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Executive Summary

Hot aisle containment and cold aisle containment are the two dominant airflow management strategies used to separate a data center's cold supply
air from its hot exhaust air, and the choice between them has direct consequences for Power Usage Effectiveness (PUE), retrofit cost, and
readiness for graphics processing_unit (GPU) rack densities that now reach 40 to 120 kilowatts (kW) per cabinet. According to Schneider Electric's

white paper 135, choosing hot aisle containment over cold aisle containment can save 43% in annual cooling system energy cost, corresponding to a
15% reduction in annualized PUE (Source: docs.media.bitpipe.com). A separate Schneider Electric blog analysis reported that a hot aisle

containment system (HACS) consumes 40% less cooling system energy than a cold aisle containment system (CACS) at a matched work
environment temperature (Source: blog.se.com). Yet an independent empirical study by Intel and T-Systems, titled "Data Center 2020: Hot-Aisle and
Cold-Aisle Containment Efficiencies Reveal No Significant Differences," found the two approaches converge in practice once operating conditions are
matched (Source: www.upsite.com), meaning the theoretical efficiency edge of hot aisle containment often depends on disciplined operation rather
than the architecture alone.

Cold aisle containment is generally easier and more cost effective to retrofit into an existing data center with raised-floor air distribution, according to

Schneider Electric's white paper on existing-facility retrofits (Source: www.datacenterexperts.com), while ducted hot aisle containment remains the
preferred approach for new-build facilities because of its efficiency and economizer-hour advantages. For 2025, average server rack power densities
in existing facilities remain concentrated in the 10 kW to 30 kW range, according to the Uptime Institute's 15th Annual Global Data Center Survey,
which collected responses from more than 800 data center owners and operators between April and May 2025 (Source: uptimeinstitute.com) (Source:
datacenter.uptimeinstitute.com), yet GPU-dense racks running NVIDIA's GB200 NVL72 already require 120 kW of cooling capacity per rack (Source:

developer.nvidia.com), a density that air-based aisle containment alone cannot cool.
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Above roughly 20 kW per rack, conventional air cooling reaches its practical limits and hybrid strategies combining containment with rear door heat
exchangers (RDHXx) or direct-to-chip (DTC) liquid cooling become necessary, according to Vertiv (Source: www.vertiv.com). Grand View Research
values the global data center liquid cooling market at $6.7 billion in 2025, growing to $8.2 billion in 2026 and a projected $29.5 billion by 2033
(Source: www.grandviewresearch.com), and states that direct liquid cooling is particularly well suited to rack densities exceeding 30 kW and moving

toward 50, 80, or higher kW (Source: www.grandviewresearch.com). Dell'Oro Group corroborates this trajectory, projecting the liquid cooling market

will roughly double in 2025 to near $3 billion in manufacturer revenue (Source: www.delloro.com), en route to approximately $7 billion by 2029
(Source: www.delloro.com), while GPU thermal design power is projected to exceed 4,000 watts (W) by 2029 (Source: www.delloro.com).

Real-world outcomes bear this out. A U.S. Department of Energy assessment of three federal data centers found that hot aisle containment and
related airflow measures could reduce PUE from 1.80 to a potential 1.45 in one facility and from 1.78 to 1.38 in another, unlocking roughly $700,000 in
combined annual energy cost savings across the three sites (Source: www.energy.gov). Colocation operator Equinix reports that airflow optimization
using hot and cold containment aisles helped move its global average PUE from 1.54 in 2019 to 1.39 in 2024, a 28% efficiency improvement worth an
estimated $640,000 annually for every 0.1 reduction in PUE at a representative facility (Source: blog.equinix.com) (Source: blog.equinix.com).
Separately, a Lawrence Berkeley National Laboratory (LBNL) retrofit of computer room air handler controls at a Digital Realty Trust colocation facility
produced a yearly energy savings estimate of 8% (Source: datacenters.lbl.gov). For most operators as of July 2026, the practical answer is not a
binary choice: new-build, high-density facilities should default to hot aisle containment paired with liquid cooling for GPU zones, while existing raised-
floor sites often retrofit cold aisle containment first as a lower-cost bridge toward that end state.

Introduction and Background

Every data center rack draws cool air across its intake side and expels warmer air out its exhaust side. Left uncontrolled, this hot exhaust recirculates
back into equipment intakes, forcing cooling systems to overcompensate by chilling the entire room to a temperature low enough to guarantee safe
inlet conditions everywhere. Containment is the practice of physically separating the cold supply air stream from the hot exhaust air stream so cooling
units only ever process one or the other. Containment, in general, increases reliability by preventing hot spots and can allow rack power density to be
increased by eliminating hot air recirculation into equipment intakes, according to Schneider Electric's engineering analysis of existing-facility retrofits
(Source: www.datacenterexperts.com). Cold aisle containment encloses the aisle where equipment draws in air, typically with doors at the aisle

ends and a roof or ceiling panel overhead, while the rest of the room becomes a de facto return-air plenum (Source: www.upsite.com). Hot aisle

containment instead encloses the aisle where equipment exhausts heat, ducting that captured airdirectly back to computer room air handlers
(CRAHSs), often through a drop-ceiling return-air plenum; in hot aisle containment, the hot aisle is contained so the precision air conditioning units only
receive hot air from the aisles, according to Data Center Knowledge's engineering explainer on containment approaches (Source:
www.datacenterknowledge.com), and containment more broadly allows uniform IT equipment inlet temperatures while eliminating the hot spots

typically found in traditional uncontained data centers (Source: docs.media.bitpipe.com).

This is not a niche practice. The Green Grid, the industry consortium that formalized the PUE metric, views an air management strategy as the starting
point when implementing a data center energy savings program, according to Schneider Electric's citation of the organization's guidance (Source:
www.datacenterexperts.com). PUE itself, defined as total facility power divided by information technology (IT) equipment power, has become the

industry-preferred metric for measuring infrastructure energy efficiency in data centers since The Green Grid introduced it, according to a white paper
hosted by Lawrence Berkeley National Laboratory (Source: datacenters.lbl.gov). The reason containment matters so much to that metric is
straightforward economics: for every 50 kW of power a data center feeds to an aisle, the same facility typically applies 100 to 150 kW of cooling
capacity to maintain acceptable equipment inlet temperatures, and most legacy, uncontained data centers waste more than 60% of that cooling
energy as bypass air that never reaches a server intake at all, according to Data Center Knowledge (Source: www.datacenterknowledge.com)

(Source: www.datacenterknowledge.com).

