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Data Center Energy Efficiency

Cooling Optimization Strategies

CRAC – Cooling Rack Air Conditioner. A CRAC unit is a dedicated piece of equipment that supplies
conditioned air directly to the server rack environment. The device typically uses a refrigerant‑based cycle to
lower the temperature of the incoming air and may incorporate humidity control. In a traditional data
center layout, one or more CRAC units are positioned along the raised floor perimeter, delivering cool air
under the floor and drawing warm air back through return ducts. Practical application: a 20 kW rack load can
be served by a CRAC unit rated at 15 kW of cooling capacity, allowing a safety margin for peak loads. A
common challenge is the “hot‑aisle–cold‑aisle” configuration mismatch, where the hot air plume from the
top of the rack re‑enters the cold aisle, forcing the CRAC to work harder and reducing overall efficiency.

CRAH – Cooling Rack Air Handler. Unlike a CRAC, a CRAH unit does not contain a refrigerant compressor;
instead it circulates chilled water supplied by an external chiller plant. The chilled water removes heat from
the air passing through the coil, and the resulting cooled air is delivered to the data hall. Because the
refrigeration cycle is centralized, CRAH units can be smaller, less expensive, and easier to maintain. Example:
a data center with a 10 MW cooling load may use a single 5 MW chiller plant feeding multiple CRAH units,
each handling 500 kW of rack heat. A challenge for CRAH deployment is the need for reliable water loop
infrastructure; leaks or pump failures can cause rapid temperature spikes that jeopardize equipment.

PUE – Power Usage Effectiveness. PUE is a dimensionless metric defined as the ratio of total facility energy
consumption to the energy used by IT equipment. A PUE of 1.5 indicates that for every watt delivered to
servers, an additional 0.5 W is consumed by cooling, power distribution, and ancillary systems. While not a
cooling‑specific term, PUE drives the selection of optimization strategies because any reduction in cooling
load directly improves the metric. For instance, implementing a raised‑floor containment system can lower
the cooling load by 20 %, thereby reducing PUE from 1.6 to roughly 1.5. The main difficulty in using PUE is
accurate measurement; sub‑metering is required to isolate IT power from infrastructure power, and
variations in workload make consistent reporting challenging.

Containment – The practice of physically separating hot and cold air streams to prevent mixing. Two
primary forms exist: cold‑aisle containment (CAC) enforces a sealed envelope around the cold aisle, and
hot‑aisle containment (HAC) encloses the hot aisle. Containment reduces the volume of air that must be
conditioned, allowing CRAC or CRAH units to operate at lower fan speeds. Real‑world example: a 5 MW data
center that installs CAC can reduce its cooling power by up to 30 %, translating into a PUE improvement of
0.1–0.2. Implementation challenges include retrofitting existing facilities, ensuring adequate clearance for
cabling, and maintaining access for maintenance personnel without breaking the seal.

Free Cooling – Utilization of ambient outdoor air or water sources to provide cooling without mechanical
refrigeration. Two common methods are “air‑side economizers,” which bring in cool outside air when the
external temperature is below a set threshold, and “water‑side economizers,” which use chilled water from a
cooling tower when the wet‑bulb temperature permits. Example: a data center located in a temperate
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climate can operate with air‑side economizers for 8 months of the year, reducing chiller electricity
consumption by 40 %. Challenges include managing humidity, preventing ingress of dust or pollutants, and
ensuring that rapid temperature swings do not affect server reliability.

Airflow Management – The set of techniques used to direct and balance the movement of air throughout
the data hall. Key components include blanking panels, perforated floor tiles, and variable‑speed fans.
Blanking panels fill unused rack spaces, eliminating bypass airflow that can short‑circuit cooling. Perforated
tiles provide controlled pressure drop, allowing precise airflow rates per rack. Variable‑speed fans adjust
flow in response to real‑time temperature sensors, reducing fan power when loads are low. A practical case:
after installing blanking panels, a data center observed a 12 % reduction in CRAC fan energy, while
temperature variance across the hot aisle stayed within ±1 °C. The primary difficulty is achieving a stable
pressure balance; over‑pressurization can cause air to leak out of containment, while under‑pressurization
may draw warm air into the cold aisle.

