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"70% of data center errors result from human mistakes. AI-
powered autonomous centers reduce these risks with robotics
and drones, while AI-driven cooling boosts efficiency, lowers
costs, and minimizes environmental impact."

In the early 20th century, the flick of a switch heralded a revolution—electricity. It illuminated homes,
powered factories, and reshaped economies overnight. This transformative technology drastically
slashed operational costs and turbocharged efficiency across industries. 

Today, we stand at the cusp of a similarly seismic shift in the world of data centers, driven by the
unprecedented power of AI. Data centers, the unseen engines of our digital age, are grappling with
mounting challenges. Maintaining optimal conditions and minimizing costly human errors are
paramount, especially when human errors account for a staggering 70% of all data center incidents  .
The stakes couldn't be higher, with operational disruptions leading to severe financial repercussions.

AI-driven solutions are poised to revolutionize data center operations
just as electricity once did. Through the integration of AI, data centers
are set to achieve new heights in efficiency, cost-effectiveness, and
sustainability. This chapter explores the revolutionary impact of AI on
data center cooling systems and robotics, unveiling a future where AI
not only enhances performance but also redefines the very
foundations of data center management.

One of the critical areas where AI is making a significant impact is in cooling systems that constitute
38% of a data center’s power usage, making it the largest operational cost for a data center. Effective
cooling is essential to prevent overheating, ensure smooth operations, and extend the lifespan of data
center equipment. Traditional cooling methods, while effective, are often energy-intensive and costly.
AI-driven cooling solutions, on the other hand, leverage predictive analytics, dynamic temperature
control, and renewable energy integration to optimize energy use. For example, predictive analytics
can enhance cooling efficiency by anticipating temperature spikes and adjusting resources in real-time,
leading to substantial energy savings and improved operational efficiency 

In addition to cooling, AI is revolutionizing the way data centers manage operational tasks through the
use of robotics and drones, with some sources projecting a payback period of 36 months and a
thenceforth reduction in the majority of the $10-25 million costs of a large data center. AI-powered
robots can handle routine tasks such as equipment installation, cable management, and maintenance
with precision and reliability, effectively eliminating human errors that account for a large percentage
of data center failures. Drones equipped with advanced sensors can perform real-time inspections and
monitoring, ensuring optimal performance and preventing costly downtimes. The rise of AI-powered
robots in data centers also presents a new market for the ITAD industry and IT maintenance companies.



1) Deployment of AI robotics to
reduce human errors 

2) Deployment of AI to make
Cooling Systems more efficient
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This chapter delves into AI's transformative impact on data center operations, focusing on two key areas: 

By examining the technological advancements and their financial implications, we aim to demonstrate
how AI is not just enhancing efficiency but fundamentally transforming the management of data centers. 

Problem 1: Human Errors in Data Centers

Human error remains a persistent and costly challenge in data centers, contributing significantly to the
high-profile IT outages that disrupt businesses and cause substantial financial losses each year. On
average, there are 10-20 major IT outages annually that lead to serious financial repercussions, business
interruptions, reputational damage, and, in extreme cases, even loss of life. Although the frequency of
outages has been declining—55% of operators reported an outage in the past three years, down from
60% in 2022 and 69% in 2021—the financial impact remains severe. A staggering 70% of data center
outages cost $100,000 or more, with 25% exceeding $1 million in damages.

Across 25 years of data, human error, directly or indirectly, accounted for a staggering 67% to 80% of
all downtime incidents. The most common cause of major human error-related outages is data center
staff failing to follow established procedures or processes, responsible for 48% of such incidents. This
is followed by incorrect processes being implemented by staff (45%) and installation issues (23%). The
repercussions of these errors are exemplified by significant financial losses reported in 2021 due to
outages. Amazon lost an estimated $34 million in revenue during a one-hour outage, Facebook lost
$100 million due to a five-hour disruption, and Alibaba faced a staggering $1 billion loss from a 20-
minute outage on their most important day of the year: Singles Day.
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Despite these challenges, there is a strong belief among data center managers that downtime is
preventable. A significant 78% of managers are convinced that improvements in processes,
management, and configurations can mitigate the risk of outages. This underscores the critical
need for rigorous training, adherence to protocols, and continuous improvement in operational
practices to reduce human error and enhance the resilience of data centers.

