


Classificazione Decimale Dewey

— 006.3 (23.) Intelligenza Artificiale e computazione naturale

Thema

— Soggetto: U. Informatica e Tecnologia dell’Informazione
— Qualificatori: 4CT. Per l’istruzione superiore/terziaria/universitaria



GERARDO IOVANE 
ROLANDO ROSTOLIS

DATA CENTERS  
IN THE AGE OF ARTIFICIAL 

INTELLIGENCE
COMPUTING INFRASTRUCTURE, DATA ENGINEERING 
AND ECONOMICS, ENERGY AND ENVIRONMENTAL 

SUSTAINABILITY AND FUTURE TRENDS



©

isbn 
979-12-218-2707-1

prima edizione 
roma 4 maggio 2026



5

5 

 

Table of Contents 
 

 
Foreword .................................................................................................................. 23 
Introduction .............................................................................................................. 25 

Structure and Organization of the Volume ............................................................ 25 
The AI Data Center Architecture Stack Framework: A Formal Presentation ........ 28 
How to Read This Book: Reading Paths and Levels ............................................ 30 
Notes on mathematical formalism, notation, and bibliographic references ........... 31 
The Context: The Structural Transformation of Global Digital Infrastructure ........ 32 
Bibliographic references for the Preface and Introduction .................................... 34 

CHAPTER 1 - THE DATA ECONOMY: DATA AS A STRATEGIC RESOURCE, 
DIGITAL PLATFORMS, HYPERSCALE ECOSYSTEMS, AND THE 
COMPUTATIONAL DEMAND OF ARTIFICIAL INTELLIGENCE ............................. 37 

1.1 Data as a Fundamental Economic Resource: Theoretical Framework and 
Measurement ........................................................................................................ 37 
1.2 Digital platforms and value creation mechanisms: network effects, lock-in, and 
market structures .................................................................................................. 40 
1.3 Hyperscale ecosystems: definition, structural characteristics, and scale 
thresholds ............................................................................................................. 43 
1.4 Artificial Intelligence Computational Demand: Structure, Trajectories, and 
Infrastructure Implications ..................................................................................... 46 
1.5 Investment Trajectories, Geopolitical Dynamics, and Structural Outlooks for 
Digital Infrastructure .............................................................................................. 48 
References for Chapter 1 ..................................................................................... 52 

CHAPTER 2 - HISTORICAL EVOLUTION OF COMPUTING INFRASTRUCTURE: 
FROM MAINFRAMES TO AI FACTORIES .............................................................. 55 

2.1 The Era of Mainframes and Centralized Computing (1950–1980): Architectural 
Foundations and Economic Model........................................................................ 55 
2.2 The Personal Computer Revolution and the Enterprise Data Center (1980–
2000): Decentralization, Client-Server, and the Internet Boom ............................. 58 
2.3 The Emergence of Cloud Computing and Hyperscale Data Centers (2000–
2015): Virtualization, Utility, and Global Scale ...................................................... 60 
2.4 The era of deep learning and the birth of the AI factory (2015–present): GPU 
computing, training clusters, and the new infrastructure ....................................... 64 
2.5 Laws of scale, technological trajectories, and paradigm shifts: a comparative 
analysis ................................................................................................................. 67 
References for Chapter 2 ..................................................................................... 70 



6  Table of contents6 - Data Centers in the Age of Artificial Intelligence 

CHAPTER 3 - GLOBAL GEOGRAPHY OF DATA CENTERS: COMPUTING HUBs, 
SUBMARINE CABLES, AND LATENCY CORRIDORS ........................................... 73 

3.1 Fundamentals of Computational Geography: Why Location Matters in the 
Cloud Era .............................................................................................................. 73 
3.2 The major global computing hubs: Northern Virginia, Silicon Valley, Frankfurt, 
Singapore, and the Beijing- .................................................................................. 75 
3.3 Submarine Cable Infrastructure: Transmission Physics, Geopolitics, and 
Systemic Vulnerabilities ........................................................................................ 79 
3.4 Latency corridors and the geographical architecture of networks: quantitative 
models and placement optimization ...................................................................... 82 
3.5 Emerging Markets, Geopolitical Reshaping, and Future Trajectories of the 
Geographic Distribution of Computing .................................................................. 85 
References for Chapter 3 ..................................................................................... 89 

CHAPTER 4 - ENTERPRISE DATA CENTERS: DESIGN PATTERNS, TYPICAL 
WORKLOADS, AND CAPACITY PLANNING .......................................................... 93 

4.1 Definition and Positioning of the Enterprise Data Center in the Digital 
Infrastructure Ecosystem ...................................................................................... 93 
4.2 Architectural Patterns of Enterprise Data Centers: Physical Topologies, 
Layouts, and Airflows ............................................................................................ 96 
4.3 Typical Enterprise Data Center Workloads: Characterization and Modeling .. 99 
4.4 Capacity Planning Methodologies: Quantitative Models, Rightsizing, and 
Growth Management .......................................................................................... 102 
4.5 Operational Governance, Lifecycle Management, and Performance Metrics for 
Enterprise Data Centers ..................................................................................... 105 
4.6 Evolution of the enterprise data center toward the hybrid model: cloud 
integration, software-defined infrastructure, and modernization ......................... 108 
References for Chapter 4 ................................................................................... 111 