Hot‑Aisle/Cold‑Aisle Configuration – The physical arrangement of server racks so that the fronts of the
servers (intake) face one direction (cold aisle) and the rears (exhaust) face the opposite direction (hot aisle).
This configuration creates a predictable airflow path that can be managed by CRAC/CRAH units. Example: a
standard 42 U rack with a 2 kW power density typically requires 0.5 m of clearance between racks to
maintain the aisle separation. Problems arise when cable trays or power distribution units protrude into the
aisles, disrupting airflow and causing hotspots.

Thermal Zoning – Dividing a data center into distinct zones with separate temperature set points based on
equipment density or workload characteristics. Zones may be defined by physical barriers, different CRAC/
CRAH control loops, or separate sensor clusters. For instance, a zone housing high‑density GPU clusters
may be set to 20 °C, while a zone with low‑density storage arrays may be allowed to operate at 24 °C. This
approach enables targeted cooling, reducing overall energy consumption. The difficulty lies in coordinating
control loops to avoid “thermal spillover,” where a cooler zone inadvertently draws heat from a neighboring
warmer zone, forcing both to work harder.

Computational Fluid Dynamics (CFD) – A simulation technique that models airflow, temperature, and
pressure throughout a data center using numerical methods. CFD tools can predict hotspots, evaluate
containment effectiveness, and guide the placement of cooling equipment. Example: a CFD analysis of a
10 MW data hall identified a stagnation zone behind a power distribution unit, prompting the relocation of
a perforated tile and the addition of a supplemental fan, which eliminated a 5 °C temperature rise.
Challenges include the need for accurate input data (equipment heat profiles, floor layout) and the
computational resources required for high‑resolution models.

Variable‑Speed Fans – Fans whose rotational speed can be adjusted in real time, typically via a
variable‑frequency drive (VFD). By matching airflow to the actual cooling demand, fan power can be
reduced dramatically because fan power scales with the cube of speed. For example, lowering fan speed by
20 % can reduce fan power by roughly 50 %. Practical implementation: a CRAC unit with a VFD can
automatically reduce fan speed during periods of low IT load, saving energy without compromising
temperature control. The main obstacle is ensuring that the control system can respond quickly enough to
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prevent temperature excursions during rapid load changes.

Chiller Plant – Centralized refrigeration system that provides chilled water to CRAH units or directly to
cooling coils. Chillers can be of various types, such as centrifugal, screw, or absorption, each with different
efficiency characteristics. In a large data center, a chiller plant may be sized to handle peak loads plus a
safety margin of 10–15 %. An example of optimization: installing a variable‑capacity chiller that modulates
its compressor speed based on load can achieve a coefficient of performance (COP) improvement of 10 %
compared with a fixed‑speed chiller. The challenges include high capital cost, maintenance complexity, and
the need for reliable water treatment to prevent scaling and corrosion.

Cooling Load – The amount of heat that must be removed from the data center to maintain equipment
within acceptable temperature limits. It is usually expressed in kilowatts (kW) or British thermal units per
hour (BTU/h). Cooling load is directly proportional to IT power consumption; a rough rule of thumb is that
1 kW of IT power generates about 1 kW of heat that must be extracted. Accurate measurement of cooling
load requires sub‑metering of power and temperature sensors across the facility. A challenge is that
transient spikes, such as batch processing jobs, can cause short‑term load increases that are difficult to
predict and may require over‑provisioning of cooling capacity.

Energy Recovery – The process of capturing waste heat from the data center and using it for secondary
purposes, such as building heating, domestic hot water, or absorption chilling. For example, a data center
that produces 5 MW of waste heat can supply a nearby office building with hot water, offsetting the
building’s heating load and improving overall site energy efficiency. Implementation barriers include the
need for heat exchangers, additional piping, and agreements with adjacent facilities to accept the recovered
energy.

Thermal Sensors – Devices that measure temperature, humidity, and sometimes airflow velocity at specific
points within the data hall. Common sensor types include thermistors, resistance temperature detectors
(RTDs), and digital temperature sensors. Sensors are typically placed at rack inlets, exhausts, and in the hot
aisle to provide real‑time data for control algorithms. Example: a sensor network with 200 nodes can feed a
building management system (BMS) that dynamically adjusts CRAC set points, resulting in a 5 % reduction
in cooling energy. A major difficulty is sensor calibration and placement; inaccurate readings can lead to
inappropriate cooling actions and potential equipment damage.

