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Thermal Stress in Data Storage:
Effects on Performance, Longevity and Data Integrity

Thermal stress as a critical factor in modern industrial architecture

More compact designs, higher computing loads, and increasingly powerful edge architectures are continuously raising performance require-
ments in industrial applications. This puts thermal effects in the spotlight, as storage components are particularly sensitive to temperature stress:
performance losses, shortened service life, and risks to data integrity are direct consequences. Against this backdrop, the precise thermal
characterization and optimization of modern storage solutions are becoming increasingly important. The white paper “Thermal Stress in Data
Storage: Effects on Performance, Longevity, and Data Integrity” sheds light on these interrelationships.

Compact or closed systems in particular — such as fanless edge nodes, autonomous robotics platforms, or industrial equipment with limi-
ted heat dissipation — require storage components that are thermally robust. The white paper presents practical measures for improving
thermal reliability, ranging from architecture and layout decisions to the definition of thermal performance profiles and passive and active cooling
strategies. The combination of Swissbit's technological expertise and Rutronik's many years of design support provides industrial companies
with a solid foundation for developing durable, reliable, and thermally stable next-generation systems.

Joint expertise as the cornerstone of robust system architecture

For over five decades, Rutronik has been successfully supporting its customers in the integration of high reliability components — particularly
in markets with demanding temperature and environmental conditions such as industrial automation, transportation, medical, communication
infrastructure, loT, and edge systems. As a global broadline distributor with extensive technical expertise, Rutronik supports development
projects throughout the entire product life cycle: from the selection of suitable storage components to evaluation and qualification to securing
the supply chain.

The close and long-standing productive collaboration between Swissbit and Rutronik enables the provision of thermally optimized storage
components in high volumes and with consistent quality. At the same time, Swissbit offers in-depth expertise in NAND technologies and reliable
performance profiles for its products, even under extreme thermal fluctuations. By providing this white paper, we want to share our technical
expertise with our customers and give them a sound technical basis for developing their applications.

Richard Klauser Anja Schaal
Corporate Product Sales Manager Senior Manager Product Marketing
Boards & Storage Boards & Storage

Rutronik Elektronische Bauelemente GmbH | IndustriestraBe 2 | 75228 Ispringen | rutronik@rutronik.com | Tel. +49 7231 801-0




Introduction

Thermal stress is a critical factor affecting the
reliability and performance of modern data storage
systems. As solid-state drives (SSDs) and emerging
storage technologies under

operate increasing

workloads, exposure to high or fluctuating

temperatures can lead to reduced performance,

shortened lifespan, and potential data integrity
issues. This white paper examines how thermal stress
impacts storage media at both the component and
system levels. It also explores current strategies for
monitoring and mitigating thermal effects to ensure
stable operation. Understanding and managing
thermal conditions is essential for optimizing storage
performance and maintaining data reliability in

today's high-demand computing environments.

Why is thermal reliability so important?

Thermal reliability in data storage is crucial
because excessive heat can degrade components,
reduce device lifespan, and lead to data
corruption or loss. Solid-state drives and other
modern storage technologies are particularly
sensitive to temperature fluctuations, which can
impact performance and reliability. Ensuring
thermal stability helps maintain data integrity,
system uptime, and optimal performance.

Thermal reliability is increasingly vital not only in
data centers but also across diverse applications
such as edge servers, robotics, autonomous
systems, and industrial loT - where compact,
high-performance storage operates in harsh or
variable environments. In these settings, effective

thermal management is essential to prevent
costly failures, maintain data integrity, and
support continuous, reliable operation. As

storage devices continue to shrink while offering
greater performance, their thermal tolerance is
tested more frequently. Advanced cooling
strategies, thermal interface materials, and real-
time temperature monitoring are now integral
components of system design. These solutions
ensure not only the longevity of the storage
hardware but also consistent data availability
and minimized downtime in mission-critical
environments.