CHAPTER 5 - COLOCATION FACILITIES: MULTI-TENANT ARCHITECTURE, 
INTERCONNECTION FABRIC, AND CARRIER NEUTRALITY ............................ 115 

5.1 The Colocation Business Model: Market Structure, Service Types, and 
Competitive Dynamics ........................................................................................ 115 
5.2 Multi-tenant physical architecture: segmentation design, security, and tenant 
isolation .............................................................................................................. 118 
5.3 Interconnection fabric: technical architecture, cross-connect types, and traffic 
exchange markets .............................................................................................. 121 
5.4 Carrier neutrality: formal definition, peering models, and implications for tenant 
network architecture ........................................................................................... 124 
5.5 Cloud on-ramp models, virtual interconnection, and the role of colocation in the 
hybrid cloud ecosystem ...................................................................................... 127 
References for Chapter 5 ................................................................................... 131 



Table of contents  76 - Data Centers in the Age of Artificial Intelligence 

CHAPTER 3 - GLOBAL GEOGRAPHY OF DATA CENTERS: COMPUTING HUBs, 
SUBMARINE CABLES, AND LATENCY CORRIDORS ........................................... 73 

3.1 Fundamentals of Computational Geography: Why Location Matters in the 
Cloud Era .............................................................................................................. 73 
3.2 The major global computing hubs: Northern Virginia, Silicon Valley, Frankfurt, 
Singapore, and the Beijing- .................................................................................. 75 
3.3 Submarine Cable Infrastructure: Transmission Physics, Geopolitics, and 
Systemic Vulnerabilities ........................................................................................ 79 
3.4 Latency corridors and the geographical architecture of networks: quantitative 
models and placement optimization ...................................................................... 82 
3.5 Emerging Markets, Geopolitical Reshaping, and Future Trajectories of the 
Geographic Distribution of Computing .................................................................. 85 
References for Chapter 3 ..................................................................................... 89 

CHAPTER 4 - ENTERPRISE DATA CENTERS: DESIGN PATTERNS, TYPICAL 
WORKLOADS, AND CAPACITY PLANNING .......................................................... 93 

4.1 Definition and Positioning of the Enterprise Data Center in the Digital 
Infrastructure Ecosystem ...................................................................................... 93 
4.2 Architectural Patterns of Enterprise Data Centers: Physical Topologies, 
Layouts, and Airflows ............................................................................................ 96 
4.3 Typical Enterprise Data Center Workloads: Characterization and Modeling .. 99 
4.4 Capacity Planning Methodologies: Quantitative Models, Rightsizing, and 
Growth Management .......................................................................................... 102 
4.5 Operational Governance, Lifecycle Management, and Performance Metrics for 
Enterprise Data Centers ..................................................................................... 105 
4.6 Evolution of the enterprise data center toward the hybrid model: cloud 
integration, software-defined infrastructure, and modernization ......................... 108 
References for Chapter 4 ................................................................................... 111 

CHAPTER 5 - COLOCATION FACILITIES: MULTI-TENANT ARCHITECTURE, 
INTERCONNECTION FABRIC, AND CARRIER NEUTRALITY ............................ 115 

5.1 The Colocation Business Model: Market Structure, Service Types, and 
Competitive Dynamics ........................................................................................ 115 
5.2 Multi-tenant physical architecture: segmentation design, security, and tenant 
isolation .............................................................................................................. 118 
5.3 Interconnection fabric: technical architecture, cross-connect types, and traffic 
exchange markets .............................................................................................. 121 
5.4 Carrier neutrality: formal definition, peering models, and implications for tenant 
network architecture ........................................................................................... 124 
5.5 Cloud on-ramp models, virtual interconnection, and the role of colocation in the 
hybrid cloud ecosystem ...................................................................................... 127 
References for Chapter 5 ................................................................................... 131 

7 

 

CHAPTER 6 - HYPERSCALE DATA CENTERS: ARCHITECTURES, 
ENGINEERING INNOVATIONS, AND OPERATIONAL STRATEGIES OF THE 
MAJOR GLOBAL OPERATORS ............................................................................ 133 

6.1 Definition and Structural Characteristics of the Hyperscale Paradigm: Beyond 
Scale, Toward Software-Hardware Co-Design ................................................... 133 
6.2 Google’s Data Center Architecture: Modularity, Custom Silicon, and 48V 
Power Management ............................................................................................ 136 
6.3 Amazon Web Services: the availability zone architecture, custom 
Graviton/Trainium silicon, and the engineering principles of the public cloud ..... 139 
6.4 Microsoft Azure and Meta: Differentiated Approaches to Hyperscale and AI 
Optimization ........................................................................................................ 142 
6.5 The ADCAS framework applied to hyperscale architecture: empirical validation 
and model generalizability .................................................................................. 145 
References for Chapter 6 ................................................................................... 149 

CHAPTER 7 - EDGE DATA CENTERS: LOW-LATENCY INFRASTRUCTURE FOR 
IoT, 5G, AND AUTONOMOUS SYSTEMS ............................................................. 153 