Solution: Robotics in Data Centers

Background

In the ever-evolving landscape of data centers, human error remains a persistent and costly
challenge, accounting for 67% to 80% of all downtime incidents. These outages not only disrupt
business operations but also lead to substantial financial losses, as seen in 2021 when Amazon lost
$34 million, Facebook $100 million, and Alibaba a staggering $1 billion due to single-day data
center outages.

The integration of AI-powered robots is set to revolutionize the data center industry, potentially
eliminating human error, enhancing efficiency, and significantly reducing costs. This technological
transformation signals a new era in data center operations, making them smarter, faster, and more
reliable.

The global data center robotics market was valued at $8.73 billion in 2022 and is projected to grow
at a compound annual growth rate (CAGR) of 22.1% from 2023 to 2030. This remarkable growth is
fueled by increased global investments in data centers, with $36 billion invested in 2023 alone,
and an impressive $22 billion in just the first five months of 2024. The rise of AI and the promise of
AI-powered robots reducing human error make these multi-million to billion-dollar single-day
losses a relic of the past. 
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By 2025, it is anticipated that 50% of all cloud data centers will deploy advanced robots with AI
and machine learning capabilities, driving a 30% increase in operating efficiency. Data center
operators are in a relentless pursuit of solutions to automate routine procedures and operations,
aiming to boost productivity and eradicate human error. Robots are stepping up to undertake
tasks such as equipment installation, cable management, and regular maintenance, thereby freeing
human workers to focus on more strategic initiatives. As data centers become increasingly packed
with computers and equipment, the available space for human technicians to navigate becomes
limited. Robots, however, can efficiently maneuver through these confined spaces.

Advanced AI-capable robots are also set to revolutionize drive decommissioning and destruction,
performing these tasks faster and more efficiently than humans. Especially for companies that
frequently conduct mass upgrades like cloud providers, these robots will be indispensable.
However, despite requiring software to operate, these robots are made of hardware components,
presenting a new market for the ITAD industry and IT maintenance companies. Equipped with
sensor probes, they can provide detailed server rack temperature data without invasive physical
hardware, detect irregularities, enhance remote monitoring, manage IT processes, and learn from
past scenarios to improve future efficiency. Predictive maintenance capabilities allow these robots
to forecast potential issues before they arise, ensuring timely maintenance and avoiding costly
downtimes. Additionally, they enhance physical security with capabilities like human temperature
checks via heat sensors and license plate recognition for parking facilities, playing a crucial role in
access control and visitor monitoring.

However, the rise of robotics in data centers is not without its challenges. The potential
displacement of human jobs and increased energy consumption are significant concerns. Data
centers already consume vast amounts of energy and resources—Google’s data centers, for
example, used approximately five billion gallons of fresh water for cooling purposes. While AI-
powered robots are expected to optimize data center efficiency, they will also likely drive
significant increases in energy consumption.
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FINANCIAL IMPACTS

The financial implications of integrating AI-powered robots into data center operations are
substantial. 54% of business leaders expect AI to deliver cost savings in 2024, and organizations
are under pressure to determine how and where AI can be applied for optimal business
outcomes. In data center operations, AI has the potential to transform the data lifecycle and
enhance the management of critical operations and infrastructure.

Robotic process automation (RPA), also known as software robotics, uses intelligent automation
technologies to perform repetitive tasks traditionally handled by humans. The software segment
of the >$10 billion global data center robotics market is expected to grow at a CAGR of 22.8%
from 2023 to 2030. Businesses typically achieve an average ROI of 250%, recouping their initial
investment within six to nine months after RPA deployment, with potential ROI reaching up to
380%. Although the ROI varies depending on the size and scope of automation, any automatic
solution implemented in data centers should have an ROI of less than 36 months, progressively
improving operating costs through continuous learning and adaptation.

