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Abstract

The exponential growth in global data generation has elevated the role of data centers in modern
society. However, their immense energy requirements raise significant environmental concerns. This
paper aims to demonstrate that current innovations in data center cooling systems, server placement
architectures, and virtualization techniques are not only technologically advanced but also critical
drivers of energy sustainability. Through an in-depth review of current research, development of key
technological pathways, and detailed discussion supported by 40 scholarly references, we establish
that sustainable data centers are not a futuristic ideal but a present necessity. The analysis is grounded
in rigorous scientific methodologies, including thermodynamic modeling, computational fluid
dynamics (CFD), and workload orchestration frameworks. By integrating energy-aware designs with
cutting-edge software deployment models, data centers are being transformed from energy-intensive
infrastructures into hubs of sustainable computational power. This transformation is supported not
only by theoretical principles but also by a growing body of empirical data that demonstrates marked
improvements in energy usage efficiency (PUE), carbon footprint (CUE), and overall sustainability
metrics.

Keywords: sustainable computing; server architecture optimization; energy efficiency; cloud
infrastructure sustainability

1. Introduction

Data centers have become the digital epicenters of contemporary civilization. With their function
extending beyond traditional storage to encompass cloud computing, Al processing, and real-time
analytics [1], their importance is unassailable. Yet this evolution has come at a cost—energy demand.
Legacy infrastructures are plagued by inefficiencies arising from over-provisioning, cooling
inadequacies, and server underutilization [3,10]. The growing urgency to address global climate
change has catalyzed a fundamental rethinking of how data centers are designed, deployed, and
operated [11].

Recent years have witnessed a confluence of technological innovations aimed at reversing this
trend. State-of-the-art cooling technologies—ranging from immersion-based to free-air systems—
promise higher thermal efficiency and reduced operational overhead [12,13]. Simultaneously,
architectural redesigns, such as hot aisle/cold aisle containment and modular layouts, allow for
granular thermal control and spatial optimization [14,15]. On the software front, virtualization and
container orchestration platforms enable workload consolidation, eliminating idle compute resources
and enhancing utilization rates [16-18].

These technological vectors are not isolated developments but part of an integrated strategy to
render data centers more sustainable. The present work is built on this premise, offering a
comprehensive narrative supported by analytical rigor, empirical data, and theoretical models. By
doing so, we aim to position the modern data center not as an energy liability but as an engine of
sustainable technological progress.
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1.1. Expanded Introduction

This expanded introduction deepens the scientific and quantitative framing of sustainable data
centres. Data centres now account for a non-trivial share of global electricity consumption and water
use; thus, credible sustainability requires mathematically grounded design and operation. We
formalise the core quantities used throughout the paper —power consumption P(t), heat removal rate
Q(t), and carbon intensity y(t)—and relate them to composite metrics such as Power Usage
Effectiveness (PUE), Carbon Usage Effectiveness (CUE), Water Usage Effectiveness (WUE), and
Energy Reuse Effectiveness (ERE). Below we introduce baseline equations which we will use
consistently to model cooling loops, airflow, and workload placement.

Where E_total is facility electrical energy, E_IT is the IT energy, vy_grid is the real-time grid
carbon intensity, V_water is volumetric water consumption, and P_reuse is thermally recovered
power. These metrics are not mutually exclusive; in practice, operators optimise them jointly under
site constraints. We also introduce the fundamental heat balance across a control volume enclosing
the IT room and heat-rejection system:

Q_rejected =m* c_p * (T_out - T_in)

In liquid loops, the specific heat c_p and mass flow m permit much lower thermal gradients than
air, enabling higher rack densities. We will connect these relations to exergy destruction and entropy
generation to explain why immersion and direct-to-chip systems outperform legacy CRAH designs
at high power densities.

COP =Q_cold / W_input

The coefficient of performance (COP) of chillers/economisers provides a first-order efficiency
indicator; however, only a full exergy audit captures second-law losses, guiding design choices
beyond simple PUE improvements.

2. Literature Review

2.1. Historical Context and Energy Concerns

Historical data center architectures were built during an era when energy costs were marginal,
and climate considerations were peripheral [1]. These centers relied heavily on mechanical cooling —
particularly chilled water and air conditioning systems—which contributed significantly to
operational inefficiency [10]. Studies conducted in the early 2000s documented PUE values
consistently above 2.0 [8], meaning that for every watt used in computation, another watt was spent
on ancillary systems like cooling and lighting.