7.1 Conceptual Foundations of Edge Computing: From Centralized Hierarchy to 
Widespread Distribution of Compute .................................................................. 153 
7.2 Physical Architecture of Edge Data Centers: Deployment Constraints, Form 
Factors, and Technical Infrastructure ................................................................. 156 
7.3 Edge Computing and 5G Networks: MEC Architecture, Network Slicing, and 
Latency Requirements for Critical Applications .................................................. 159 
7.4 Edge Computing for the Industrial Internet of Things: Architectures, Protocols, 
and Manufacturing Use Cases ........................................................................... 162 
7.5 Edge Data Centers for Autonomous Transportation Systems and Smart Cities: 
Requirements, Architectures, and Deployment Prospects .................................. 165 
References for Chapter 7 ................................................................................... 169 

CHAPTER 8 - DATA CENTERS FOR ARTIFICIAL INTELLIGENCE AND HIGH-
PERFORMANCE COMPUTING: GPU CLUSTERS, AI FACTORIES, AND 
TRAINING AND INFERENCE INFRASTRUCTURE .............................................. 173 

8.1 The Convergence of HPC and AI: Historical Trajectories, Architectural 
Similarities, and Operational Differences ............................................................ 173 
8.2 GPU Cluster Architecture for AI Model Training: Network Topologies, 
Parallelism, and Scalability ................................................................................. 176 
8.3 AI Factory: The Paradigm of Industrial AI Production and Infrastructure 
Requirements ..................................................................................................... 179 
8.4 AI Inference Infrastructure: Optimization for Throughput and Latency, 
Batching, and Quantization ................................................................................. 182 
8.5 Storage for AI: parallel filesystems, object storage, and data pipelines for 
training and inference ......................................................................................... 186 
References for Chapter 8 ................................................................................... 189 



8  Table of contents8 - Data Centers in the Age of Artificial Intelligence 

CHAPTER 9 - DATA CENTER SITE SELECTION: ENERGY AVAILABILITY, 
CLIMATE, SEISMIC RISK, FIBER CONNECTIVITY, AND GEOPOLITICAL RISK 193 

9.1 The Site Selection Decision-Making Process: Multi-Criteria Framework and 
Investment Structure ........................................................................................... 193 
9.2 Electricity Availability and Quality: Grid Analysis, Tariffs, and Renewable 
Sources .............................................................................................................. 195 
9.3 Climate factors and natural hazards: temperature, humidity, hydrogeological 
risk, and seismic risk ........................................................................................... 199 
9.4 Fiber-optic connectivity: assessment of existing infrastructure, dark fiber, and 
latency to markets ............................................................................................... 202 
9.5 Geopolitical risk, digital sovereignty, and regulatory frameworks: the 
institutional dimension of site selection ............................................................... 204 
References for Chapter 9 ................................................................................... 209 

CHAPTER 10 - STRUCTURAL ENGINEERING OF DATA CENTERS: LOAD 
DISTRIBUTION, SEISMIC DESIGN, AND MODULAR CONSTRUCTION ............ 213 

10.1 Fundamentals of Structural Engineering Applied to Data Centers: Loads, 
Reference Standards, and Specific Functional Requirements ............................ 213 
10.2 Load distribution in the white space: high-density floors, raised floors, and 
utility corridors .................................................................................................... 216 
10.3 Seismic Design of Data Centers: Forces on Non-Structural Components, 
Anchors, and Base Isolation ............................................................................... 219 
10.4 Prefabricated Modular Construction: Engineering Principles, Module Types, 
and Construction Process Optimization .............................................................. 223 
10.5 BIM, Structural Digital Twin, and Structural Health Monitoring in the Data 
Center Lifecycle .................................................................................................. 226 
References for Chapter 10 ................................................................................. 231 

CHAPTER 11 - DATA CENTER LAYOUT DESIGN: WHITE SPACE, HOT/COLD 
AISLE CONTAINMENT, AND MODULAR ROOMS ............................................... 233 

11.1 Fundamental Principles of Layout Design: From Functional Planning to 
Thermohydraulic Optimization ............................................................................ 233 
11.2 Hot aisle/cold aisle architecture: fundamentals, containment variants, and 
thermo-hydraulic performance analysis .............................................................. 236 
11.3 Modular Room Layout: Design for Scalability, Redundancy, and Operational 
Flexibility ............................................................................................................. 239 
11.4 Layout for High-Density Data Centers and Liquid Cooling: Space 
Management, Fluid Distribution, and IT Integration ............................................ 243 
11.5 Layout Optimization Through Simulation Models, Dynamic Space 
Management, and Evolving Trends .................................................................... 246 
References for Chapter 11 ................................................................................. 250 

CHAPTER 12 - CONSTRUCTION TECHNIQUES FOR DATA CENTERS: 
PREFABRICATED MODULES, CONTAINERIZED SYSTEMS, AND 
INDUSTRIALIZATION OF THE CONSTRUCTION PROCESS ............................. 253 



Table of contents  98 - Data Centers in the Age of Artificial Intelligence 

CHAPTER 9 - DATA CENTER SITE SELECTION: ENERGY AVAILABILITY, 
CLIMATE, SEISMIC RISK, FIBER CONNECTIVITY, AND GEOPOLITICAL RISK 193 