The average yearly cost to operate a large data center ranges from $10 million to $25 million,
with nearly half spent on hardware, software, disaster recovery, continuous power supplies, and
networking. Another large portion is allocated to ongoing maintenance of applications and
infrastructure, while the rest covers heating, air conditioning, property and sales tax, and labor
costs. These costs can be significantly reduced by AI-powered robots. By achieving an ROI of
less than 36 months upon RPA deployment and reducing the majority of the $10-25 million
annual costs of data centers, the future financial impact of AI robots in data centers appears
promising.

MARKET TRENDS

The global data center robotics market, valued at $8.73 billion in 2022, is projected to grow at a
CAGR of 22.1% from 2023 to 2030. This growth is driven by increased investments in data
centers and the rise of AI. AI-powered robots promise to reduce human error in data centers,
making multi-million to billion-dollar single-day losses a thing of the past.

In 2022, the hardware segment held the highest revenue share of 43.2% in the data center
robotics market due to increasing data center demand, technological advancements,
customization capabilities, scalability, safety improvements, and the need for operational
efficiency. However, the software segment is expected to register the fastest growth, with a
CAGR of 22.8% between 2023 and 2030, driven by AI advancements.

The on-premise deployment segment held the highest revenue share of 52%, driven by
customized solutions, low latency, operational control, data security, and task versatility. As
data centers continue to prioritize efficiency, automation, and responsiveness, the on-premise
deployment model remains attractive for integrating robotics directly into their operational
workflows. The cloud deployment segment is expected to register growth at a CAGR of 20.8%
over the forecast period, thanks to its advantages in scalability, remote management, rapid
deployment, access to advanced technologies, cost efficiency, and integration with analytics.
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In 2022, the industrial robots segment accounted for the largest revenue share, contributing 36.7%
of the overall market. This growth is attributed to the automation of various tasks such as
maintenance and repair, equipment installation, increased efficiency, and reduced downtime. The
collaborative robots segment is expected to register a CAGR of 23.4% through 2030, driven by its
diverse IT expertise.

North America held the largest market share of 38.42% in 2022 due to the region's robust IT
infrastructure, large number of data centers, and innovative advancements.

DENSO Robotics

Another major player is DENSO Robotics, a publicly traded Japanese company valued at
approximately $50 billion, with $11 billion in revenue in 2023. 

ABB

One of the largest players in the data center robotics market is ABB, a publicly traded Swedish-
Swiss company valued at approximately $103 billion, with $32 billion in revenue in 2023. 

ABB offers a variety of robotics solutions designed to
enhance the efficiency and reliability of data center
operations. For instance, the IRB 910SC SCARA robot is
used for tasks such as assembling server components,
handling delicate electronic parts, and managing
repetitive tasks with high speed and accuracy, reducing
manual labor and improving consistency. 

The IRB 6700, a robust, high-payload industrial robot, is used for moving large server racks,
installing heavy components, and managing maintenance tasks that require significant strength
and precision. ABB’s Autonomous Mobile Robots (AMRs) are designed to transport materials
autonomously within data centers, navigating complex environments and carrying tools, parts, and
other materials to various locations within the facility. The YuMI Collaborative Robot works safely
alongside humans, performing tasks requiring high precision and flexibility, such as assembling
small electronic components, testing, and quality control.

DENSO offers a range of advanced robotic
solutions tailored for various industries,
including data centers. The COBOTTA PRO, one
of the fastest collaborative robots, is used to
handle electronic parts and perform
inspections alongside humans. 

The 4-Axis SCARA Robot handles component assembly, testing, and maintenance tasks, reducing
manual intervention and increasing efficiency. The VL2500 robot manages tasks such as moving
large server racks, installing heavy components, and handling maintenance operations that
require substantial strength and precision.



Problem 2: Inefficient Traditional Cooling Systems

Background: What are Cooling Systems and why are they needed?

One of the critical challenges in operating data centers is managing the heat generated by the
densely packed electronic equipment. Effective cooling systems are essential to maintain
operational efficiency, prevent equipment failures, and extend the lifespan of the data center
infrastructure.