Set Point – The target temperature (or humidity) value that a cooling system strives to maintain. In most
data center guidelines, the recommended inlet temperature set point is between 18 °C and 27 °C, allowing
flexibility based on equipment specifications. Lower set points increase cooling demand, while higher set
points reduce energy consumption but may approach the thermal limits of certain hardware. An illustrative
case: raising the inlet set point from 21 °C to 24 °C reduced chiller load by 12 % without impacting server
performance. The challenge is ensuring that all equipment vendors support the chosen set point, as some
legacy devices may have narrower operating temperature ranges.

Economizer Mode – An operating state of a CRAC/CRAH unit where mechanical cooling is disabled and only
fans or pumps circulate air or water, relying on ambient conditions for heat removal. Economizer mode is
triggered when the outside air temperature and humidity meet defined criteria (e.g., wet‑bulb temperature
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below 12 °C). In practice, a data center may switch to economizer mode for 8–10 hours per day during
cooler months, achieving substantial energy savings. The difficulty lies in ensuring that the transition back to
mechanical cooling is seamless and that humidity control remains within acceptable limits.

Temperature Gradient – The difference in temperature between two points, typically the inlet and exhaust of
a rack. A small gradient (e.g., 5 °C) indicates efficient heat removal, while a large gradient (e.g., >15 °C)
suggests insufficient cooling or poor airflow. Monitoring temperature gradients helps identify hotspots and
validate cooling strategies. For example, after installing blanking panels, a data center observed a reduction
in average inlet‑exhaust gradient from 12 °C to 7 °C, confirming improved airflow distribution. Challenges
include sensor placement accuracy and accounting for variations caused by different workload types.

Air‑Side vs. Water‑Side Economizer – Two distinct approaches to free cooling. Air‑side economizers
exchange indoor air with cooler outdoor air, while water‑side economizers use cooling towers to lower the
temperature of chilled water that circulates through CRAH coils. Air‑side economizers are simpler but
require low outdoor humidity and filtration; water‑side economizers are more complex but can operate in a
broader range of climates because they rely on evaporative cooling. A typical scenario: a data center in a
humid coastal region may prefer water‑side economizers to avoid moisture‑related issues, whereas a desert
facility may benefit from air‑side economizers due to low humidity.

Heat Exchanger – A device that transfers thermal energy between two fluid streams without mixing them. In
data center cooling, plate‑type or shell‑and‑tube heat exchangers are used to transfer heat from chilled
water to the secondary loop, or to recover waste heat. Example: a plate heat exchanger can achieve a
temperature lift of 5 °C between the primary chilled water loop and the secondary loop feeding CRAH units,
improving overall system efficiency. The main concerns are fouling (debris buildup) and pressure drop,
which can degrade performance over time.

Direct Expansion (DX) Cooling – A cooling method where refrigerant directly evaporates within the
air‑handling coil, eliminating the need for a chilled water loop. DX units are common in smaller data centers
or edge facilities due to their compact footprint. However, DX systems generally have lower efficiency at
high loads compared with water‑side cooling. An example: a 200 kW edge data center may deploy a DX
CRAC unit, achieving a COP of 2.5, whereas a comparable water‑side system could reach a COP of 4.0. The
challenge is scaling DX technology to higher loads without incurring excessive energy consumption.

Humidity Control – Maintaining relative humidity (RH) within a prescribed range, typically 40 %–60 %, to
prevent static electricity buildup and condensation on equipment. Humidity is controlled using humidifiers,
dehumidifiers, or by adjusting the temperature set point (since colder air holds less moisture). Example: a
data center experiencing low RH (below 30 %) installed steam humidifiers that increased RH to 45 % without
affecting temperature set points. The difficulty lies in balancing humidity with temperature, especially when
using economizer mode, where outdoor air may be too dry or too moist for optimal operation.