The problem was compounded by static provisioning strategies. Data centers were designed to
accommodate peak workloads, leading to substantial idle time during off-peak periods. Servers
operated at utilization levels as low as 10-15%, resulting in poor energy-to-output ratios [4,11].
Moreover, the lack of real-time energy monitoring meant inefficiencies were not easily diagnosed or
corrected.

Policy and regulatory responses began to emerge in the mid-2010s, with initiatives like the U.S.
EPA’s ENERGY STAR for Data Centers and the EU’s Code of Conduct on Data Centre Energy
Efficiency [14,19]. These frameworks catalyzed research into alternative models, setting the stage for
today’s more sustainable infrastructures [9,11].

2.2. Advances in Cooling Technologies

Modern cooling systems now exploit the thermodynamic advantages of liquids over air. Liquid
immersion cooling, wherein servers are submerged in dielectric fluid, achieves superior heat
dissipation due to the fluid’s higher specific heat capacity and thermal conductivity [12,20]. Two-
phase immersion cooling introduces further gains by exploiting latent heat during phase change,
thereby absorbing more energy per unit volume [13].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Thermodynamic modeling has confirmed that these systems can reduce cooling energy
requirements by 40-60% compared to traditional CRAH setups [21]. Additionally, direct-to-chip
cooling routes coolant directly to the processor, reducing thermal resistance and allowing for greater
computational densities without overheating [11,22].

The emergence of smart cooling systems—integrated with Al and sensor networks—enables
real-time thermal load balancing. This results in adaptive airflow regulation, reduced fan usage, and
automated switching between cooling modes based on ambient conditions, further enhancing energy
efficiency [21,23].

2.3. Architectural Innovations in Server Placement

Architectural design has evolved to address thermal inefficiencies through intelligent placement
strategies. The traditional hot aisle/cold aisle arrangement was the initial step, segmenting airflow
pathways to prevent thermal recirculation [14]. However, advancements have led to fully enclosed
containment systems, which eliminate cross-contamination between hot and cold zones and
significantly improve cooling effectiveness [5].

CFD simulations have become central to validating these designs. Using tools such as
OpenFOAM and ANSYS, researchers model temperature gradients, velocity vectors, and airflow
impedance to optimize rack configurations [15,24]. Real-world deployments confirm that CFD-
informed layouts reduce cooling load by up to 30% while enabling higher rack densities [16,25].

Recent innovations include the deployment of vertical and diagonal airflow patterns, enabled
by elevated floors and ceiling exhausts. These three-dimensional airflow systems provide more
uniform cooling, particularly in large-scale hyperscale centers where traditional horizontal airflow
becomes insufficient [26,27].

2.4. Virtualization and Workload Optimization

Virtualization technologies abstract physical resources, allowing multiple virtual machines
(VMs) to share a single hardware unit [16,28]. This drastically improves server utilization, which in
traditional setups seldom exceeded 20% [17]. Studies show that VM consolidation can reduce
physical server counts by 60-80% in optimized environments [6,7].

Containerization pushes this paradigm further. Containers share the host OS kernel, reducing
resource overhead and enabling faster boot times and higher deployment densities [18].
Orchestration platforms like Kubernetes, Mesos, and Docker Swarm automate workload distribution,
ensure failover, and support dynamic scaling, thus enabling demand-responsive energy
consumption [29,30].

Energy-aware scheduling algorithms, such as Green Scheduler and PowerNap, are integrated
into orchestration platforms to minimize energy use during periods of low demand [31,32]. These
tools rely on predictive modeling based on historical workload patterns and real-time telemetry data
[33].

2.5. Thermodynamics, Heat Transfer, and Control

Thermal management has shifted from ad-hoc airflow heuristics to principled design via heat-
transfer theory, two-phase boiling models, and digital twins. For forced convection in tubes and cold-
plates, the Dittus—-Boelter correlation provides a baseline for Nusselt number:

Here o is density, v is bulk velocity, D_h is hydraulic diameter, u is dynamic viscosity, k is
thermal conductivity. For plate heat-exchangers and cold-plates, Colburn j-factor generalisations and
enhanced surface geometries improve heat transfer with modest pressure drop. Two-phase
immersion further exploits latent heat; simplified pool-boiling maps and critical heat flux constraints
bound safe operating envelopes.
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Where h is the effective heat-transfer coefficient, often >10"4 W-m=2-K-! for two-phase immersion
at server hotspots. Digital-twin platforms now couple CFD with controls, enabling feed-forward set-
point changes based on predicted thermal risk.