The necessity of cooling in data centers arises primarily from the significant amount of heat
produced by IT equipment during operation. Servers, storage devices, and networking gear
convert most of the electrical power they consume into heat. If not managed properly, this heat
can lead to overheating, resulting in hardware malfunctions, data loss, and potentially
catastrophic failures. The components within servers, such as CPUs and GPUs, can reach critical
temperature thresholds rapidly, requiring continuous and effective cooling to ensure stable
performance. Cooling systems in data centers serve multiple functions. They maintain the optimal
temperature range for all electronic components, manage humidity levels, and ensure the overall
stability of the environment. 

The optimal operational temperature for most IT equipment is between 18°C and 27°C, with a
relative humidity range of 20% to 80%  . Deviation from these ranges can cause condensation,
corrosion, and static discharge, all of which can damage sensitive electronic components.

The financial implications of inadequate cooling in data centers are significant. Overheating can
lead to frequent hardware replacements and increased maintenance costs. For example, a data
center with 1,000 servers might experience an annual failure rate of 5% due to overheating,
leading to replacement costs of approximately $2,000 per server. 

This results in a direct cost of $100,000 per year. Additionally, downtime costs can be substantial. 

7
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If a critical system fails due to overheating, it could lead to downtime costs averaging $5,600 per
minute, according to a 2016 study by the Ponemon Institute. For a data center experiencing an
average of 30 minutes of downtime per year due to thermal issues, this would amount to $168,000
in annual downtime costs.

Furthermore, cooling systems account for a considerable portion of a data center’s operational
expenses. Approximately 38% of the total electricity consumed by a data center is attributed to
cooling systems, making it the largest data center energy-consuming data center operation.To
contextualize this, consider a medium-sized data center with a power usage effectiveness (PUE)
ratio of 1.7, where the total energy consumption is 10 megawatts (MW). 

The cooling system's share would be 3.8 MW. At an average electricity cost of $0.10 per kWh, the
annual cost for cooling alone would be around a staggering $3.33 million. This substantial financial
outlay emphasizes the importance of optimizing cooling efficiency to reduce operational costs.

A. Current Cooling Technologies

The current cooling systems in data centers are a mix of traditional and innovative techniques,
each with its own set of advantages and challenges. As data centers continue to evolve, driven by
the demands of AI and other advanced technologies, the importance of efficient, sustainable, and
cost-effective cooling solutions cannot be overstated. The integration of AI in data center
management promises to further revolutionize these systems, optimizing cooling strategies,
reducing operational costs, and minimizing environmental impact. 



Cooling Technique Description
Companies

Name
Financial Implications

Air Cooling

Uses air
conditioning, fans,
and vents to
circulate ambient
air.

Digital Realty,
Google

High energy consumption,
potentially higher operational costs
especially in warmer climates.
Energy costs can be around
$500,000 per year for a 1 MW data
center   .

Liquid Cooling

Uses coolants that
circulate through a
pipe network,
absorbing heat
from IT
equipment.

Intel, Google,
LiquidStack

Superior heat removal, reduced
energy costs by up to 30%, but
complex setup and potential high
initial costs. Initial setup can range
from $500,000 to $2 million 
(DataCenters)   (Mordor Intelligence) 
.

Immersion Cooling

IT components are
submerged in
dielectric fluids
that cool by
absorbing heat.

Google, Intel,
Submer

Highly efficient temperature
management, significant energy
savings (up to 40%), but costly and
tricky to implement. Initial
investment can be around
$800,000 to $3 million  (Digital
Realty)   (Mordor Intelligence) .

Evaporative Cooling

Draws outside air,
cools it using
water evaporation
before deploying
to cool equipment.

Aligned Data
Centers

Energy-efficient, lower operational
costs in suitable climates, but high
dependence on water availability.
Can reduce energy usage by up to
70%, water costs can be significant 
(Digital Realty)   (DataCenters) .

Free Cooling

Uses external
conditions like
cooler outside air
or water to cool
data centers.

Google, PhonePe

Massive energy savings, effective in
favorable climates, but limited to
regions with colder climates. Can
save up to 50% on energy costs 
(blog.google)   (DataCenters) .