9.1 The Site Selection Decision-Making Process: Multi-Criteria Framework and 
Investment Structure ........................................................................................... 193 
9.2 Electricity Availability and Quality: Grid Analysis, Tariffs, and Renewable 
Sources .............................................................................................................. 195 
9.3 Climate factors and natural hazards: temperature, humidity, hydrogeological 
risk, and seismic risk ........................................................................................... 199 
9.4 Fiber-optic connectivity: assessment of existing infrastructure, dark fiber, and 
latency to markets ............................................................................................... 202 
9.5 Geopolitical risk, digital sovereignty, and regulatory frameworks: the 
institutional dimension of site selection ............................................................... 204 
References for Chapter 9 ................................................................................... 209 

CHAPTER 10 - STRUCTURAL ENGINEERING OF DATA CENTERS: LOAD 
DISTRIBUTION, SEISMIC DESIGN, AND MODULAR CONSTRUCTION ............ 213 

10.1 Fundamentals of Structural Engineering Applied to Data Centers: Loads, 
Reference Standards, and Specific Functional Requirements ............................ 213 
10.2 Load distribution in the white space: high-density floors, raised floors, and 
utility corridors .................................................................................................... 216 
10.3 Seismic Design of Data Centers: Forces on Non-Structural Components, 
Anchors, and Base Isolation ............................................................................... 219 
10.4 Prefabricated Modular Construction: Engineering Principles, Module Types, 
and Construction Process Optimization .............................................................. 223 
10.5 BIM, Structural Digital Twin, and Structural Health Monitoring in the Data 
Center Lifecycle .................................................................................................. 226 
References for Chapter 10 ................................................................................. 231 

CHAPTER 11 - DATA CENTER LAYOUT DESIGN: WHITE SPACE, HOT/COLD 
AISLE CONTAINMENT, AND MODULAR ROOMS ............................................... 233 

11.1 Fundamental Principles of Layout Design: From Functional Planning to 
Thermohydraulic Optimization ............................................................................ 233 
11.2 Hot aisle/cold aisle architecture: fundamentals, containment variants, and 
thermo-hydraulic performance analysis .............................................................. 236 
11.3 Modular Room Layout: Design for Scalability, Redundancy, and Operational 
Flexibility ............................................................................................................. 239 
11.4 Layout for High-Density Data Centers and Liquid Cooling: Space 
Management, Fluid Distribution, and IT Integration ............................................ 243 
11.5 Layout Optimization Through Simulation Models, Dynamic Space 
Management, and Evolving Trends .................................................................... 246 
References for Chapter 11 ................................................................................. 250 

CHAPTER 12 - CONSTRUCTION TECHNIQUES FOR DATA CENTERS: 
PREFABRICATED MODULES, CONTAINERIZED SYSTEMS, AND 
INDUSTRIALIZATION OF THE CONSTRUCTION PROCESS ............................. 253 

9 

 

12.1 Evolution of the Data Center Construction Process: From Traditional 
Construction to Industrialized Production ........................................................... 253 
12.2 Containerized systems: structural design, systems integration, and 
operational performance ..................................................................................... 256 
12.3 Large-scale prefabricated modules: Light Steel Frame, sandwich systems, 
and inter-module connection engineering ........................................................... 260 
12.4 Commissioning and Quality in Modular Construction: Testing Methodologies, 
Certification, and Integration with Mass Production ............................................ 263 
12.5 Life Cycle Assessment, Sustainability, and Innovation Prospects in Modular 
Data Center Construction ................................................................................... 267 
References for Chapter 12 ................................................................................. 271 

CHAPTER 13 - MODELING POWER DEMAND IN DATA CENTERS: SCALING IN 
MW, POWER DENSITY, AND AI CLUSTER CONSUMPTION ............................. 275 

13.1 Fundamentals of Power Demand Modeling: Load Hierarchy, Estimation 
Methodologies, and Analytical Frameworks ....................................................... 275 
13.2 Power Density per Rack: Historical Evolution, Technological Drivers, and 
Impact on Infrastructure ...................................................................................... 278 
13.3 Server Power Consumption Models: Dynamic Power Scaling, ACPI, and 
Load Curve Characterization .............................................................................. 281 
13.4 Modeling AI cluster consumption: training, inference, and scaling projections 
for large language models .................................................................................. 284 
13.5 Projections of Global Data Center Power Demand: Scenarios for 2030, 
Implications for the Electric Grid, and Efficiency Policies .................................... 287 
References for Chapter 13 ................................................................................. 292 

CHAPTER 14 - DATA CENTER POWER DISTRIBUTION ARCHITECTURE: 
SUBSTATIONS, TRANSFORMERS, SWITCHGEAR, AND REDUNDANCY ........ 295 

14.1 Fundamentals of Data Center Electrical Architecture: Distribution Hierarchy, 
Voltage Levels, and Redundancy Criteria ........................................................... 295 
14.2 Power Transformers for Data Centers: Types, Losses, Sizing, and Thermal 
Management ....................................................................................................... 298 
14.3 Medium- and Low-Voltage Switchgear: Technologies, Selectivity, and 
Coordination of Protections ................................................................................ 302 
14.4 Advanced Redundancy Topologies: 2N, 2(N+1), and Distributed Redundancy 
Systems for Hyperscale Data Centers ................................................................ 305 
14.5 Power Distribution Unit, rack cabling, and power quality management: 
harmonics, power factor, and smart metering ..................................................... 309 
References for Chapter 14 ................................................................................. 313 