Temperatures Impact

The impact of temperature on SSD performance,
longevity, and data integrity is intricately intertwined,
with each factor influencing and compounding the
others.

1. Performance

Performance is the most immediate and visible
impact of temperature fluctuations. As SSDs heat up
during heavy use, they activate thermal throttling to
prevent overheating, significantly reducing data
throughput. This protective measure causes noticeable
slowdowns during intensive tasks. In poorly cooled or
variable-temperature environments, sustained
underperformance can hinder efficiency—especially
in data centers, edge servers, and demanding real-
time computing systems.
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Figure 1. Example of thermal characterization and the
performance impact of thermal throttling

2. Life Expectancy (Longevity)

Longevity is also directly affected by temperature.
Excessive heat accelerates the degradation of NAND
flash memory cells, the heart of an SSD. In high
temperatures, the rate of charge leakage in these cells
increases, which degrades their ability to retain data.
This significantly reduces the number of program/
erase (P/E) cycles an SSD can endure. As the cells wear
out faster, the drive's overall lifespan shortens,
leadingto earlier failure and the need for replacement.

EM-3x 100Ball / 153Ball

Tj (stress) [°C] | Tj(use)[°C] | Aft | FIT | MTTF [years]

125 25 94317 | 13 9011
125 40 25541 | 47 2440
125 55 7794 | 153 | 745
125 70 2639 | 453 | 282
125 85 9.78 1221 | 93
125 0 7.16 1670 | 68
125 105 294 4058 | 28

Figure 2. Example of temperature impact on life expectancy
(Mean Time to Failure)

In this table, one can see how the temperature stress
of 125°C at different given hours in operation (from 25
to 105) significantly impacts the MTTF (Mean Time to
Failure).

3. Data Integrity

Data integrity is the most critical concern. As heat
accelerates wear on the NAND cells and raises the
likelihood of charge leakage, the drive becomes more
susceptible to bit errors. These errors can lead to data
corruption or loss, compromising the integrity of
stored information. For systems where data accuracy
is crucial, such as in medical or financial applications,
even minor temperature-induced degradation can
have severe consequences. The combination of heat-
induced performance throttling, shortened lifespan,
and increased risk of data corruption creates a vicious
cycle, where poor thermal conditions lead to both
immediate and long-term issues that impact the
overall reliability of the storage device.




Figure 3. Example of data rentention over lifetime and how
temperature accelerates the degredation process of the
drive

In summary, temperature influences all three factors
- performance, longevity, and data integrity - in a
way that compounds the negative effects. Effective
thermal management is essential to ensuring that
an SSD performs optimally, lasts as long as possible,
and maintains the integrity of stored data.

Thermal Throttling

Thermal throttling reduces a device's performance
to prevent overheating. It works by continuously
monitoring internal temperatures via sensors.

When the temperature exceeds a set threshold, the
system triggers throttling by lowering performance,
like reducing read/write speeds in SSDs or lowering
clock speeds in CPUs and GPUs. This also reduces
power consumption, allowing the device to cool
down. Once the temperature stabilizes, normal
performance resumes. While it protects the
hardware, thermal throttling results in slower
processing speeds, especially during intensive tasks.

Figure 4. Example of thermal throttling impacting read
performance based on device and oven temperature

Relevant Markets & Applications

Thermal stress on data storage systems is an
increasingly critical challenge across industries due
to growing performance demands, harsh operating
environments, and space constraints. Effective
thermal management is essential to ensure system
reliability, maintain performance, and protect data
integrity. Below, we explore the key sectors facing
these challenges, beginning with data centers and
then examining the diverse and rapidly expanding
realm of edge computing.

1. Data Centers

Modern data centers serve as the backbone of cloud
computing, artificial intelligence, big data analytics,
and many other high-demand services. They house
vast numbers of densely packed servers and storage
devices, including large arrays of SSDs, generating
considerable heat during operation. Managing this
heat is fundamental to maintaining hardware
longevity, preventing performance degradation, and
avoiding data corruption. Advanced cooling
solutions - such as high-efficiency air cooling,
liquid cooling, and real-time thermal monitoring -
are integral to data center design. Given the scale
and density of SSD deployments, thermal
management is not an afterthought but a core
element of data center infrastructure.