Dynamic Thermal Management (DTM) – An advanced control strategy that uses real‑time sensor data,
predictive analytics, and machine learning to adjust cooling parameters proactively. DTM can forecast
upcoming load spikes based on historical patterns and pre‑emptively ramp up cooling capacity, or
conversely, lower cooling when a lull is predicted. A practical implementation: a DTM system reduced
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average fan speed by 15 % over six months while maintaining temperature compliance, thanks to accurate
load predictions. The principal obstacles are the need for high‑quality data, algorithm validation, and
integration with existing building management systems.

Hot Spot – A localized area where temperature exceeds the acceptable threshold, often caused by
inadequate airflow, equipment density, or failed cooling components. Hot spots can lead to equipment
throttling or failure if not addressed promptly. Detection methods include infrared thermography, sensor
arrays, and CFD simulations. For instance, an infrared survey revealed a 10 °C hot spot behind a power
distribution unit, prompting the addition of a supplemental fan that eliminated the temperature anomaly.
Challenges include the transient nature of hot spots and the difficulty of accessing concealed rack spaces
for remediation.

Airflow Balancing – The process of adjusting supply and return air volumes to achieve a uniform pressure
distribution across the data hall. Balancing is typically performed using variable‑air‑volume (VAV) dampers,
fan speed control, and pressure sensors. Proper balancing reduces recirculation of warm air into cold aisles
and minimizes energy waste. A case study: after performing airflow balancing, a data center reduced CRAC
fan power by 8 % and eliminated temperature gradients greater than 3 °C across the aisle. The main
difficulty is maintaining balance over time as equipment changes and filters become clogged.

Supply Air Temperature (SAT) – The temperature of the air delivered by the cooling system to the server
inlets. SAT is a key control variable; lowering SAT increases the temperature margin but raises cooling
demand, while raising SAT reduces energy use but narrows the margin. Industry guidelines often
recommend SAT values between 7 °C and 15 °C, depending on equipment specifications. Example: raising
SAT from 10 °C to 14 °C reduced chiller power by 9 % without violating server inlet temperature limits. The
trade‑off is that higher SAT may increase humidity levels, requiring additional dehumidification.

Return Air Temperature (RAT) – The temperature of the air exiting the server exhaust and returning to the
cooling system. Monitoring RAT helps assess the effectiveness of heat removal; a high RAT indicates that the
cooling system is not extracting enough heat. In a well‑balanced system, RAT is typically 5 °C–10 °C higher
than SAT. An illustration: a data center observed RAT rising to 30 °C during a peak load, prompting an
automatic increase in CRAC fan speed, which restored RAT to the target range of 22 °C–25 °C. Challenges
include ensuring that RAT sensors are placed in representative locations and not influenced by localized
recirculation.

Pressure Differential – The difference in air pressure between two zones, such as between the cold aisle and
the surrounding space. Maintaining a slight positive pressure in the cold aisle (e.g., 10 Pa) helps prevent
warm air infiltration. Pressure differentials are measured with differential pressure sensors and controlled via
VAV dampers. Example: a pressure differential of 15 Pa between the cold aisle and the room prevented hot
air from entering the containment envelope, improving cooling efficiency by 4 %. Maintaining a stable
pressure differential can be challenging due to fan speed fluctuations and door openings.

Airflow Rate – The volume of air moved per unit time, typically expressed in cubic feet per minute (CFM) or
cubic meters per hour (m³/h). Airflow rate determines the capacity of CRAC/CRAH units to remove heat. For
a rack dissipating 5 kW, a typical airflow requirement is about 150 CFM (≈4 m³/min) at a temperature rise of
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10 °C. Accurately sizing airflow prevents over‑cooling (wasted energy) and under‑cooling (risk of
overheating). A challenge is that airflow rate is affected by duct leakage, filter condition, and fan wear, all of
which degrade performance over time.

Energy Efficient Cooling (EEC) – A design philosophy that prioritizes low‑energy consumption while meeting
thermal requirements. EEC strategies include high‑efficiency chillers, variable‑speed fans, economizer
operation, and intelligent control algorithms. The goal is to achieve a low PUE and reduce operational
expenditures. For example, an EEC‑designed data center achieved a PUE of 1.25, compared with a legacy
design that operated at 1.55. Barriers to EEC adoption include higher upfront capital costs, the need for
specialized expertise, and the complexity of integrating multiple optimization techniques.