CHAPTER 15 - UPS TECHNOLOGIES FOR DATA CENTERS: LITHIUM 
BATTERIES, FLYWHEEL SYSTEMS, REDUNDANCY ARCHITECTURES, AND 
LIFECYCLE MANAGEMENT ................................................................................. 317 

15.1 Fundamentals of Uninterruptible Power Supplies: Circuit Topologies, 
Performance Parameters, and Reference Standards ......................................... 317 



10  Table of contents10 - Data Centers in the Age of Artificial Intelligence 

15.2 Lithium Batteries for UPS: Chemistry, Electrochemical Characterization, BMS 
Management, and Comparison with Lead-Acid Technologies ............................ 320 
15.3 Flywheel UPS Systems: Physical Principles, Technologies, and Comparison 
with Electrochemical Storage ............................................................................. 324 
15.4 UPS System Sizing: Power Capacity, Energy Capacity, Losses, and Lifecycle 
Optimization ........................................................................................................ 327 
15.5 N+1 and 2N Redundancy Architectures: Availability Analysis, Transient Fault 
Management, and Integration with Management Systems ................................. 330 
References for Chapter 15 ................................................................................. 334 

CHAPTER 16 - BACKUP POWER GENERATION FOR DATA CENTERS: DIESEL 
GENERATORS, GAS TURBINES, HYDROGEN SYSTEMS, AND THE 
TRANSITION TO SUSTAINABLE GENERATION ................................................. 337 

16.1 Role and Architecture of Backup Power Generation in Data Centers: 
Continuity Requirements, Response Times, and Integration with the UPS ........ 337 
16.2 Diesel generator sets: thermodynamics of the diesel cycle, efficiency, 
emissions characterization, and fuel management ............................................. 340 
16.3 Gas Turbines for Backup Power Generation and CHP: Brayton Cycle, 
Efficiency, and Applications in Large-Scale Data Centers .................................. 343 
16.4 Hydrogen Systems for Backup Power Generation: PEM Fuel Cells, 
Electrolyzers, and Prospects for the Hydrogen Economy in Data Centers ......... 346 
16.5 Generator Parallel Operation, Generation Control Systems, and Integration 
with Renewable Energy ...................................................................................... 350 
References for Chapter 16 ................................................................................. 354 

CHAPTER 17 - FUNDAMENTALS OF THERMAL MANAGEMENT IN DATA 
CENTERS: HEAT TRANSFER, ENERGY BALANCES, AND THERMAL 
EFFICIENCY METRICS ......................................................................................... 357 

17.1 Thermodynamics Applied to Data Centers: Fundamental Laws, Heat Flows, 
and the Physical Constraint of Cooling ............................................................... 357 
17.2 The thermal chain from the transistor to the environment: thermal resistance, 
junction temperature, and operating limits of IT components ............................. 361 
17.3 Heat Transfer Mechanisms in White Spaces: Computational Fluid Dynamics, 
Mixing Models, and Performance Metrics ........................................................... 363 
17.4 Global thermal efficiency metrics: thermal PUE, WUE, ERE, and emerging 
indicators for AI data centers .............................................................................. 367 
17.5 ASHRAE Standards for IT Thermal Environments: Operating Classes, 
Temperature and Humidity Limits, and Design Implications ............................... 370 
References for Chapter 17 ................................................................................. 374 

CHAPTER 18 - AIR COOLING SYSTEMS FOR DATA CENTERS: CRAC, CRAH, 
CHILLED WATER LOOP SYSTEMS, AND THERMAL CONTAINMENT 
ARCHITECTURES ................................................................................................. 377 

18.1 Principles of Air Cooling in Data Centers: Psychrometric Cycle, Air Flow 
Rates, and White Space Heat Balance ............................................................... 377 



Table of contents  1110 - Data Centers in the Age of Artificial Intelligence 

15.2 Lithium Batteries for UPS: Chemistry, Electrochemical Characterization, BMS 
Management, and Comparison with Lead-Acid Technologies ............................ 320 
15.3 Flywheel UPS Systems: Physical Principles, Technologies, and Comparison 
with Electrochemical Storage ............................................................................. 324 
15.4 UPS System Sizing: Power Capacity, Energy Capacity, Losses, and Lifecycle 
Optimization ........................................................................................................ 327 
15.5 N+1 and 2N Redundancy Architectures: Availability Analysis, Transient Fault 
Management, and Integration with Management Systems ................................. 330 
References for Chapter 15 ................................................................................. 334 

CHAPTER 16 - BACKUP POWER GENERATION FOR DATA CENTERS: DIESEL 
GENERATORS, GAS TURBINES, HYDROGEN SYSTEMS, AND THE 
TRANSITION TO SUSTAINABLE GENERATION ................................................. 337 

16.1 Role and Architecture of Backup Power Generation in Data Centers: 
Continuity Requirements, Response Times, and Integration with the UPS ........ 337 
16.2 Diesel generator sets: thermodynamics of the diesel cycle, efficiency, 
emissions characterization, and fuel management ............................................. 340 
16.3 Gas Turbines for Backup Power Generation and CHP: Brayton Cycle, 
Efficiency, and Applications in Large-Scale Data Centers .................................. 343 
16.4 Hydrogen Systems for Backup Power Generation: PEM Fuel Cells, 
Electrolyzers, and Prospects for the Hydrogen Economy in Data Centers ......... 346 
16.5 Generator Parallel Operation, Generation Control Systems, and Integration 
with Renewable Energy ...................................................................................... 350 
References for Chapter 16 ................................................................................. 354 