2. Edge Computing

Edge computing shifts data processing closer to the
data source, reducing latency and bandwidth usage.
Edge servers and devices are often deployed in
diverse environments - ranging from remote outdoor
locations to compact industrial settings - where
temperature control infrastructure is limited or non-
existent. This presents unique thermal management
challenges. Unlike data centers, edge systems must
contend with extreme temperature fluctuations,
limited physical access for maintenance, and tight
space constraints, making efficient cooling harder to
implement. Despite these challenges, thermal
management remains crucial, especially as edge
computing supports mission-critical applications
across various markets.




Edge computing spans a wide array of industries, including:

+ Automotive & Autonomous Vehicles: Advanced
Driver Assistance Systems (ADAS) and autonomous
vehicles rely on real-time sensor data processing.
These systems operate under temperature
extremes, requiring robust thermal solutions to
prevent data processing delays or failures that
could impact safety-critical decisions.

* Robotics: Industrial robots in sectors like
automotive manufacturing, electronics assembly,
and logistics automation generate significant
heat during continuous operation. Effective
thermal management ensures consistent storage
performance and sensor accuracy, minimizing
downtime and errors.

+ Aerospace & Mission Critical: Satellites, drones, and
spacecraft endure severe thermal conditions,
from high-altitude cold to heat during
atmospheric re-entry. These systems employ
active cooling and thermal shielding to preserve
data integrity in  harsh  environments.
Medical Devices: From portable diagnostic

machines to wearable health monitors, medical

devices process sensitive patient data in variable
conditions. Thermal control is vital to prevent
system slowdowns, crashes, or data loss,
especially in continuous monitoring or field
applications.

loT & Smart Devices: Industrial loT sensors,
agricultural monitors, and smart city infrastructure
often operate outdoors or in remote locations
with  fluctuating temperatures. Thoughtful
thermal design ensures stable operation, reduces
data errors, and enhances device longevity.

In summary, while data centers benefit from mature
and robust cooling infrastructures due to their
centralized and controlled environments, edge
computing faces more complex thermal management
challenges due to environmental variability, space
limitations, and deployment diversity. Understanding
these challenges and tailoring thermal solutions to
the specific demands of each sector and application
is critical to maintaining system performance and
data integrity across the expanding edge ecosystem.




Adressing Thermal Reliability

Swissbit recognizes the critical importance of thermal
reliability in edge computing environments. That's
why we offer SSDs specifically designed to address
varying thermal and performance requirements,
providing flexible options through our g-channel
and 8-channel product lines.

The N3000 is built for edge deployments where
thermal constraints, limited airflow, or high ambient
temperatures are common. Its 4-channel architecture
ensures stable, reliable 0S boot performance with
low power consumption. Features like secure boot,
encryption, power-fail protection, and remote
management make it particularly well-suited for
mission-critical industrial and embedded
applications, where durability and consistent

performance are essential.

For edge workloads demanding higher throughput
and ultra-low latency, the A1200 leverages an
8-channel PCle architecture to deliver maximum
sustained performance—ideal for Al inference, real-
time analytics, and video processing. When
combined with proper cooling solutions such as
heatsinks or sufficient airflow, it offers a high-
performance option tailored to compute-intensive
edge use cases.

By offering both the N3000 and A1200, Swissbit
delivers thermal-aware storage solutions that meet
the diverse power, performance, and environmental
demands of today's edge computing landscape.

1. Example #1: Thermal Reliability in Edge
Servers

A Swissbit customer faced the challenge of managing
excessive heat in their edge servers deployed in
compact, sealed environments with limited airflow.
Unlike traditional data centers with dedicated
cooling systems, their edge servers experienced heat
buildup near critical components, leading to
performance degradation and potential failure.