Heat Load Distribution – The spatial arrangement of heat sources within the data hall. Uniform distribution
simplifies cooling design, whereas clustered high‑density zones require targeted cooling solutions. Mapping
heat load distribution is often performed using thermal imaging or sensor data aggregation. A practical
outcome: after re‑arranging high‑density racks into a dedicated zone with dedicated CRAH units, the overall
cooling power decreased by 7 % because the remaining space could be cooled with lower‑capacity
equipment. The difficulty lies in planning for future growth; reallocating racks later can be disruptive.

Thermal Envelope – The boundary that defines the volume of air being conditioned for a specific zone or
containment system. The envelope includes the floor, walls, ceiling, and any containment panels. A
well‑defined thermal envelope minimizes leakage and ensures that the cooling system works on a known
air volume. For instance, a cold‑aisle containment envelope that encloses a 3 m × 10 m area reduces the
conditioned air volume by 40 % compared with an open layout. Maintaining the integrity of the envelope
over time requires regular inspections to detect gaps caused by cable trays, doors, or maintenance
activities.

Cooling Tower – A component of a water‑side cooling system that rejects heat to the atmosphere by
evaporative cooling. The tower receives warm water from the chiller condenser, cools it through contact
with air, and returns the cooled water to the chiller. Cooling towers are essential for water‑side economizer
operation. Example: a cooling tower with a capacity of 5 MW can support a chiller plant serving a 10 MW
data center when combined with variable‑speed pumps. The main challenges are water consumption, drift
(water droplets carried with the exhaust air), and the need for chemical treatment to prevent scaling and
biological growth.

Variable‑Capacity Chiller – A chiller that can modulate its cooling output by adjusting compressor speed,
suction pressure, or refrigerant flow, rather than operating at a fixed capacity. This flexibility allows the
chiller to match cooling demand more closely, improving the coefficient of performance (COP). For
example, a variable‑capacity centrifugal chiller can achieve a COP of 6.5 at part‑load, compared with a
fixed‑speed chiller’s COP of 4.5 under the same conditions. Implementation obstacles include higher
purchase price, more complex control strategies, and the need for precise load forecasting.

Heat Recovery Chiller – A chiller that utilizes waste heat from another process (often the exhaust of a
primary chiller) to improve overall efficiency. In a data center, a heat recovery chiller can be paired with a
primary chiller to capture heat that would otherwise be rejected to the environment. This recovered heat
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can be used for district heating or domestic hot water. A case study: a data center integrated a heat
recovery chiller that supplied hot water to a neighboring office building, resulting in a 5 % reduction in total
site energy consumption. The difficulty is coordinating the operation of both chillers to avoid conflicts and
ensuring a stable heat source for the secondary application.

Dry Cooler – A heat exchanger that cools water (or another fluid) without using evaporation, typically by
exposing the fluid to ambient air. Dry coolers are used when water consumption must be minimized or
when the climate does not support effective evaporative cooling. In a data center, a dry cooler can serve as
a backup to a cooling tower, providing cooling capacity during low‑humidity conditions. Example: a dry
cooler rated at 2 MW can handle part‑load cooling during winter months, reducing the need for chilled
water circulation. The trade‑off is lower cooling efficiency compared with evaporative towers, especially in
hot climates.

Thermal Management Software – Applications that collect sensor data, visualize temperature maps, and
provide control interfaces for cooling equipment. These platforms often integrate with building
management systems (BMS) and support alarm thresholds, historical trend analysis, and automated
corrective actions. An example: a thermal management suite that triggers an alarm when inlet temperature
exceeds 27 °C, automatically increasing CRAC fan speed and notifying facilities staff. Challenges include data
integration from heterogeneous sensor networks, ensuring cybersecurity, and avoiding false positives that
could lead to unnecessary cooling.

Heat Map – A visual representation of temperature distribution across the data hall, typically generated
from sensor data or infrared imaging. Heat maps help operators quickly identify hot spots, uneven cooling,
and areas of over‑cooling. For instance, a heat map showing a “red” zone behind a power distribution unit
prompted the installation of a local exhaust fan, eliminating the hotspot. The limitation of heat maps is that
they provide a snapshot in time; continuous monitoring is required to capture dynamic changes.