CHAPTER 17 - FUNDAMENTALS OF THERMAL MANAGEMENT IN DATA 
CENTERS: HEAT TRANSFER, ENERGY BALANCES, AND THERMAL 
EFFICIENCY METRICS ......................................................................................... 357 

17.1 Thermodynamics Applied to Data Centers: Fundamental Laws, Heat Flows, 
and the Physical Constraint of Cooling ............................................................... 357 
17.2 The thermal chain from the transistor to the environment: thermal resistance, 
junction temperature, and operating limits of IT components ............................. 361 
17.3 Heat Transfer Mechanisms in White Spaces: Computational Fluid Dynamics, 
Mixing Models, and Performance Metrics ........................................................... 363 
17.4 Global thermal efficiency metrics: thermal PUE, WUE, ERE, and emerging 
indicators for AI data centers .............................................................................. 367 
17.5 ASHRAE Standards for IT Thermal Environments: Operating Classes, 
Temperature and Humidity Limits, and Design Implications ............................... 370 
References for Chapter 17 ................................................................................. 374 

CHAPTER 18 - AIR COOLING SYSTEMS FOR DATA CENTERS: CRAC, CRAH, 
CHILLED WATER LOOP SYSTEMS, AND THERMAL CONTAINMENT 
ARCHITECTURES ................................................................................................. 377 

18.1 Principles of Air Cooling in Data Centers: Psychrometric Cycle, Air Flow 
Rates, and White Space Heat Balance ............................................................... 377 

11 

 

18.2 CRAC and CRAH Units: Construction, Refrigeration Cycles, Coefficients of 
Performance, and Control Modes ....................................................................... 380 
18.3 Centrifugal and Screw Chillers: Real-Cycle Thermodynamics, Refrigerant 
Mollier Diagram, and Operational Optimization .................................................. 384 
18.4 Chilled Water Hydronic Circuits: Topologies, Variable Speed Pumping, 
Balancing, and Redundancy ............................................................................... 387 
18.5 Thermal containment systems, in-row cooling, and rear-door heat 
exchangers: efficiency and applications in high-density environments ............... 390 
References for Chapter 18 ................................................................................. 394 

CHAPTER 19 - LIQUID COOLING FOR DATA CENTERS: DIRECT LIQUID 
COOLING, SINGLE-PHASE AND TWO-PHASE IMMERSION COOLING, AND 
INTEGRATION WITH THE THERMAL INFRASTRUCTURE ................................. 397 

19.1 Physical and Architectural Rationale for Liquid Cooling: Limitations of Air 
Cooling and the Technological Transition to High Densities ............................... 397 
19.2 Single-phase Direct Liquid Cooling (warm water cooling): cold plates, CDU 
hydronic circuits, and thermofluidodynamic characterization .............................. 400 
19.3 Two-phase Direct Liquid Cooling: boiling on the cold plate, Rohsenow 
correlations, heat flux crisis, and working fluids .................................................. 403 
19.4 Single-phase immersion cooling: dielectric tanks, fluorinated and hydrocarbon 
fluids, primary-secondary heat exchangers, and server management................ 407 
19.5 Two-Phase Immersion Cooling: Pool Boiling Mechanism, Cooling 
Geometries, Condensers, and Prospects for AI Data Centers ........................... 410 
References for Chapter 19 ................................................................................. 414 

CHAPTER 20 - FREECOOLING AND CLIMATE-OPTIMIZED COOLING 
ARCHITECTURES: AIR AND WATER ECONOMIZERS, ADIABATIC COOLING, 
AND CLIMATIC DESIGN OF DATA CENTERS ..................................................... 417 

20.1 Principles of Freecooling: Definition, Annual Economization Hours, and 
Climate Analysis Using the Degree-Hour Method .............................................. 417 
20.2 Airside Economizers: Direct Freecooling, Filtration, Humidity Control, and 
Contamination Risks ........................................................................................... 420 
20.3 Waterside Economizers: Indirect Free Cooling, Dry Coolers, Cooling Towers, 
and Integration with the Chiller ........................................................................... 424 
20.4 Adiabatic cooling and evaporative pre-cooling: direct, indirect, and two-stage 
systems for hot and dry climates ........................................................................ 427 
20.5 Climate Design of Data Centers: Global Thermal Zoning, Optimal 
Architectures for Macroclimate, and Hybrid Cooling Strategies .......................... 431 
References for Chapter 20 ................................................................................. 435 

CHAPTER 21 - SERVER ARCHITECTURE IN AI DATA CENTERS: CPUs, GPUs, 
HARDWARE ACCELERATORS, AND MEMORY SYSTEMS — PERFORMANCE 
MODELS AND SELECTION CRITERIA ................................................................. 439 

21.1 General-Purpose Processor Architecture: Pipelines, Cache Hierarchy, 
NUMA, and Limits of Instruction-Level Parallelism for AI Workloads .................. 439 