Calibrated Vectored Cooling (CVC)

Optimizes airflow
path via
equipment for
high-density
servers.

vXchnge

Enhances cooling efficiency,
potentially lower operational costs
due to optimized airflow
management. Savings on energy
costs can be around 15%

Chilled Water System

Uses chilled water
to cool air being
brought in by air
handlers.

vXchnge

Effective for mid-to-large-sized
data centers, can reduce energy
consumption if properly managed.
Initial setup costs around
$500,000 to $1.5 million 

Cold Aisle/Hot Aisle Containment
Alternates rows of
cold and hot aisles
to manage airflow.

Many data centers
globally

Maximizes cooling efficiency,
reduces energy consumption by up
to 20%, and prevents overheating

9
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B. AI-based Cooling Systems and their Financial Implications

Data centers are essential to the modern digital landscape, providing the infrastructure necessary
for data storage, processing, and management. However, they face significant challenges related
to heat generation and energy consumption, especially for cooling purposes. Traditional cooling
systems often lack the efficiency and adaptability required to manage the dynamic and high-
density environments of contemporary data centers. AI-based cooling systems offer innovative
solutions to these challenges by leveraging advanced algorithms and machine learning to optimize
cooling efficiency, reduce energy consumption, and lower operational costs. Here we are going to
explore just 3, of   the many proposed, AI-based cooling systems: Predictive Analytics, Dynamic
Temperature Control, and Zonal Cooling, focusing on their quantitative and financial impacts.

Predictive Analytics1.

Predictive analytics involves the use of historical and real-time data to forecast future cooling
requirements, enabling data centers to adjust cooling strategies proactively. Predictive analytics
can significantly enhance cooling efficiency by anticipating temperature spikes and adjusting
cooling output accordingly. This approach minimizes energy wastage and ensures that cooling
resources are used effectively. For a medium-sized data center consuming 10 MW of power, with
38% allocated to cooling (3.8 MW), predictive analytics can lead to a 30% increase in cooling
efficiency, resulting in energy savings of 1.14 MW. This translates to an annual cost saving of
approximately $999,960, assuming an average electricity cost of $0.10 per kWh.

Furthermore, Stergiou and Psannis (2022) highlight that predictive analytics can identify potential
failures in cooling equipment before they occur. By continuously monitoring the performance of
cooling units and analyzing data trends, AI systems can detect anomalies that may indicate
impending failures. This predictive maintenance capability reduces downtime and extends the
lifespan of cooling equipment, enhancing the overall reliability and efficiency of data center
operations. If predictive maintenance reduces failure rates by 20%, and assuming an annual
hardware replacement cost of $100,000, the savings would be $20,000 per year.

2. Dynamic Temperature Control

Dynamic temperature control systems employ AI to monitor and adjust temperatures in real-time,
ensuring optimal cooling performance at all times. Unlike traditional systems that operate on fixed
schedules or set points, dynamic temperature control systems adapt to real-time conditions. Zhao,
Cai, et al. (2022) describe how AI algorithms can dynamically adjust cooling parameters based on
real-time data from temperature sensors, workload distribution, and environmental conditions,
allowing for precise temperature control and reducing the risk of overheating. Implementing
dynamic temperature control can improve cooling efficiency by 25%, reducing energy
consumption by 0.95 MW for a data center with 3.8 MW dedicated to cooling. This results in annual
cost savings of $832,200.

Zhao, Chang, et al. (2022) further explain that dynamic temperature control systems can balance
cooling loads across different areas of the data center. By dynamically adjusting the cooling
output based on the heat generated by servers and other equipment, these systems can prevent
hotspots and ensure even temperature distribution. This not only improves cooling efficiency but
also enhances the overall performance and stability of the data center. Dynamic temperature
control systems are particularly effective in high-density environments where cooling demands
can vary significantly over time. Additionally, reducing cooling-related downtime by 15% can save
$25,200 annually, assuming a total downtime cost of $168,000 per year.
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3. Zonal Cooling

Zonal cooling involves dividing the data center into different zones, each with its own cooling
requirements and controls. AI-based zonal cooling systems use advanced algorithms to manage
the cooling of individual zones independently, optimizing energy use and improving cooling
efficiency. Zonal cooling allows for more targeted and efficient cooling, as different areas of the
data center can have varying cooling needs depending on equipment density and workload. For a
data center with 3.8 MW dedicated to cooling, zonal cooling can improve efficiency by 20%,
resulting in energy savings of 0.76 MW and annual cost savings of $665,760.