Temperature Setpoint Optimization – The practice of adjusting the target temperature based on workload,
equipment specifications, and ambient conditions to minimize cooling energy while maintaining reliability.
Optimization can be static (e.g., setting a fixed higher temperature) or dynamic (e.g., varying setpoint with
load). Example: a data center that raised the inlet temperature from 20 °C to 23 °C during low‑load periods
saved 8 % on cooling electricity. The challenge is ensuring that all hardware tolerates the higher setpoint
and that the control system can safely transition between setpoints.

Airflow Leakage – Unintended escape of conditioned air from the intended path, often through gaps in
containment panels, floor tiles, or door seals. Leakage reduces cooling effectiveness and increases fan
power. A leakage rate of 10 % can increase cooling energy consumption by up to 15 %. Detection methods
include pressure testing, tracer gas studies, and visual inspection. Mitigation strategies involve sealing gaps,
using gasketed panels, and regularly inspecting containment boundaries. The difficulty is that leakage can
develop over time as equipment is moved or as seals degrade.

Chilled Water Loop – The closed circuit that transports chilled water from the chiller plant to CRAH units or
other heat exchangers. The loop typically includes supply and return pipes, pumps, and expansion tanks.
Proper design ensures adequate flow rate (usually 1.5 – 2 gpm per ton of cooling) and minimal pressure
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drop. For a 10 MW data center, the chilled water loop may carry 1500 gpm of water, requiring multiple
parallel pumps for redundancy. Challenges include pump wear, water treatment to prevent corrosion, and
maintaining the balance between supply and return temperatures.

Hot Aisle Containment (HAC) – A strategy that encloses the hot aisle, preventing hot exhaust air from
mixing with the cold supply air. HAC typically uses ceiling panels, floor-level barriers, and sealed doors. By
containing the hot air, the temperature of the return air can be higher, allowing the cooling system to
operate at a higher SAT and thus saving energy. An example: implementing HAC in a 3 MW data center
reduced the required SAT from 12 °C to 16 °C, cutting chiller power by 10 %. Implementation difficulties
include routing power and network cables through the containment envelope without compromising the
seal.

Cold Aisle Containment (CAC) – The more common form of containment that encloses the cold aisle,
ensuring that only cool air reaches the server inlets. CAC often uses transparent panels to allow visual
inspection while maintaining an airtight seal. Benefits include predictable inlet temperatures and reduced
mixing of warm air. A practical scenario: a CAC system installed in a 4 MW facility achieved a 25 % reduction
in CRAC fan energy consumption. The main challenge is ensuring that the containment does not impede
rack access for maintenance, which can lead to accidental breaches.

Variable Air Volume (VAV) System – A HVAC approach that supplies air at a constant temperature but varies
the volume flow to meet cooling demand. VAV dampers adjust the amount of air entering each zone based
on temperature feedback. This method can improve energy efficiency compared with constant‑volume
systems because it reduces fan speed when demand is low. Example: a VAV system in a data center reduced
overall fan power by 12 % while maintaining temperature uniformity. The complexity lies in coordinating
multiple dampers and ensuring that pressure differentials remain within design limits.

Air‑Side Economizer – A configuration where outside air is directly introduced into the data hall when
ambient conditions are favorable, bypassing the mechanical cooling cycle. Sensors monitor temperature
and humidity; if the wet‑bulb temperature is below a defined threshold, the economizer damper opens. This
can reduce chiller load dramatically. For instance, a data center in a Mediterranean climate used air‑side
economizers 70 % of the year, cutting cooling electricity by 30 %. The difficulty is maintaining air quality, as
outdoor air may contain dust, pollen, or pollutants that require filtration.

Water‑Side Economizer – A system that uses a cooling tower to lower the temperature of the chilled water
loop, allowing the chiller to operate at reduced capacity or shut off completely. This approach is effective in
humid climates where evaporative cooling can achieve low water temperatures. Example: a water‑side
economizer enabled a 5 MW chiller plant to operate at 40 % capacity for six months, resulting in a 20 %
reduction in electricity consumption. The challenges include managing water consumption, dealing with
scaling, and ensuring that the tower can meet the required heat rejection rate.