12  Table of contents12 - Data Centers in the Age of Artificial Intelligence 

21.2 GPU Architecture for AI Computing: CUDA Cores, Tensor Cores, On-Chip 
Memory Hierarchy, and SIMT Execution Model ................................................. 442 
21.3 Dedicated AI Accelerators: TPUs, Gaudi, Trainium, and Systolic Array 
Architectures — Comparison with NVIDIA GPUs ............................................... 445 
21.4 Memory Systems for AI Computing: HBM, LPDDR, Capacity Memory, and 
Memory Hierarchy in Multi-Accelerator Servers ................................................. 449 
21.5 Reference AI Server: NVIDIA DGX H100, NVLink Architecture, InfiniBand 
Interconnect, and Server Selection Criteria for AI Clusters ................................. 452 
References for Chapter 21 ................................................................................. 456 

CHAPTER 22 - STORAGE SYSTEMS IN AI DATA CENTERS: SAN, NAS, OBJECT 
STORAGE, DISTRIBUTED FILE SYSTEMS, AND PERFORMANCE SCALING .. 459 

22.1 Taxonomy of Storage Systems: Block, File, and Object Storage — Access 
Models, Protocol Stacks, and Fundamental Trade-offs ...................................... 459 
22.2 Storage Area Network (SAN): Fibre Channel and NVMe-oF architectures, 
zoning, multipathing, and performance sizing ..................................................... 461 
22.3 Network Attached Storage (NAS): NFS and SMB protocols, scale-out 
architectures, and parallel file systems for AI clusters ........................................ 464 
22.4 Distributed Object Storage: S3-Compatible Architecture, Consistency Model, 
Erasure Coding, and Capacity Sizing for AI Datasets ......................................... 468 
22.5 Storage performance for AI workloads: IOPS, latency, and throughput 
metrics, M/M/1 queue model, and data loading pipeline optimization ................. 471 
References for Chapter 22 ................................................................................. 475 

CHAPTER 23 - NETWORKING IN AI DATA CENTERS: SPINE-LEAF TOPOLOGY, 
OPTICAL INTERCONNECTIONS, HIGH-BANDWIDTH NETWORKS, AND RDMA 
PROTOCOLS FOR DISTRIBUTED COMPUTING ................................................ 479 

23.1 Evolution of Data Center Network Topologies: From Three-Tier to Spine-Leaf 
— Analysis of Latency, Graph Diameter, and Bisection Bandwidth .................... 479 
23.2 Optical Interconnects in Data Centers: Fiber Transmission Physics, Optical 
Modules (QSFP-DD, OSFP, CPO), and WDM Technology for AI Clusters ........ 482 
23.3 InfiniBand HDR and NDR: Architecture, Adaptive Routing, and Performance 
for AI Clusters — Comparison with Ethernet RoCE ............................................ 485 
23.4 RDMA Protocols and Collective Communications: NCCL, AllReduce, MPI 
Operations, and Communication Overlap Optimization in Training Loops.......... 488 
23.5 Congestion Management and Quality of Service in AI Networks: ECN, PFC, 
DCQCN, and Switch Buffer Sizing ...................................................................... 491 
References for Chapter 23 ................................................................................. 495 

CHAPTER 24 - VIRTUALIZATION AND HYPERVISORS IN AI DATA CENTERS: 
ARCHITECTURAL FUNDAMENTALS, HARDWARE-ASSISTED VIRTUALIZATION, 
GPU VIRTUALIZATION, AND CONSOLIDATION MODELS ................................. 499 

24.1 Fundamentals of Virtualization: the Popek-Goldberg Theorem, x86 protection 
rings, and hardware-assisted virtualization with Intel VT-x and AMD-V .............. 499 



Table of contents  1312 - Data Centers in the Age of Artificial Intelligence 

21.2 GPU Architecture for AI Computing: CUDA Cores, Tensor Cores, On-Chip 
Memory Hierarchy, and SIMT Execution Model ................................................. 442 
21.3 Dedicated AI Accelerators: TPUs, Gaudi, Trainium, and Systolic Array 
Architectures — Comparison with NVIDIA GPUs ............................................... 445 
21.4 Memory Systems for AI Computing: HBM, LPDDR, Capacity Memory, and 
Memory Hierarchy in Multi-Accelerator Servers ................................................. 449 
21.5 Reference AI Server: NVIDIA DGX H100, NVLink Architecture, InfiniBand 
Interconnect, and Server Selection Criteria for AI Clusters ................................. 452 
References for Chapter 21 ................................................................................. 456 

CHAPTER 22 - STORAGE SYSTEMS IN AI DATA CENTERS: SAN, NAS, OBJECT 
STORAGE, DISTRIBUTED FILE SYSTEMS, AND PERFORMANCE SCALING .. 459 

22.1 Taxonomy of Storage Systems: Block, File, and Object Storage — Access 
Models, Protocol Stacks, and Fundamental Trade-offs ...................................... 459 
22.2 Storage Area Network (SAN): Fibre Channel and NVMe-oF architectures, 
zoning, multipathing, and performance sizing ..................................................... 461 
22.3 Network Attached Storage (NAS): NFS and SMB protocols, scale-out 
architectures, and parallel file systems for AI clusters ........................................ 464 
22.4 Distributed Object Storage: S3-Compatible Architecture, Consistency Model, 
Erasure Coding, and Capacity Sizing for AI Datasets ......................................... 468 
22.5 Storage performance for AI workloads: IOPS, latency, and throughput 
metrics, M/M/1 queue model, and data loading pipeline optimization ................. 471 
References for Chapter 22 ................................................................................. 475 