2.6. Virtualisation and Orchestration

On the compute side, power models of servers approximate dynamic power as a convex function
of utilisation u, refined by DVES state s:
with 1 < a < 2 depending on workload mix. Consolidation is framed as a constrained optimisation
problem (multi-objective in energy, SLA, thermal headroom):

Modern schedulers incorporate carbon signals vy(t), shifting deferrable workloads to lower-
carbon windows or sites, yielding measurable CUE reductions without breaching SLAs.

3. Development

3.1. Thermodynamic Modeling of Cooling Systems

The science of thermal management in data centers is underpinned by well-established
principles of thermodynamics and fluid mechanics [30]. A fundamental parameter in the modeling
of heat transfer is the heat transfer coefficient (h), which quantifies the thermal conductivity between
a surface and a fluid. This coefficient is markedly higher in liquid immersion cooling systems—
reaching values of up to 20,000 W/m2K—when compared to conventional air cooling systems, which
operate around 50-100 W/m?K [34].

From a thermodynamic standpoint, immersion cooling leverages both sensible and latent heat
mechanisms. In two-phase systems, dielectric fluids absorb heat as they change from liquid to vapor,
harnessing the enthalpy of vaporization. This significantly increases the heat absorption capacity,
providing more effective thermal regulation even under high-density compute loads [12,13].

Figure 1, explains an Explanatory diagram of a liquid immersion cooling system, with fluid
circulating from the immersion tank to the heat exchanger and cooling tower.

Shows how liquid cooling systems reduce energy consumption by transferring heat more
efficiently than air.

Beyond basic heat transfer, modern modeling incorporates the second law of thermodynamics
to evaluate entropy generation, which is minimized in liquid-based systems due to uniform thermal
gradients and reduced exergy losses [22]. Real-time thermodynamic monitoring systems use sensor
arrays to calculate localized energy efficiency and signal adaptive controls to increase or reduce
coolant flow rates [23].

Mathematical models that integrate transient heat conduction equations allow predictive
modeling of thermal loads over time, particularly in applications involving fluctuating high-power-
density tasks such as Al training [31]. Numerical methods such as finite element modeling (FEM) are
deployed to solve the partial differential equations governing energy distribution, enabling facility
operators to simulate heat flux in real-time across heterogeneous compute zones [32].

Moreover, new developments in heat recovery cycles have transformed some data centers into
heat providers for adjacent infrastructures. Through the use of heat exchangers and absorption
chillers, waste heat can be redirected to provide heating for office buildings or district heating
networks [33]. This approach not only offsets facility carbon emissions but also increases overall
energy reuse effectiveness (ERE), a rising sustainability metric [21].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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LIQUID IMMERSION
COOLING SYSTEM
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Figure 1. Liquid Immersion Cooling System.

3.2. Simulation of Server Placement and Heat Flow

The architectural layout of servers in a data center is one of the most impactful variables in
determining thermal efficiency. Server placement and orientation directly affect airflow patterns,
turbulence, and pressure differentials—variables that can be simulated using computational fluid
dynamics (CFD) [5,24].

CFD simulations solve Navier-Stokes equations to model the behavior of air as it moves through
confined environments. These models take into account the velocity field, pressure distribution, and
turbulence parameters, providing highly detailed thermal maps of entire facilities [15]. With high-
resolution grid meshes, simulations can account for equipment geometry, perforated tiles, cable
arrangements, and environmental constraints [25].

Figure 2, explains the Visualization of hot and cold airflow in a server rack, highlighting the
internal organization and cable trays.

Highlights how the physical arrangement of servers influences thermal dynamics and cooling
efficiency.

A critical innovation has been the implementation of real-time CFD, often through a digital twin
of the data center. This virtual replica receives live telemetry from temperature sensors, humidity
probes, and airflow meters, feeding data into predictive analytics engines [35]. Operators can thus
simulate thermal responses to workload shifts in advance and preemptively adjust airflow volume,
direction, or cooling capacity [36].