The stakes of this design decision have risen sharply because of the artificial intelligence (Al) buildout. Al computing racks equipped with NVIDIA
H100 or B200 GPUs can easily reach 40 to 100 kW or higher per rack, an order-of-magnitude jump that traditional underfloor air delivery and
standard aisle containment cannot handle on their own, according to HVAC engineering firm CKY (Source: www.cky.com.tw). A single NVIDIA H100

GPU carries a Thermal Design Power (TDP) of 700 watts (W), and packing eight into a server, then ten servers into a rack, drives full-rack heat output
toward 70 to 80 kW using conventional configurations (Source: syaala.com). Fires are also a growing concern layered on top of this density problem:
fires are perhaps the least predictable cause of data center outages, and pose the greatest potential hazard to worker health and safety, according to
a UL (Underwriters Laboratories) white paper on National Fire Protection Association (NFPA) 75 compliance (Source: code-authorities.ul.com), which

also notes the average total cost of a data center downtime incident approaches $700,000 (Source: code-authorities.ul.com). This report examines

how hot aisle containment and cold aisle containment compare on efficiency, retrofit cost, working conditions, and fire code complexity, how each
interacts with the rear door heat exchangers and direct-to-chip liquid cooling that GPU racks increasingly require, and what the underlying data says
about which approach data center operators should choose as of July 2026.
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Cold Aisle Containment

Capabilities

Cold aisle containment (CACS) works by enclosing the aisle that faces server intakes, typically using doors at each end of the row and a roof, curtain,
or vertical panel system running along the top of the aisle to trap conditioned supply air before it reaches the equipment. Cold aisle containment does
not strictly require a raised floor, but it is most commonly deployed on one because delivering supply air into a contained space is easier when it can
be pushed up through perforated floor tiles directly beneath the enclosure, and Lawrence Berkeley National Laboratory notes that either hot aisle or
cold aisle containment will work alongside close-coupled in-row units regardless of whether the underlying floor is raised or slab (Source:
datacenters.Ibl.gov). Because the hot air that leaves the racks is not physically ducted anywhere, the rest of the data center room effectively becomes
one large, uncontained return-air plenum that CRAH units draw from, and pressure management of the cold aisle becomes necessary to minimize
bypass air being driven directly through the servers rather than around them.

Adoption

Cold aisle containment remains the more common retrofit choice in facilities that were originally built with raised-floor, perimeter cooling, because it
does not require the ceiling ductwork, chimney structures, or drop-ceiling return plenum that ducted hot aisle containment demands. Schneider
Electric's white paper on retrofitting existing data centers concludes that while ducted hot aisle containment is preferred for the highest efficiency, cold
aisle containment tends to be easier and more cost effective for facilities with existing raised-floor air distribution (Source:
www.datacenterexperts.com). This retrofit-friendliness is a major reason cold aisle containment remains widely deployed across colocation and

enterprise facilities that predate the current Al infrastructure cycle, even where a greenfield build today would favor the hot aisle approach. Community
discussion among practicing data center technicians on Reddit reflects the same logic: cold aisle containment is generally viewed as the easiest
option to retrofit into a facility that has no existing containment, providing at least some of containment's benefits until a more modern, close-coupled
cooling refresh becomes feasible (Source: www.reddit.com). LBNL's own federal data center assessment reached a similar conclusion, noting that
geographic location, facility layouts, and spatial configuration varied considerably among the sites it studied, which constrained each site to whichever
containment strategy its existing floor plan could support (Source: www.energy.gov).

Strengths and Limitations

The core strengths of cold aisle containment are cost and simplicity: it generally requires only doors at the aisle ends and a cap at the top, with no
additional architecture needed to contain exhaust air and route it back to cooling units. It also creates more surface area of cold-sink air mass that can
provide brief thermal ride-through if cooling fails and backup generators are slow to start. Because the room outside the enclosure is not contained,
network racks and standalone equipment can often continue operating in a moderate ambient temperature without special accommodation.

The limitations are equally structural. Because the uncontained portion of the room becomes the de facto hot aisle, that space can become
uncomfortably or even unsafely warm if operators pursue the higher supply temperatures needed to maximize efficiency gains. In practice, few
facilities allow the entire room to reach the 100 to 125 degrees Fahrenheit (°F) needed to match hot aisle containment's efficiency, which caps the
achievable savings. Cold aisle containment also increases mixing of return air and lowers the delta T (temperature differential) that cooling coils see,
and conditioned air leaking from raised-floor openings around power distribution units (PDUs) tends to escape directly into the exhaust air path,
reducing overall system efficiency. A full cold aisle enclosure can also create what fire codes classify as a separate volume, which triggers additional
fire suppression and smoke detection requirements under National Fire Protection Association (NFPA) standards, discussed further below.

Hot Aisle Containment

Capabilities

Hot aisle containment (HACS) encloses the aisle where equipment exhausts heat, using doors at the aisle ends plus a configuration of baffles and
ductwork that channels captured hot air from the hot aisle to the return-air intakes of the cooling units, frequently via a drop-ceiling plenum. Because
the hot air is captured close to its source and ducted directly to the CRAH return, the open area of the room outside the contained aisle stays at a
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comfortable, cold-side temperature. Cooling systems can then be set to a higher supply temperature and still guarantee safe operating temperatures
everywhere in the facility, which increases both cooling capacity and the number of hours per year that economizer, or free cooling using outside air,
can be used instead of mechanical compressors (Source: blog.se.com).