The customer found the solution in the Swissbit
N3ooo SSD, which addressed their thermal
challenges:

« low power consumption (~5W) reduces heat
generation

+ Wide temperature support (-40 to +85°C) ensures
stable performance in thermal stress

* No need for active cooling - ideal for fanless,
sealed environments

High reliability guarantees data integrity under

extreme conditions

The N3000's ability to operate without additional
cooling solutions helped the customer maintain
system stability and performance in mission-critical
applications.

Performance

Ambient temperature

Figure 6. Interplay between performance and ambient
temperature of two different SSDs (4-channel N3000 and
vs 8-channel A1200)




Cooling Mechanisms

While cooling mechanisms are effective, nothing
matches the reliability and efficiency of a well-
designed storage module that's engineered from the
ground up with thermal performance in mind.

+ ASPM (Active State Power Management): A power-
saving PCle feature that reduces heat by low-
ering device activity duringidle periods - helping
manage thermals passively.

+ Passive Cooling: Utilizes heat sinks and thermal
pads to dissipate heat silently and with minimal
maintenance. Best for low to moderate workloads.

+ Active Cooling: Involves fans or blowers to enhance
airflow, ideal for high-performance or space-
constrained environments.

« Airflow Management: Optimizes component
placement and ducting to direct cool air to
storage devices and remove hot air efficiently.

+ Heat Spreaders: Thin metal layers built into SSDs to
evenly distribute heat across the device, pre-
venting localized hotspots.

+ Liquid Cooling: Offers maximum cooling efficiency,
mainly in data centers. Rarely used for storage
alone but effective in system-wide thermal
management.

« Environmental Controls: Enclosures with HVAC or
climate control maintain stable ambient
temperatures, especially crucial at edge locations
or in harsh environments

Conclusion

Effective thermal management is critical to ensuring
the reliability, performance, and longevity of modern
storage systems. As devices operate, they generate
heat, which if not properly dissipated can cause
component degradation, instability, and data loss.
Understanding thermal impacts helps maintain data
integrity and prevent premature wear, especially as
workloads intensify.

Figure 7. Example an M.2 SSD with additional cooling
mechanisms and how it impacts ambient air spread and in
turn the need for thermal throttling.

The first thermal chart shows the drive without any
cooling. The second illustrates the effect of ASPM on
ambient temperature. The third shows the impact of
a heatspreader, and the fourth combines both ASPM
and a heatspreader. While the drive in the first
scenario begins to shut down at around 81°C, the
fourth configuration delays significant thermal
throttling until temperatures reach approximately
65-75°C.

Intoday's high-performance, high-density environments,
thermally optimized designs - such as efficient airflow,
advanced heat sinks, and intelligent throttling - are
essential. Proactive strategies like real-time monitoring
and dynamic cooling control further ensure stable
operation under stress. Addressing these challenges
directly enhances efficiency, reduces maintenance costs,
and extends the lifespan of storage infrastructure.
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Our vision
Building a connected world where data and identities are trusted to retain digital
sovereignty.

Our mission

We provide industry-leading data storage and endpoint protection solutions that
ensure reliable data storage, data protection, and secure access for critical applications.
This enables our customers to accelerate digital transformation across various industries.

Our production site

High-quality manufacture and mass customization factory established 2019 with
10.000m? floor space incl. clean room for 2 million units units per month, depending
on product mix
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Key segments we address

g Manufacturing & Automation

Data Center & Enterprise

«gb Network & Communications
éj% Defense & Aerospace
Healthcare

Transportation
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Reliable Data Storage Products

+ Industrial data storage
- Data storage for networking solution
- Enterprise data storage

swissbit

Digital Identity & Secure Access Solutions

- Authentication
+ Access control
- Identity management
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Data Protection Solutions

- IP and license protection
+ Secure boot
+ Encryption
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