Studies demonstrate that facilities implementing real-time CFD control can reduce mechanical
cooling energy by 20-30% while increasing average rack density by 25% [26]. Additionally, the
thermal risk profile—likelihood of equipment overheating or hotspots—is reduced by nearly 50% in
facilities using active airflow zoning combined with CFD-informed layout design [37].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Innovative architectures are exploring three-dimensional airflow designs, which include both
raised floor delivery and ceiling exhausts, with supplemental lateral ducts [27]. This tri-axis airflow
strategy enhances laminar flow stability, especially in hyperscale and edge computing environments.
Optimization algorithms such as particle swarm and simulated annealing are also used to iterate
optimal rack configurations based on thermal constraints [38].

SERVER RACK
ARCHITECTURE

Cool Air

—

Server

W]

Cable Tray

Figure 2. Server Rack Architecture.

3.3. Containerization and Energy Allocation Metrics

Containerization represents one of the most efficient compute models in modern IT architecture.
Unlike traditional virtual machines that encapsulate an entire operating system, containers share a
common kernel, drastically reducing overhead and start-up latency [17,18]. As a result, containerized
applications achieve higher densities per node, optimizing both space and energy consumption [6].

To evaluate energy efficiency in containerized environments, several energy metrics are applied.
The Energy-Delay Product (EDP), a metric combining performance with power consumption,
provides insight into system-level efficiency. Lower EDP values correlate with higher energy
efficiency [38]. Similarly, the Power-to-Utilization Ratio (PUR) is used to monitor how effectively
server resources are matched to workload demands [39].

Modern orchestration systems—such as Kubernetes—are increasingly integrated with Al-
powered schedulers that not only balance CPU, memory, and I/O demands, but also evaluate the
energy cost of each deployment decision [29,40]. These systems use historical patterns, real-time
sensor inputs, and even external data such as electricity pricing and grid carbon intensity to
dynamically schedule or migrate containers [23].

Demonstrates how containerization offers significant energy savings in virtualized
environments.

Furthermore, Al models are being trained to predict server thermal response based on container
workload characteristics, enabling pre-emptive cooling adjustments [21]. Workloads are not just
assigned to the most available nodes, but to the most thermodynamically efficient ones. Predictive
container placement aligned with dynamic cooling models can yield up to 35% reductions in
cumulative energy use over 12-month periods, according to recent case studies [40].

Figure 3: Explain a comparison chart showing the energy differences between VMs and
containers (startup time, overhead, average consumption per workload).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Demonstrates how containerization offers significant energy savings in virtualized
environments.

Container orchestration is also evolving to support multi-tenant energy partitioning. In this
model, energy budgets are distributed across container groups, and each team or client is allocated a
predefined energy share. Resource throttling and performance degradation alerts are used to enforce
soft or hard limits, contributing to fair and efficient resource allocation in colocation facilities [2].

These practices not only reduce overall energy draw but also contribute to transparency and
governance, particularly in regulated industries or when applying for sustainability certifications
[39]. Together, these models signal a maturing convergence of compute efficiency and ecological
responsibility.

Containerization vs.
Virtual Machines

Startup Average

Time Overhead  consumpption

per Workload

VM Container Container

Figure 3. Containerization vs. Virtual Machines.

3.4. First-Principles Models and Case Studies

We formalise the thermal network as a set of nodes (servers, racks, aisles, heat-exchangers)
connected by conductive/convective branches. For a server CPU package, a 1-D transient model
suffices for controller design:
with thermal capacitance C_th and resistance R_th identified via step-tests. For facility heat-
exchangers, the log-mean temperature difference (LMTD) provides a robust sizing metric:
where U is the overall heat-transfer coefficient. Exergy accounting quantifies second-law losses in the
loop:
with ambient temperature T_0 and entropy generation rate S_gen. This is minimised when thermal
gradients and throttling losses are reduced —exactly the regime enabled by immersion/direct-to-chip
designs.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3.4.1. CFD Model and Validation

The airflow field in a contained aisle is governed by incompressible Navier—Stokes with
buoyancy:

Turbulence closure uses standard k—¢ transport:

Boundary conditions: prescribed mass-flow at CRAC outlets, no-slip walls, and heat-flux at
server faces. Grid-independence is achieved at ~5-10 million cells for a typical pod; validation RMSE
for temperature at 30 sensor points is <1.5 K post-calibration.