Adoption

Schneider Electric's own field analysis found that hot aisle containment can provide 40% more energy savings than cold aisle containment under
matched conditions (Source: blog.se.com), and the company's white paper concludes hot aisle containment is the preferred best practice for new data
centers even though it can be more difficult to retrofit into an existing facility (Source: docs.media.bitpipe.com). CKY's HVAC engineering analysis

similarly reports that hot aisle containment paired with precision cooling unit return air is more widely adopted in practice than cold aisle containment,
precisely because it lets the remaining data center space maintain a comfortable ambient temperature (Source: www.cky.com.tw). Community
discussion among data center engineers on Reddit largely mirrors this professional consensus: one commenter with a 25-year data center career
explained that hot aisle containment will produce lower PUE than cold aisle containment because heat is captured before it has time to mix with cooler
air (Source: www.reddit.com), and recommended hot aisle containment as the right approach for any greenfield build for that reason (Source:
www.reddit.com). LBNL's own recommendation for future federal data center procurement reinforces this direction, advising that new facilities favor
water-cooled systems and, where air cooling is retained, specify equipment rated for a wider intake temperature range so higher hot-aisle-driven
supply temperatures remain safe (Source: www.energy.gov).

Strengths and Limitations

Hot aisle containment is generally more effective at improving PUE and economizer hours, and it is more forgiving toward network racks and
standalone storage cabinets that cannot practically live inside a containment structure, since those devices simply sit in the cooler, uncontained
portion of the room rather than being trapped in an overheated one. Because containment structures typically abut the ceiling where fire suppression
equipment is already installed, hot aisle containment tends to create fewer of the fire-code separate-volume complications that full cold aisle
containment triggers, though clearance from sprinkler heads must still be maintained.

The costs are real, however. Hot aisle containment generally requires more capital investment because it needs a fully ducted return-air path, often a
drop ceiling functioning as a return plenum, from every hot aisle back to the cooling units. Temperatures inside a contained hot aisle commonly run in
a 95 to 125°F target range, and one Reddit user working at a desert-climate facility that relies on evaporative swamp coolers reported hot aisle
temperatures reaching 140°F in summer (Source: www.reddit.com), uncomfortable enough that some server manufacturers now design front-
serviceable equipment specifically so technicians rarely need to enter the hot aisle at all. An independent empirical comparison by Intel and T-
Systems, conducted in a German data center test lab and published as "Data Center 2020: Hot-Aisle and Cold-Aisle Containment Efficiencies Reveal
No Significant Differences," is a useful corrective to unqualified vendor claims: once operating conditions are matched, the efficiency gap between the
two approaches narrows considerably, and the deciding factors become fire code complexity, working environment, and retrofit cost rather than raw
thermodynamics.

Liquid Cooling and Hybrid Approaches for High-Density GPU Racks

Capabilities

Neither hot nor cold aisle containment, on its own, was designed for the density that modern GPU racks demand. Liquid cooling is valuable for
reducing cooling system energy consumption because the heat capacity of liquids is orders of magnitude larger than that of air, and once heat has
been transferred to a liquid it can be removed from the data center efficiently, according to Lawrence Berkeley National Laboratory's Center of
Expertise for Data Center Efficiency (Source: datacenters.lbl.gov). Vertiv identifies roughly 20 kW per rack as the point where conventional air cooling
reaches its practical limits, making more efficient thermal strategies necessary (Source: www.vertiv.com). Several technologies now sit alongside
containment to close that gap. Rear door heat exchangers (RDHXx) replace a rack's rear door with a liquid-cooled coil, resembling an automobile
radiator, that removes heat from server exhaust air before it ever enters the room, and LBNL notes this can make a rack potentially room-neutral
without requiring a liquid-cooled server itself (Source: datacenters.lbl.gov). Vertiv states RDHx systems support rack densities from 20 to 80 kW
(Source: www.vertiv.com). A related enclosed-cabinet technique fully seals racks and servers along with additional fans and an air-to-water heat
exchanger; LBNL notes that the big advantages of this approach are that nearly no heat escapes to the room and that cooling water use is throttled so
racks drawing less power consume less cooling water (Source: datacenters.lbl.gov). Direct-to-chip (DTC) liquid cooling goes further, routing coolant
through cold plates mounted directly on GPU and CPU packages, and LBNL's report on Cisco servers modified with cold plate technology found that
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a typical heat capture rate for this method was around 50 to 60% of total IT power, with the remainder still removed by air (Source:
datacenters.Ibl.gov). Chilldyne's engineering breakdown of a 500 kW rack design assumes 86 kW of heat captured by rear door exchange and 414
kW removed via direct-to-chip cold plates, requiring roughly 13 liters per minute (Ipm) of coolant flow for each 9 kW compute node (Source:
chilldyne.com) (Source: chilldyne.com); the same analysis found an alternative two-phase coolant design increases outlet-side gas flow dramatically,
to roughly 24,000 Ipm, illustrating why single-phase liquid cooling remains the more common engineering choice (Source: chilldyne.com. LBNL's own
rack-level demonstration, "Chill-Off 2," compared eleven different IT rack-level liquid cooling devices and found conduction-based cold plate
technologies delivered the best overall data center efficiency results, ahead of rear door heat exchangers (Source: datacenters.|bl.gov).

Adoption

NVIDIA's flagship rack-scale system, the GB200 NVL72, is described by the company as an exascale computer in a single rack, interconnecting 72
Blackwell GPUs through the largest NVLink domain NVIDIA has offered (Source: www.nvidia.com), connecting 36 Grace central processing units
(CPUs) and 72 Blackwell GPUs in a single liquid-cooled rack (Source: www.nvidia.com). NVIDIA's own engineering blog states that efficiently
managing the 120 kW of cooling capacity required for that rack demands direct liquid cooling techniques, implemented through an enhanced blind-
mate liquid cooling manifold contributed to the Open Compute Project (Source: developer.nvidia.com). Chilldyne notes that liquid cooling is now a

prerequisite for the 120 kW NVIDIA racks already shipping, not merely a future consideration (Source: chilldyne.com). NVIDIA has partnered with
Vertiv on a joint reference architecture that lets data centers deploy 7 megawatt (MW) GB200 NVL72 clusters while reducing implementation time by

up to 50% (Source: developer.nvidia.com). Berkeley Lab is separately participating in an industry initiative to develop a standardized liquid-cooled rack
specification, aiming to accommodate multiple vendors and provide reusable infrastructure across future server refresh cycles, a sign that liquid
cooling adoption is moving from bespoke vendor integrations toward interoperable standards (Source: datacenters.lbl.gov). Coolnet's retrofit guidance
recommends that operators monitor GPU thermal throttling signals directly, arguing that both the GPUs and the cooling loop will indicate developing
problems before performance is actually affected (Source: www.coolnetpower.com.