Dry Air Supply – The provision of conditioned air with low humidity content, often required when the data
center must operate at higher temperatures without exceeding humidity limits. Dry air can be produced
using desiccant dehumidifiers or by mixing chilled air with low‑humidity outdoor air. Example: a data center
that increased SAT to 24 °C installed a desiccant dehumidifier to keep RH at 45 %, enabling higher
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temperature operation without risking static discharge. The trade‑off is additional equipment cost and
energy consumption for the dehumidification process.

Energy Recovery Ventilator (ERV) – A device that exchanges heat and moisture between incoming outdoor
air and exhaust indoor air, reducing the load on heating and cooling systems. In data centers, ERVs can
pre‑condition outside air before it enters the economizer, improving efficiency. For example, an ERV with a
70 % heat recovery efficiency can lower the temperature of incoming air by 5 °C, reducing the chiller duty
during mixed‑air operation. Implementation challenges include ensuring that the ERV does not introduce
contaminants and that its performance matches the variable load profile of the data center.

Heat Load Forecasting – The process of predicting future cooling demand based on historical power usage,
workload patterns, and environmental conditions. Accurate forecasting enables proactive scaling of cooling
resources, such as pre‑emptively increasing chiller capacity before a scheduled batch job. Machine learning
models can improve forecast accuracy by identifying complex correlations. A practical use case: a data
center employed a neural network to forecast hourly cooling load with a mean absolute error of 3 %,
allowing the control system to adjust fan speeds 15 minutes in advance, smoothing temperature variations.
The difficulty is gathering sufficient high‑quality data and handling unexpected workload spikes.

Thermal Inertia – The ability of a system to resist temperature changes due to its mass and heat capacity. In
data centers, thermal inertia can be increased by using raised‑floor materials with high specific heat, or by
adding thermal storage tanks. Greater inertia smooths temperature fluctuations, reducing the need for rapid
fan speed changes. Example: a data center added a 500 kWh thermal storage tank that absorbed excess
heat during peak loads, allowing the chiller to operate at a steady state and improving overall COP. The
downside is the added capital cost and space requirements for thermal storage.

Heat Sink – A component that absorbs and dissipates heat from an electronic device, often using metal fins
or liquid cooling loops. While not a primary data center cooling method, heat sinks are critical for
high‑density components such as CPUs, GPUs, and power supplies. In a server rack, heat sinks transfer heat
to the surrounding airflow, which is then removed by the data center cooling system. Example: a
high‑performance computing node equipped with large copper heat sinks required 30 % less airflow than a
comparable node without heat sinks, reducing fan power. The challenge is ensuring that heat sinks are
properly sized and that airflow is sufficient to avoid localized overheating.

Liquid Cooling – A method that uses a liquid (often water or a dielectric fluid) to directly remove heat from
components, typically via cold plates attached to CPUs, GPUs, or memory modules. Liquid cooling can
achieve higher heat removal rates than air cooling, enabling higher power densities. Example: a
liquid‑cooled rack with a 10 kW load required only 30 % of the airflow of an equivalent air‑cooled rack,
resulting in significant fan energy savings. Implementation challenges include leak detection, fluid
compatibility, pump reliability, and the need for a secondary cooling loop to reject heat from the liquid.

Direct Liquid Cooling (DLC) – An extension of liquid cooling where the coolant flows directly over or
through the components, eliminating intermediate heat sinks. DLC can be implemented with sealed-loop
systems that use a dielectric fluid to prevent electrical shorting. Example: a DLC system using a fluorocarbon
fluid removed 15 kW of heat from a high‑density accelerator rack, achieving a temperature rise of only 2 °C
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across the coolant loop. The primary obstacles are the cost of specialized fluids, the requirement for
rigorous testing to ensure system reliability, and the need for dedicated maintenance procedures.