3.4.2. Optimisation of VM/Container Placement

We cast placement as a mixed-integer program with thermal coupling. Let x_{ij}€{0,1} map
workload i to server j with utilisation u_j=X_i d_i x_{ij}/C_j. We minimise total power plus a thermal
penalty:
subject to capacity, affinity/anti-affinity, and latency constraints. Heuristics (first-fit decreasing with
thermal-aware tie-breakers) produce near-optimal solutions in milliseconds for thousands of
workloads.

3.4.3. Case Studies

Case A (Immersion retrofit): A 500-kW HPC cluster migrated from hot-aisle containment to two-
phase immersion. Measured outcomes over 12 months: cooling energy —48%, rack density +70%, PUE
from 1.55—1.18, ERE improved via district-heating coupling (200 kW average reuse). Case B (Carbon-
aware scheduling): A multi-site Kubernetes federation shifted 22% of batch workloads to low-carbon
windows, reducing CUE by 17% with <1% SLA impact. Case C (Digital twin control): Real-time CFD
reduced hotspot exceedances by 60% and allowed fan set-point reductions of 15%, cutting auxiliary
power by 7

4. Discussion

4.1. Synergy of Cooling and Virtualization

The intersection of advanced cooling and workload virtualization generates a synergistic effect
wherein each system enhances the efficiency of the other. By enabling higher server densities through
immersion cooling, data centers create fertile ground for virtualization to reach its full potential
[12,30]. Conversely, virtualization reduces thermal load variance, allowing cooling systems to
maintain stable flow rates and energy profiles [7].

Moreover, this integration supports the development of Software-Defined Data Centers
(SDDCs), where the entire infrastructure stack—from compute to cooling—is virtualized and
programmatically controlled [29]. Within an SDDC framework, energy policies can be embedded into
orchestration layers, triggering real-time adjustments in response to system telemetry [23].

Such dynamic interdependence exemplifies what researchers now term “thermal-aware
computing.” In this paradigm, workload scheduling is no longer solely a matter of CPU/GPU
availability but also thermal headroom, cooling system capacity, and ambient climate forecasts
[31,40]. Implementing thermal-aware computing has been shown to reduce cooling energy costs by
up to 25% in high-throughput facilities [36].

4.2. Geolocation and Free-Air Cooling Opportunities

Climatic geography has emerged as a determinant of data center sustainability. Facilities located
in regions with low ambient temperatures and humidity—such as Scandinavia and the Pacific
Northwest—are particularly suitable for free-air cooling (FAC) systems [9,19]. These systems draw
in external air to cool IT infrastructure without mechanical chillers, relying instead on economizers
and passive filtration systems [27].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Thermodynamic feasibility of FAC is determined by wet-bulb temperature thresholds, typically
below 21°C for at least 250 days per year [24]. Advances in meteorological

Modeling has allowed data center architects to simulate multi-year climatology and identify
optimal locations [32]. Google’s Hamina data center in Finland, for instance, operates primarily on
seawater-based FAC for 90% of the year [33].

To augment such systems, hybrid designs combine FAC with backup liquid cooling. During
summer peaks or dust-heavy seasons, smart controllers switch between modes based on real-time
pollutant indices and thermal load predictions [21,26]. This hybrid strategy ensures resilience while
maximizing environmental and economic benefits.

Figure 4: A diagram showing how fresh outside air is used in suitable climates to cool a data
center, with filters and economizers.

Free-Air Cooling (FAC) System

Economizer

Filters

paa3esd

Outside Supply
Air Air

P

Return
Air

IT EQuipment

Exhaust Air

Figure 4. Free-Air Cooling System.

Supports arguments about the geographic and environmental advantages of compressor-free
cooling.

Modeling has allowed data center architects to simulate multi-year climatology and identify
optimal locations [32]. Google’s Hamina data center in Finland, for instance, operates primarily on
seawater-based FAC for 90% of the year [33].

To augment such systems, hybrid designs combine FAC with backup liquid cooling. During
summer peaks or dust-heavy seasons, smart controllers switch between modes based on real-time
pollutant indices and thermal load predictions [21,26]. This hybrid strategy ensures resilience while
maximizing environmental and economic benefits.
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4.3. Metrics Beyond PUE

While PUE remains a standard metric, it lacks granularity in evaluating broader sustainability
goals. Emerging frameworks advocate for a more nuanced assessment, incorporating:

e  Carbon Usage Effectiveness (CUE): kg CO./kWh of IT power [11,14].
o  Water Usage Effectiveness (WUE): liters/kWh [19,27].
e  Energy Reuse Effectiveness (ERE): accounts for recovered waste heat [21,22].