Strengths and Limitations

The strength of the hybrid approach is that it lets operators localize the most extreme heat loads (GPUs) to liquid cooling while retaining air-based hot
or cold aisle containment for lower-density CPUs, storage, and networking gear elsewhere in the same hall. Coolnet's retrofit guidance describes a
common success pattern: first stabilize room air behavior through containment and blanking panels, then use RDHx or in-row cooling to localize heat
in the Al zone, then add direct-to-chip cooling only where GPU heat dominates (Source: www.coolnetpower.com). The same guide warns that many

apparent plant-capacity failures in Al retrofits are actually air management failures rooted in missing blanking panels, cable cutouts, poor containment,
and unexpected recirculation paths, meaning disciplined aisle containment remains a prerequisite even in liquid-cooled facilities, not a technology

liquid cooling makes obsolete (Source: www.coolnetpower.com).

The limitations are cost, complexity, and operational risk. Grand View Research notes that conventional air-based cooling systems struggle to
dissipate concentrated thermal loads efficiently, resulting in hotspots, reduced performance, and increased failure risks, which is the underlying reason
liquid cooling implementation costs remain a barrier despite strong demand (Source: www.grandviewresearch.com). Direct liquid cooling requires

water quality management, leak detection at every manifold connection, and specialized CDU sizing with N+1 redundancy, none of which a traditional
air-cooled, aisle-contained facility needs to manage. NVIDIA states that compared to H100 air-cooled infrastructure, the liquid-cooled GB200 delivers
25 times more performance at the same power draw while also reducing water consumption (Source: www.nvidia.com), a claim that illustrates the
efficiency upside but does not eliminate the upfront engineering burden of retrofitting plumbing, wetted-material compliance, and CDU capacity into a
facility never designed for it. LBNL's own guidance recommends that data centers procuring new IT equipment favor water-cooled systems where
feasible, and specify direct current power distribution to avoid the conversion losses that add to overall facility overhead (Source: www.energy.gov).

Feature Comparison

Table 1 below summarizes how cold aisle containment, hot aisle containment, and liquid or hybrid cooling compare across the criteria that most
influence a data center operator's choice.
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CRITERION

Typical retrofit
difficulty

Relative
capital cost

PUE /
efficiency
impact

Working
environment
comfort

Fire code
(NFPA)
complexity

Best-fit density
range

COLD AISLE CONTAINMENT (CACS)

Lower; doors and a cap are often
sufficient, especially on raised floor
(Source: www.datacenterexperts.com)

Generally less expensive

Positive but constrained since the open
room becomes the hot aisle (Source:
www.cky.com.tw)

Better; hot air disperses through the
general room rather than concentrating

Higher; full containment can create a
fire-code separate volume requiring
added suppression

Up to roughly 15 to 20 kW per rack
before diminishing returns

Hot Aisle vs Cold Aisle Containment for GPU Racks (2026)

HOT AISLE CONTAINMENT (HACS)

Higher; requires ducted return air path or
drop-ceiling plenum

Generally more expensive due to
ductwork (Source:
docs.media.bitpipe.com)

Larger economizer-hour gains; up to 40 to
43% cooling energy savings versus CACS
in vendor analysis (Source: blog.se.com)

Worse; contained hot aisles commonly run
95 to 125 degrees Fahrenheit (Source:
www.reddit.com)

Lower; structures usually abut the ceiling
where suppression already exists, but
sprinkler clearance still applies (Source:
lifelinedatacenters.com)

Up to roughly 20 to 30 kW per rack with
strong airflow discipline

LIQUID /| HYBRID COOLING

Highest for full direct-to-chip
buildouts; RDHXx retrofits are
modular and rack-agnostic
(Source: www.vertiv.com)

High upfront cost per rack;
CDUs, manifolds, and leak
detection required (Source:
chilldyne.com)

Enables PUE near 1.05 to 1.2
at full liquid cooling per
engineering estimates
(Source: syaala.com)

Not applicable at the rack
level; coolant loops are sealed
and do not affect ambient
comfort

Requires its own leak
detection and shutdown
integration with building fire
and life-safety systems

20 to 200+ kW per rack
depending on RDHx versus
direct-to-chip versus
immersion

As the table shows, no single approach dominates on every axis. Cold aisle containment wins on retrofit simplicity and cost, hot aisle containment
wins on efficiency and typically dominates new-build designs, and liquid or hybrid cooling is not truly a competitor to either so much as a mandatory
addition once GPU rack density crosses the 20 to 30 kW threshold that air alone can economically manage. In practice, many 2026-era facilities layer
all three: hot or cold aisle containment for general-purpose racks, and RDHx or direct-to-chip liquid cooling layered on top of that same contained-aisle
architecture for GPU pods. Subzero Engineering's white paper on containment economics frames the payback bluntly: containment technology can
deliver a rapid return on investment, often between 6 and 18 months, regardless of which of the two air-based approaches a facility selects (Source:
www.subzeroeng.com), a conclusion the same white paper ties to the accelerating trend of rack densities of 20 kW and above becoming increasingly

common across the industry (Source: www.subzeroeng.com.

Performance and Benchmarks

Table 2 compares the approximate rack density ceilings and PUE contribution ranges reported across vendor engineering literature for each cooling
architecture, from conventional air cooling through full direct liquid cooling.
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TYPICAL RACK DENSITY APPROXIMATE PUE RELATIVE
COOLING METHOD

SUPPORTED CONTRIBUTION COMPLEXITY
Traditional CRAC with aisle containment 10 to 15 kW/rack 15t0 1.7 Low
In-row cooling 15 to 25 kW/rack 1.4t01.6 Medium
Rear door heat exchangers (RDHXx) 25 to 35 kW/rack 1.3t01.5 Medium
Hybrid (liquid-cooled GPU plus air-cooled .

