architectural strengths become 
increasingly evident. Its ability to suppo� high concurrency and extremely low latency makes it pa�icularly well-suited 
for modern application environments.

HDDs continue to play a role in lower-tier sequential workloads but rapidly lose relevance in environments that require 
random access or latency-sensitive processing.

Many organizations are now replacing even traditional backup and archive tiers with QLC NVMe because of the 
operational simplicity and infrastructure efficiency it provides.

9 Use case comparison

Use case HDD NVMe

AI / ML workloads No Yes

Databases No Yes

VDI No Yes

Cloud storage (Object) Optional Yes (QLC NVMe growing)

Backup / archive Yes Some cases moving to QLC NVMe

Big data analytics No Yes

OLTP No Yes

NAS workloads Yes (Low tier) Yes



Rack space efficiency is one of the most understated yet critical advantages of NVMe infrastructure.

Because NVMe drives deliver significantly higher pe�ormance and capacity within compact form factors, 
organizations can deploy petabytes of storage using a fraction of the rack space required by traditional HDD systems.

10 Rack space comparison: NVMe vs HDD

Over time, this space efficiency becomes a major financial and operational driver behind NVMe adoption.

When older HDD capacities such as 10–12 TB are 
used, the footprint can increase to 20–24U per PB.

To deliver 1 PB usable capacity using 
16 TB or 20 TB HDDs:
▪ 1 PB ≈ ~60 drives (using 16 TB drives)

▪ Typically deployed across 3–4 storage 
shelves (4U each)

▪ Additional controllers require 2U–4U

Total rack footprint for HDD: 14U–18U per PB

Rack space comparison (per PB)

Higher storage density enables:

Reduced rack count Reduced network switch po� usage

Lower colocation costs

More available space 
for compute nodes such as
AI clusters and GPU serversSimplified cabling

Rack space per petabyte (PB) comparison

HDD footprint

Next-generation EDSFF systems can achieve: 2U–4U per PB

Modern NVMe drives (2024–2026) are commonly 
available in capacities such as 15.36 TB, 30 TB and 60 TB.

To deliver 1 PB usable capacity using 30 TB 
NVMe drives:
▪ 1 PB ≈ ~34 drives

▪ Fits within 1–2 storage shelves (2U each)

▪ Controllers typically require minimal footprint or may 
be integrated

Total rack footprint for NVMe: 4U–6U per PB

NVMe footprint

Metric HDD NVMe (TLC) NVMe (QLC)

Drives required 50–60 30–34 20–28

Shelves 3–4 shelves 1–2 shelves 1 shelf (high-density chassis)

Controllers 2U–4U 1U–2U 1U

Total rack space 14U–24U 4U–6U 2U–4U

Reduction — 60–70% 75–85%



▪ Drives: 300

▪ Shelves: 16U

▪ Controllers: 4U

▪ Misc hardware: 4U

Total footprint: 24U–28U
(nearly a full rack)

Using HDD
(16 TB drives)

▪ Drives: 150

▪ Shelves: 4U

▪ Controllers: 2U

Total footprint: 6U–8U 
(approximately 
one-qua�er of a rack)

Using QLC NVMe
(30 TB drives)

Compared with HDD deployments, 
NVMe infrastructure can deliver:

▪ 70% space reduction

▪ 65% power reduction

▪ 60% cooling reduction

▪ 30–40% operational cost reduction

Infrastructure
savings

Real-world scenarios
To build a 5 PB usable platform:

Industry trends increasingly indicate that NVMe will dominate both pe�ormance and capacity storage 
tiers over the next several years.

      Several forces are driving this shift:

Examples include:

11 Five-year market trajectory:
    The rise of NVMe data centers

NVMe QLC replacing nearline HDD: 
Hyperscale cloud providers are already deploying 
QLC flash for warm and cold storage tiers.

Data center power constraints:
Rapid growth in AI workloads is forcing organizations 
to prioritize energy-efficient infrastructure.

Limited HDD pe�ormance improvements:
While HDD capacity continues to grow, pe�ormance 
remains largely unchanged.

Rapid evolution of NVMe inte�aces:
Technologies such as PCIe 5.0 and PCIe 6.0 will 
fu�her widen the pe�ormance gap.

Flash-optimized storage architectures:
Modern platforms are increasingly designed 
specifically for NVMe environments.

VAST DASE architecture (QLC + Optane NVMe)

Dell PowerStore

NetApp AFF A-Series

Pure Storage FlashArray //E



NVMe represents a fundamental transformation in storage architecture 
rather than simply an incremental pe�ormance improvement.

Compared with HDD-based infrastructure, 
NVMe environments can deliver:

Up to 100× 
higher pe�ormance

500× 
lower latency

5–8× 
be�er power efficiency

3–4× 
improved cooling efficiency

4–6× 
greater storage density

12 The future of enterprise storage

While HDDs may continue to exist in limited archival roles in the near term, the broader industry trajectory is 
clear. As flash economics continue to improve and data center demands intensify, enterprise infrastructure is 
rapidly moving toward all-NVMe, all-flash architectures.
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