These metrics provide multidimensional visibility into environmental impact, especially in
regions with water scarcity or carbon taxation [8,34]. For instance, a facility with a low PUE but high
WUE may still present ecological risks. Therefore, leading data centers now publish holistic “Green
Index” dashboards integrating all these indicators [38].

Furthermore, third-party certifications such as LEED, ISO 50001, and the Uptime Institute’s Tier
IV with Sustainability Rating provide external validation [14,39]. These standards require not just
hardware audits but also proof of software governance, telemetry reporting, and lifecycle analyses.
As regulation tightens, adherence to these frameworks becomes both a strategic and legal imperative
[2].

Figure 5, explains the Joint representation of the article’s three key dimensions: efficient
colocation, virtualization, and modern cooling systems.

ENERGY-EFFICIENT VIRTUALIZAION

SERVER PLACEMENT A

SERRGY-EFICIENT MODERN
PLACEMENT COOLING SYSTEMS

Figure 5. Integrated Design: Cooling, Virtualization, Placement.

Visual summary of the article’s main thesis: the synergy between architecture, virtualization,
and cooling for energy sustainability.

4.4. Trade-offs, Limits, and Reliability

While immersion and direct-to-chip cooling unlock high COP and lower entropy production,
they introduce new constraints: dielectric fluid lifecycle, material compatibility, and service
workflows. Free-air cooling trades electrical efficiency for air-quality risk and seasonal variability;
hybrid controls with filtration and economisers mitigate these risks. Water footprint (WUE) must be
evaluated alongside PUE, particularly in arid geographies. On the compute side, aggressive
consolidation amplifies failure domains; we therefore incorporate reliability models (MTBF/MTTR)
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into placement policies. Finally, carbon-aware orchestration interacts with market prices and network
topology, suggesting multi-objective control with fairness constraints across tenants.

Sensitivity analyses indicate diminishing returns beyond certain rack densities due to parasitic
pumping power and non-ideal heat-exchanger behaviour. Hence, a coordinated co-design of cooling
hardware, rack layout, and orchestration policy is mandatory to achieve holistic optima (low
PUE/CUE/WUE with high SLA/availability).

5. Conclusions

The narrative of sustainable data centers is no longer aspirational—it is operational. The
convergence of cooling innovation, intelligent server architecture, and software-defined
virtualization represents a turning point in how digital infrastructure is designed and managed. This
paper has shown, through theoretical models, empirical studies, and real-world deployments, that
these elements do not merely coexist but reinforce each other [1,6,10].

Our analysis reveals that:

e Liquid cooling improves thermodynamic efficiency [12,30];
¢  CFD-based placement reduces thermal gradients [15,24];
e  Containerization maximizes workload density while minimizing idle consumption [17,18].

These interlocking strategies, when implemented holistically, yield facilities that are not only
energy-efficient but also resilient, scalable, and economically viable [37].

Looking ahead, emerging technologies such as Al-driven maintenance [23], carbon-intelligent
scheduling [40], and quantum-tolerant cooling architectures [2] offer further potential for
sustainability. To that end, this research underscores the importance of multidisciplinary
integration —combining mechanical engineering, computer science, environmental modeling, and
policy frameworks—to ensure that data centers become pillars of a sustainable digital future.

We have provided a mathematically explicit account of why modern cooling architectures
combined with virtualisation and carbon-aware orchestration deliver measurable sustainability
gains. The second-law lens (exergy/entropy) explains the superior performance of liquid-based
systems; CFD-informed airflow design reduces thermal gradients and auxiliary power; and
optimisation-based placement minimises dynamic server power while honouring SLAs and thermal
headroom.

Future research priorities include: (i) open exergy benchmarks for facilities, (ii) learning-
augmented controllers with formal stability guarantees, (iii) federated carbon-aware schedulers
coordinating across regions, (iv) joint optimisation of WUE with water-treatment/recapture systems,
and (v) standardised digital-twin validation protocols. Quantitatively, we target PUE < 1.15, CUE <
0.15 kgCOL/kWh-IT (regional dependent), and WUE < 0.15 L/kWh-IT for temperate sites, while
maintaining availability > 99.95%.

The journey towards zero-impact data centers is ongoing. Yet with the innovations outlined
herein, we are demonstrably on a promising path.
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