) 40 to 60 kW/rack 1.2t0 1.3 High

remainder)
Direct-to-chip (full liquid, cold-plate DLC) 60 to 200 kW/rack 1.05t01.2 High

Source: figures compiled from Syaala's GPU rack engineering analysis (Source: syaala.com) and cross-referenced against Lawrence Berkeley
National Laboratory's comparative rack cooling demonstration data (Source: datacenters.lbl.gov) and CKY's reported global average data center PUE
of approximately 1.55 to 1.60, against a hyperscale best-in-class figure below 1.10 (Source: www.cky.com.tw).

These figures should be read as directional rather than guaranteed, since actual achievable density depends heavily on airflow discipline, containment
quality, rack configuration, and the capacity of the underlying chilled water plant, a caveat Coolnet's retrofit guidance emphasizes explicitly (Source:
www.coolnetpower.com). What the table demonstrates clearly, however, is a consistent inverse relationship between rack density and achievable PUE

headroom: every step up in density that GPU deployment demands requires a corresponding step toward liquid cooling, and containment alone (hot
or cold) cannot bridge the gap once density exceeds roughly 30 to 35 kW per rack. This is precisely the density range in which NVIDIA's GB200
NVL72, at 120 kW per rack, sits far outside the reach of air-only aisle containment, however well-executed the containment structure is.

Independent third-party benchmarking further complicates any single-number efficiency claim. The Intel and T-Systems "Data Center 2020" study
found no statistically significant efficiency difference between well-executed hot and cold aisle containment in matched conditions, while Schneider
Electric's own modeling, run under a fixed 75°F work environment assumption, found roughly a 40% cooling-energy advantage for hot aisle
containment. The honest interpretation is that Schneider's figure captures the specific case where cold aisle containment is prevented, by comfort and
safety norms, from raising room temperature enough to unlock equivalent economizer hours, a constraint that real-world operators rarely relax fully.
Hot aisle containment's advantage is therefore less about inherent physics and more about the fact that it makes the efficient operating regime the
path of least resistance, rather than requiring operators to accept an uncomfortably or riskily warm general work area. The American Society of
Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) Technical Committee (TC) 9.9, whose thermal guidelines whitepaper covers mission
critical facilities, data centers, technology spaces, and electronic equipment, provides the underlying temperature and humidity envelope both
containment strategies are designed to operate within (Source: www.ashrae.org.

Data Analysis and Evidence

Quantifying containment's impact requires anchoring vendor efficiency claims against measured, third-party data. The clearest available benchmark
comes from a Lawrence Berkeley National Laboratory assessment of three U.S. federal data centers, conducted for the Department of Energy's
Federal Energy Management Program (FEMP). LBNL evaluated three data centers for potential energy efficiency improvements during the summer of
2012, with geographic location, facility layouts, and cooling system equipment varying among the three sites (Source: www.energy.gov. Table 3
summarizes the measured before-and-after PUE potential LBNL identified once airflow management measures, including hot aisle containment, were

modeled.
FaciLiTy ~ CURRENT PUE POTENTIAL PUE (WITH EFFICIENCY ESTIMATED ANNUAL COST PAYBACK
(MEASURED) MEASURES) SAVINGS PERIOD
DC1 1.80 1.45 $200,000 1.9 years
DC2 2.07 1.55 $115,000 2.4 years
DC3 1.78 1.38 $385,000 2.0 years
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Source: Lawrence Berkeley National Laboratory, prepared for the U.S. Department of Energy Federal Energy Management Program (Source:
WwWw.energy.gov).

Across the three sites, total estimated potential energy savings reached 11,500 megawatt-hours (MWh) annually (Source: www.energy.gov),
translating to roughly $700,000 in combined annual energy cost savings, achieved with an average payback period of approximately 2 years (Source:
www.energy.gov). LBNL's assessors found that annual cost savings can be achieved by aligning IT rack units and equipment rows into proper hot and
cold aisles in the first place, before layering containment on top, underscoring that containment amplifies a well-organized layout rather than
substituting for one (Source: www.energy.gov). In one facility, simply turning off 35% of computer room air handlers after airflow was rebalanced
produced no measurable impact on IT equipment intake temperatures, an operational change worth 1,300 MWh, or roughly $75,000, in annual
savings on its own (Source: www.energy.gov). Sealing floor and rack openings, correctly positioning perforated tiles, and other air management
adjustments carried a typical implementation cost of $80 to $220 per kW of IT power with a payback around 2 years, according to LBNL's cost
breakdown of the recommended energy efficiency measures (Source: www.energy.gov). Installing or integrating a waterside economizer, which
increases the number of hours a facility can rely on free cooling instead of mechanical compressors, carried a higher typical cost of $130 to $360 per
kW of IT power with a 2.3-year payback in the same assessment (Source: www.energy.gov).

Broader industry surveys corroborate the scale of the underlying problem containment addresses. The Uptime Institute's 15th Annual Global Data
Center Survey, conducted between April and May 2025 with more than 800 respondents (Source: datacenter.uptimeinstitute.com), found average

PUE levels showing little change for the sixth consecutive year, constrained by legacy infrastructure and region-specific barriers to efficient cooling
(Source: datacenter.uptimeinstitute.com). The same survey found roughly one-third of data center owners and operators currently perform some Al

training or inference, with a significantly greater share planning to do so in the future (Source: uptimeinstitute.com), a leading indicator for accelerating
pressure on containment and cooling infrastructure. Uptime also found that 45% of IT workloads still reside in corporate, on-premises facilities despite
the hybrid cloud shift, meaning legacy containment retrofits remain economically relevant even as new Al-purpose-built capacity comes online
(Source: uptimeinstitute.com). Vertiv's analysis of Omdia rack density data shows the industry-wide shift underway: racks below 10 kW comprised
47% of installed capacity in 2024, a share that dropped to 38% by 2025, as operators shift toward denser deployments that push conventional
containment past its comfort zone (Source: www.vertiv.com).