Ultimately, AI algorithms can analyze real-time data from temperature sensors and adjust the
cooling output for each zone accordingly. By focusing cooling efforts on the areas that need it the
most, zonal cooling systems reduce energy consumption and prevent overcooling. This approach
not only enhances cooling efficiency but also improves the overall performance and reliability of
the data center. Zonal cooling is particularly beneficial in large data centers with diverse workloads
and equipment configurations, where cooling needs can vary significantly between different areas.
Extending the lifespan of cooling equipment by 10% can save an additional $20,000 annually,
assuming a cooling equipment replacement cost of $200,000 per year.

FINANCIAL IMPACT FOR A
MEDIUM-SIZED DATA CENTER

To illustrate the financial impact of AI-based cooling systems, we will analyze a medium-sized data
center with 10 MW total energy consumption and 3.8 MW dedicated to cooling. The following table
summarizes the annual cost savings achievable through the implementation of Predictive
Analytics, Dynamic Temperature Control, and Zonal Cooling.

If we put this into context for certain hyperscaler data centers, which according to sources can use
up to 150 MW of energy, the savings can be a staggering $38.4M. These figures illustrate how by
leveraging AI-based cooling systems, data centers can achieve significant improvements in energy
efficiency, operational reliability, and cost savings. These technologies not only enhance the
performance and reliability of data centers but also contribute to sustainability efforts by reducing
the carbon footprint associated with cooling operations, aligning with the ITAD industry’s core
mission. As data centers continue to grow in size and complexity, the adoption of AI-based cooling
systems will be essential for ensuring efficient, cost-effective, and sustainable operations.
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In conclusion, the integration of AI in data centers marks a
transformative shift that promises to enhance operational efficiency,
reduce costs, and minimize human error. As highlighted throughout
this paper, AI-driven solutions such as autonomous data centers,
predictive analytics, dynamic temperature control, and zonal cooling
are poised to revolutionize the industry.

The transition to AI-based autonomous systems significantly reduces
the risks associated with human error, which accounts for a
substantial portion of data center outages and associated financial
losses. AI-controlled robotics and drone technology, coupled with
edge data centers and autonomous systems, can effectively eliminate
these risks, resulting in more reliable and cost-efficient operations.
The global data center robotics market is projected to grow at a
compound annual growth rate (CAGR) of 22.1% from 2023 to 2030,
highlighting the substantial investments and interest in these
technologies.

Moreover, AI-driven cooling solutions offer a compelling case for
improving energy efficiency and sustainability. Overall, these AI-based
cooling systems can result in total annual savings of $2.56 million for a
medium-sized data center. For hyperscale data centers consuming up
to 150 MW of energy, the potential savings are even more staggering,
reaching up to $38.4 million annually. These financial savings are
crucial for data centers, which face significant operational costs.

This technological advancement not only boosts productivity but also allows human workers to focus on
more strategic initiatives, driving overall improvements in data center operations. Additionally, it opens
up new opportunities for ITAD and IT maintenance companies, as these robots consist of both hardware
and software. As the market for AI-powered robots grows and innovation continues, the need for regular
AI-robot refresh cycles may emerge, creating a new niche within the industry.

In essence, the integration of AI into data centers is not just a technologic   al upgrade but a strategic
imperative that aligns with the goals of efficiency, cost-effectiveness, and sustainability. As the digital
landscape continues to evolve, the adoption of AI-driven solutions will be essential for data centers to
meet the increasing demands for performance, reliability, and environmental responsibility. This paper
provides a comprehensive overview of the potential benefits and financial implications of AI in data
centers, highlighting its pivotal role in shaping the future of this critical industry.

Furthermore, the rise of AI-powered robotics in data centers is set to
enhance operational efficiency by automating routine tasks, reducing
human error, and improving maintenance processes. Robots can
efficiently maneuver through confined spaces, handle equipment
installation, cable management, regular maintenance, and even
perform predictive maintenance to forecast potential issues before
they arise, ensuring timely intervention and avoiding costly
downtimes. 