Two‑Phase Cooling – A cooling technique that exploits the latent heat of vaporization, where a coolant
evaporates at the heat source and condenses in a remote heat exchanger. This method provides high heat
transfer coefficients and can handle very high heat fluxes. In data centers, two‑phase cooling is often used
in immersion cooling, where servers are submerged in a dielectric fluid that boils at the component surface.
Example: an immersion‑cooled system achieved a cooling efficiency of 0.8 COP, significantly better than
traditional air‑cooled designs. The challenges include managing fluid containment, ensuring reliable
condensation, and dealing with the acoustic noise of boiling.

Immersion Cooling – A specific form of two‑phase cooling where servers are fully immersed in a dielectric
liquid that directly contacts the components. The liquid absorbs heat, boils, and rises to a condenser where
it is cooled and recirculated. Immersion cooling can dramatically increase power density, allowing racks of
30 kW or more. Practical case: a hyperscale data center deployed immersion cooling for AI workloads,
achieving a 50 % reduction in overall PUE. Barriers to adoption include the need for custom server designs,
managing fluid handling, and ensuring that maintenance personnel are trained for the unique environment.

Cold Plate – A metal plate with internal channels through which coolant flows, attached directly to
heat‑generating components. Cold plates are a common element of liquid cooling loops, providing efficient
heat transfer from CPUs, GPUs, or memory modules to the coolant. Example: a server equipped with a
copper cold plate and a 0.5 L/min coolant flow removed 200 W of heat with a temperature rise of only 3 °C.
Design considerations include channel geometry, pressure drop, and compatibility with the component’s
mounting interface.

Heat Exchanger Loop – The secondary loop that removes heat from the primary liquid cooling loop and
transfers it to a larger cooling system, such as a chiller or cooling tower. The loop typically includes a heat
exchanger, pump, and expansion tank. By separating the primary and secondary loops, contamination risk is
reduced and the primary loop can operate at higher pressures. Example: a data center uses a heat
exchanger loop to transfer heat from liquid‑cooled racks to a central chiller plant, allowing the chiller to
operate at optimal efficiency. The main difficulty is ensuring that the heat exchanger is sized correctly to
avoid bottlenecks that could cause temperature spikes.

Thermal Interface Material (TIM) – A substance placed between a component (e.g., CPU) and its heat sink or
cold plate to improve thermal conductivity. TIMs can be thermal paste, pads, or phase‑change materials.
Proper application reduces thermal resistance and improves cooling performance. Example: applying a
high‑conductivity thermal paste between a GPU and its cold plate reduced the temperature by 4 °C under
full load. Challenges include ensuring even coverage, avoiding air bubbles, and selecting a TIM that remains
stable over the operating temperature range.

Chiller Efficiency (COP) – The coefficient of performance, defined as the ratio of cooling output (in kW) to
electrical input (in kW). A higher COP indicates a more efficient chiller. Modern centrifugal chillers can
achieve COP values of 6–8, while older reciprocating chillers may have COPs around 3–4. Example: replacing
a 3‑COP chiller with a 6‑COP unit halved the electricity consumption for the same cooling load. The
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limitation is that COP varies with load; chillers are most efficient near their design point, so part‑load
performance must be considered.

Thermal Load Balancing – The practice of distributing heat generation evenly across the data hall to avoid
localized overloads. This can be achieved by strategic rack placement, load migration, or dynamic workload
scheduling. Example: a scheduler that moves compute‑intensive tasks to racks in a cooler zone reduced the
maximum inlet temperature by 2 °C, allowing the overall cooling set point to be raised. The difficulty is that
workload migration may impact performance or latency, and the scheduler must be aware of both compute
and thermal constraints.

Redundant Cooling Paths – Designing the cooling infrastructure with multiple independent routes so that a
failure in one path does not compromise overall cooling. Redundancy is typically achieved through N+1 or
2N configurations, where extra chillers, pumps, or fans are available. Example: a data center with two parallel
chilled water loops (2N) can continue operating at full capacity even if one loop fails. The challenge is the
additional capital cost and the need for coordinated control to prevent simultaneous operation that could
waste energy.

Cooling Capacity Utilization – The ratio of actual cooling load to the installed cooling capacity. Operating at
high utilization (e.g., >80 %) can improve efficiency but reduces flexibility for handling peak loads.
Conversely, low utilization (e.g., <30
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