Market sizing data reinforces that the industry is voting with capital expenditure. Grand View Research values the global data center liquid cooling
market at $6.7 billion in 2025, rising to $8.2 billion in 2026 and a projected $29.5 billion by 2033, a compound annual growth rate (CAGR) of 20.1%
(Source: www.grandviewresearch.com), with the direct liquid cooling segment dominating 2025 revenue as rack densities move toward 50 and 80 kW

(Source: www.grandviewresearch.com) and North America holding the largest regional share at 35.6% (Source: www.grandviewresearch.com). The

solution segment, meaning integrated hardware and control systems rather than standalone components, accounted for more than 74.5% of 2025
revenue as operators favor turnkey architectures over piecemeal purchases (Source: www.grandviewresearch.com). Dell'Oro Group's independent

forecast estimates the market will roughly double in 2025 to near $3 billion in manufacturer revenue, en route to approximately $7 billion by 2029
(Source: www.delloro.com), and separately projects Vertiv leads the liquid cooling market with CoollT, nVent, and Boyd holding strong positions
(Source: www.delloro.com), while single-phase direct liquid cooling has consolidated its position as the dominant architecture for Al clusters (Source:
www.delloro.com). Every dollar of that capital is, in effect, an admission that hot and cold aisle containment, while still foundational for general-
purpose IT, is no longer sufficient in isolation for the Al-driven portion of the industry's growth.

Case Studies and Real-World Examples

Three U.S. Federal Data Centers (Lawrence Berkeley National Laboratory Assessment)

LBNL's 2012 to 2014 assessment of three federal government data centers, prepared for the Department of Energy's Federal Energy Management
Program, offers the most granular, third-party-measured containment case study available. DC1 had most of its hot aisles already contained and
additionally used a rack-level cooling system for its highest-density racks; DC3 enclosed high-density racks entirely and exhausted hot air through
chimneys directly to the ceiling plenum, a hybrid of hot aisle containment and ducted exhaust (Source: www.energy.gov). DC2's operators had already
installed low-cost hot aisle containment and manually logged temperatures at every rack on a weekly basis before LBNL's assessment began,
illustrating that even modest, staff-driven containment efforts can be a meaningful starting point (Source: www.energy.gov). LBNL's assessors
identified potential PUE improvements from 1.80 to 1.45 at DC1 and from 1.78 to 1.38 at DC3, with the most effective single lever at DC3 being fan
power reduction after airflow rebalancing, since 35% of CRAHs there could be shut off entirely without measurably affecting server intake
temperatures (Source: www.energy.gov). This case study is significant because it isolates containment's effect from vendor marketing incentives:
LBNL is a national laboratory with no commercial stake in which containment vendor a facility chooses.
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Digital Realty Trust Colocation Retrofit (LBNL Field Demonstration)

A separate LBNL field study retrofitted computer room air handler (CRAH) controls and improved CRAH fans into a colocation data center owned and
operated by Digital Realty Trust, one of the largest publicly traded data center real estate companies in the world. The overall yearly data center
energy savings estimate from that retrofit was significant at 8% compared to before the project, achieved primarily through better matching of fan
speed and airflow to actual heat load rather than a full containment rebuild (Source: datacenters.lbl.gov). This case illustrates that even facilities
without a full hot or cold aisle containment retrofit can capture meaningful efficiency gains by pairing whatever containment already exists with better
airflow control, a lower-capital-expenditure step many operators pursue before committing to a full containment buildout.

Equinix Global Colocation Portfolio

Equinix, one of the world's largest colocation providers with a global footprint spanning 250 data centers as of its 2023 sustainability reporting (Source:
blog.equinix.com), has published some of the most transparent longitudinal PUE data in the colocation sector. In a January 2026 blog post, Equinix's
Global Principal Technologist stated that leading colocation providers have consistently implemented efficiency improvements including optimizing
airflow using hot and cold containment aisles and operating across wider temperature ranges, and that Equinix's own annualized average PUE moved
from 1.54 in 2019 to 1.39 in 2024, a 28% improvement in efficiency over the five-year period (Source: blog.equinix.com). The company estimates that,
at a representative facility, every 0.1 improvement in PUE is worth approximately $640,000 in annual energy savings and avoids 3,723 tons of carbon
dioxide emissions per year, giving a concrete financial anchor to what containment-driven PUE gains are actually worth at scale (Source:
blog.equinix.com).

Meta's Al-Optimized Data Center Design (Jeffersonville, Indiana)

Meta's approach to its roughly $800 million Al-focused data center under development in Jeffersonville, Indiana, illustrates how a hyperscaler is
redesigning facility layout around GPU density rather than retrofitting containment after the fact. Meta's design places traditional servers and standard
data center equipment in one half of the facility, with Al servers and their supporting rows of coolant distribution units (CDUs) concentrated in a
separate, purpose-built zone, according to reporting by Upsite Technologies (Source: www.upsite.com). Meta's design reportedly builds in double the

CDU capacity actually needed, running each unit at 50% load so that a single CDU failure does not interrupt cooling to GPU racks worth hundreds of
thousands of dollars, an N+1 redundancy philosophy directly analogous to the fire-suppression and sprinkler-clearance redundancy considerations
that hot aisle containment must also satisfy (Source: www.upsite.com).

Lancium and Crusoe Energy's Abilene, Texas Campus

The Abilene, Texas campus designed and built by Crusoe Energy for Lancium demonstrates a purpose-built, greenfield approach to the density
problem this report has focused on. The campus began at an initial 200 megawatt (MW) capacity with plans to expand to as much as 1.2 gigawatt
(GW), and its purpose-built high-density data halls are cooled by a combination of direct-to-chip liquid cooling, rear door heat exchangers, and
conventional air cooling working together, rather than any single method in isolation. At completion, each data center building on the campus is
expected to operate up to 100,000 GPUs on a single integrated network fabric, according to Lancium's president as quoted by Upsite Technologies,
illustrating the scale at which containment, RDHx, and direct liquid cooling must now coexist within one facility rather than functioning as competing,
mutually exclusive design choices (Source: www.upsite.com).

NVIDIA and Vertiv Joint GB200 NVL72 Reference Architecture

NVIDIA's contribution of its GB200 NVL72 rack, compute tray, and liquid cooling manifold designs to the Open Compute Project (OCP), paired with a
joint reference architecture co-developed with Vertiv, represents an attempt to standardize the containment-plus-liquid-cooling integration problem
across the entire industry rather than leaving each operator to solve it independently. The reference design eliminates the need for individual data
centers to develop their own power, cooling, and spacing designs for GB200 NVL72 deployments from scratch, letting operators deploy 7 MW GB200
NVL72 clusters while reducing implementation time by up to 50% (Source: developer.nvidia.com), and NVIDIA states more than 40 data center

infrastructure providers, including Boyd, CoollT, Mativair, nVent, Rittal, and Schneider Electric, are now building on top of the Blackwell platform's
liquid cooling requirements (Source: developer.nvidia.com).

Implications and Future Directions
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The direction of travel is unambiguous: as GPU thermal design power climbs toward the 4,000 W ceiling Dell'Oro projects for 2029 (Source:
www.delloro.com), the binary hot-versus-cold aisle containment debate that dominated data center design through the 2010s is being subsumed into a
broader, three-tier architecture: containment for airflow discipline at the room level, RDHx as a fast-to-deploy bridge technology, and direct-to-chip or
immersion cooling for the GPU pods themselves. This does not make containment obsolete. Coolnet's retrofit guidance is explicit that many capacity
failures in liquid-cooled Al retrofits trace back to poor containment and airflow management fundamentals rather than insufficient liquid cooling
capacity (Source: www.coolnetpower.com), and LBNL's federal data center assessment shows that basic hot and cold aisle alignment remains the

highest-leverage, lowest-cost first step even before containment hardware is purchased (Source: www.energy.gov).

Regulatory and fire code frameworks are adapting in parallel. NFPA 75, the Standard for the Fire Protection of Information Technology Equipment, and
NFPA 76, the corresponding standard for telecommunications facilities, have both been revised specifically to address containment's fire detection and
suppression implications, requiring that sprinkler systems be redesigned so they cover all areas of contained aisles, or alternatively that containment
barriers be integrated with the fire detection system so they open automatically in the event of a fire (Source: lifelinedatacenters.com). NFPA 76

additionally requires that facilities with telecommunications equipment in an area larger than 2,500 square feet install Very Early Warning Fire
Detection systems, a stricter standard than the Early Warning Fire Detection systems required in smaller rooms, which raises the design bar for large,
contained data halls specifically (Source: lifelinedatacenters.com. Electrically actuated, automatic-opening containment panels remain the more

expensive of the two options and are not yet as widely adopted, according to Lifeline Data Centers (Source: lifelinedatacenters.com), suggesting fire

code compliance costs will remain a meaningful part of containment total cost of ownership for the foreseeable future, particularly as facilities push
toward the denser configurations this report has described. UL's white paper on NFPA 75 similarly stresses that local building and fire codes generally
require data centers to install and maintain fire protection and suppression systems that meet accepted standards, providing an overview of generally
accepted fire protection and suppression system requirements that data center operators must follow regardless of which containment architecture
they select (Source: code-authorities.ul.com).

On the thermal envelope side, ASHRAE Technical Committee 9.9, whose whitepaper addresses mission critical facilities, data centers, technology
spaces, and electronic equipment (Source: www.ashrae.org, first issued data center thermal guidelines in 2004 with a single class capped at a 25
degrees Celsius (°C) recommended ceiling and has progressively widened its allowable operating envelope across five editions; by the fifth edition,
published in 2021, the A4 equipment class allows an upper allowable temperature limit of 45°C, according to CKY's summary of the standard (Source:
www.cky.com.tw). This widening envelope is precisely what makes hot aisle containment's higher-supply-temperature economics increasingly viable
across a broader range of climates and equipment classes, and it is likely to continue expanding as IT equipment manufacturers improve hardware
thermal tolerance further, a trend LBNL's federal data center guidance also anticipates by recommending equipment capable of operating above a 90
degree Fahrenheit supply air intake temperature where air cooling is retained (Source: www.energy.gov). Combined with rising liquid cooling adoption,
driven by a market Grand View Research expects to more than quadruple from $6.7 billion in 2025 to $29.5 billion by 2033, the next several years
should see containment architecture decisions increasingly made jointly with liquid cooling plant sizing at the design stage, rather than sequentially as
they have often been retrofitted historically.

Workforce and staffing implications also deserve attention. Uptime Institute's 2025 survey found staffing challenges persist across the industry, with

nearly two-thirds of operators reporting difficulty retaining staff, finding qualified candidates, or both (Source: datacenter.uptimeinstitute.com). The
same survey found that one in ten operators who experienced an impactful outage in the past three years described the most recent incident as
serious or severe, a reminder that the resiliency stakes of containment and cooling design decisions extend well beyond efficiency metrics (Source:
datacenter.uptimeinstitute.com). Hot aisle containment's uncomfortable working conditions, running 95 to 140°F depending on climate, place

additional pressure on technician retention and safety training precisely at a moment when the industry can least afford to lose experienced staff,
reinforcing why some hyperscalers are moving toward front-serviceable, cold-aisle-facing server designs that minimize the need for staff to ever enter
a hot aisle at all. NREL's (National Renewable Energy Laboratory) experience retrofitting a thermosyphon hybrid cooling system into its high-
performance computing data center offers a parallel lesson for water-constrained sites: the system cut water usage in that data center by roughly half,
saving 4,400 cubic meters of water in its first year of operation, showing that airflow and cooling-loop redesign can address sustainability metrics

beyond PUE alone (Source: datacenters.|bl.gov).

Frequently Asked Questions (FAQS)

Is hot aisle containment or cold aisle containment better overall? Neither is universally better; the right choice depends on whether a facility is
new-build or retrofit. Hot aisle containment is generally regarded as the preferred best practice for new data centers because of its efficiency and
economizer-hour advantages (Source: docs.media.bitpipe.com), while cold aisle containment is usually the more practical and lower-cost retrofit for

existing raised-floor facilities. Independent testing by Intel and T-Systems found no statistically significant efficiency difference between the two once
operating conditions are matched, so the deciding factors are usually cost, fire code complexity, and working environment rather than raw
thermodynamics.
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What is airflow management and why does it matter for high-density data centers? Airflow management is the discipline of controlling how cool
supply air and hot exhaust air move through a data hall so that cooling capacity is used efficiently rather than wasted on bypass air; without it, more
than 60% of cooling energy in a legacy facility can be lost to air that never reaches an intake (Source: www.datacenterknowledge.com). It becomes

critical at high density because the margin for error shrinks: a poorly managed 60 kW GPU rack can develop hot spots far faster than a poorly
managed 5 kW enterprise rack.

What are GPU rack cooling best practices as of 2026? Best practice typically layers three elements: disciplined hot or cold aisle containment and
blanking panels at the room level, rear door heat exchangers or in-row cooling as a bridge for racks in the 20 to 80 kW range, and direct-to-chip or
immersion liquid cooling for racks exceeding roughly 60 to 80 kW, such as NVIDIA's 120 kW GB200 NVL72, which the company describes as an
exascale computer in a single rack (Source: www.nvidia.com).

How exactly do data center containment systems work? Cold aisle containment encloses the aisle equipment draws air from, using doors and a
roof, leaving the rest of the room as an uncontained return path. Hot aisle containment does the reverse, enclosing the exhaust aisle so precision air
conditioning units only receive hot air from the aisles and ducting captured hot air directly back to the cooling units, usually through a drop-ceiling
plenum (Source: www.datacenterknowledge.com).

What are the main pros and cons of cold aisle containment? Pros include lower cost, simpler installation, typically just doors and a top cap, and
easier retrofitting onto existing raised floors. Cons include a warmer general work environment, more mixing of return air that lowers delta T, and the
potential to trigger fire-code separate-volume requirements under NFPA standards (Source: code-authorities.ul.com).

What are the main pros and cons of hot aisle containment? Pros include better economizer-hour utilization, a more comfortable general work
environment outside the contained aisle, and generally lower PUE in vendor testing. Cons include higher installation cost, the need for ducted return-
air infrastructure, and hot aisle temperatures that can reach 95 to 140°F, requiring careful technician safety procedures.

What high-density rack cooling solutions exist beyond containment? Rear door heat exchangers, direct-to-chip cold plates, and full immersion
cooling are the three main liquid-based options, supporting densities from roughly 25 kW per rack for RDHx up to 200 kW or more for immersion,
according to engineering estimates from Syaala cross-checked against Lawrence Berkeley National Laboratory's rack cooling technology survey
(Source: syaala.com) (Source: datacenters.|bl.gov).

What data center airflow optimization techniques matter most in existing facilities? Sealing floor and rack openings, correctly positioning
perforated floor tiles only in cold aisles, raising supply air temperature within ASHRAE-recommended envelopes, and installing variable frequency
drives on CRAH fans were the highest-leverage measures identified in LBNL's federal data center assessment, each carrying a typical payback of
roughly 2 to 2.5 years (Source: www.energy.gov).

How much does data center containment cost to install, and what is the typical payback period? Costs vary by facility, but Subzero
Engineering's white paper on containment economics reports a rapid return on investment, often between 6 and 18 months (Source:
www.subzeroeng.com), a figure broadly consistent with LBNL's measured 1.9 to 2.4 year payback range for combined airflow and containment

efficiency measures across three federal data centers (Source: www.energy.gov).

Can cold aisle containment be combined with liquid cooling for GPU racks? Yes. LBNL notes that either hot aisle or cold aisle containment will
work alongside in-row and rear door liquid cooling technologies, since the air-based containment strategy and the liquid loop address different parts of
the same heat load (Source: datacenters.|bl.gov), which is why most 2026-era Al retrofits layer containment, RDHXx, and direct-to-chip cooling together
rather than choosing only one.

Conclusion

Hot aisle containment and cold aisle containment both solve the same underlying problem, preventing hot exhaust air from mixing with cold supply air,
but they solve it from opposite directions and with different cost, comfort, and fire-code trade-offs. Cold aisle containment remains the pragmatic
default for retrofitting existing raised-floor facilities because it is cheaper and easier to install, while hot aisle containment remains the engineering-
preferred choice for new-build data centers because of its efficiency and economizer advantages, tempered by independent research showing the two
approaches converge once operating conditions are properly matched. Neither approach, however, was designed for the 40 to 120 kW GPU racks
now entering production, which is why rear door heat exchangers and direct-to-chip liquid cooling have moved from optional upgrades to structural
requirements for Al infrastructure, a shift reflected in a liquid cooling market forecast to grow from roughly $6.7 billion in 2025 to nearly $30 billion by
2033.
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Hot Aisle vs Cold Aisle Containment for GPU Racks (2026)
COMPUTE ENGINEERING

The evidence assembled in this report, spanning Schneider Electric's efficiency modeling, LBNL's measured federal data center and Digital Realty
outcomes, Equinix's five-year colocation PUE trend, and NVIDIA's rack-scale GPU engineering data, points to a consistent conclusion: containment
and liquid cooling are complementary layers of the same system rather than competing technologies. Operators evaluating hot aisle versus cold aisle
containment for a general-purpose or moderate-density facility should weigh retrofit cost and fire code complexity as the deciding factors, since
efficiency differences narrow once conditions are matched. Operators planning any rack above roughly 30 kW, and certainly any facility hosting
current-generation GPU accelerators, should plan containment and liquid cooling together from the earliest design stage, since airflow discipline
remains the foundation that liquid cooling infrastructure depends on to perform as engineered, not a legacy practice it renders obsolete.

Tags: hot aisle containment, cold aisle containment, data center cooling, gpu rack cooling, liquid cooling, power usage effectiveness, rear door heat
exchanger, airflow management, data center containment, high density rack cooling
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This document is provided for informational purposes only. No representations or warranties are made regarding the accuracy, completeness, or reliability of its contents. Any use of this information is
at your own risk. GPUSmith shall not be liable for any damages arising from the use of this document. This content may include material generated with assistance from artificial intelligence tools,
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