CHAPTER 23 - NETWORKING IN AI DATA CENTERS: SPINE-LEAF TOPOLOGY, 
OPTICAL INTERCONNECTIONS, HIGH-BANDWIDTH NETWORKS, AND RDMA 
PROTOCOLS FOR DISTRIBUTED COMPUTING ................................................ 479 

23.1 Evolution of Data Center Network Topologies: From Three-Tier to Spine-Leaf 
— Analysis of Latency, Graph Diameter, and Bisection Bandwidth .................... 479 
23.2 Optical Interconnects in Data Centers: Fiber Transmission Physics, Optical 
Modules (QSFP-DD, OSFP, CPO), and WDM Technology for AI Clusters ........ 482 
23.3 InfiniBand HDR and NDR: Architecture, Adaptive Routing, and Performance 
for AI Clusters — Comparison with Ethernet RoCE ............................................ 485 
23.4 RDMA Protocols and Collective Communications: NCCL, AllReduce, MPI 
Operations, and Communication Overlap Optimization in Training Loops.......... 488 
23.5 Congestion Management and Quality of Service in AI Networks: ECN, PFC, 
DCQCN, and Switch Buffer Sizing ...................................................................... 491 
References for Chapter 23 ................................................................................. 495 

CHAPTER 24 - VIRTUALIZATION AND HYPERVISORS IN AI DATA CENTERS: 
ARCHITECTURAL FUNDAMENTALS, HARDWARE-ASSISTED VIRTUALIZATION, 
GPU VIRTUALIZATION, AND CONSOLIDATION MODELS ................................. 499 

24.1 Fundamentals of Virtualization: the Popek-Goldberg Theorem, x86 protection 
rings, and hardware-assisted virtualization with Intel VT-x and AMD-V .............. 499 

13 

 

24.2 Bare-metal Type-1 and hosted Type-2 hypervisor architectures: KVM, Xen, 
VMware ESXi, Hyper-V, and a comparison of overhead, scalability, and security
............................................................................................................................ 502 
24.3 IOMMU, SR-IOV, and PCIe passthrough: high-performance I/O virtualization 
for GPUs, high-speed NICs, and NVMe SSDs in AI servers .............................. 505 
24.4 GPU Virtualization: NVIDIA vGPU, MIG Multi-Instance GPU, and SR-IOV 
GPU — Partitioning Models and Performance for AI Inference and Training 
Workloads ........................................................................................................... 508 
24.5 Server Consolidation and Workload Models: CPU and Memory 
Overcommitment, Live Migration, and Resource Scheduling in AI Platforms ..... 511 
References for Chapter 24 ................................................................................. 516 

CHAPTER 25 - CONTAINERS AND ORCHESTRATION: KUBERNETES, 
DISTRIBUTED COMPUTING, AND AI-NATIVE PLATFORMS FOR NEXT-
GENERATION DATA CENTERS ........................................................................... 519 

25.1 Fundamentals of Linux Containers: Namespaces, cgroups, Overlay 
Filesystems, and a Comparison with VM Virtualization for AI Workloads ........... 519 
25.2 Kubernetes Architecture: API Server, etcd, Scheduler, Kubelet, CNI, and CRI 
— Designing AI Clusters with GPU Node Pools and Topology-Aware Scheduling
............................................................................................................................ 522 
25.3 GPU Management in Kubernetes: NVIDIA GPU Operator, device plugins, 
topology-aware scheduling with NUMA, and MIG-aware resource allocation ..... 525 
25.4 AI Distributed Computing Frameworks on Kubernetes: Kubeflow, PyTorch 
Operator, Ray, and Lifecycle Management of Training and Inference Jobs ....... 528 
25.5 Scalability and Observability of Kubernetes AI Clusters: Horizontal and 
Vertical Autoscaling, Prometheus, Resource Quotas, and Cost Governance in 
Multi-tenant Data Centers ................................................................................... 531 
References for Chapter 25 ................................................................................. 536 

CHAPTER 26 - CLOUD ARCHITECTURE: IaaS, PaaS, and SaaS MODELS, 
CLOUD-NATIVE DESIGN, MULTI-CLOUD, AND PRIVATE CLOUD FOR AI DATA 
CENTERS .............................................................................................................. 539 

26.1 IaaS, PaaS, and SaaS Cloud Service Models: NIST Definitions, Technology 
Stack, Shared Responsibility, and Deployment Models for AI Workloads .......... 539 
26.2 Cloud-native design: microservices, RESTful APIs, service mesh, serverless 
computing, and the architectural pattern of AI inference endpoints .................... 542 
26.3 Multi-cloud and hybrid cloud architectures: designing connectivity, latency, 
and data consistency between public clouds and private data centers............... 545 
26.4 Cloud storage for AI: S3-compatible object storage, data lakehouse, delta 
lake, and high-bandwidth access for large model training pipelines ................... 548 
26.5 Security and Compliance in AI Cloud Architecture: Zero-Trust Model, End-to-
End Encryption, GDPR Compliance, and IAM Identity Management for Multi-
Tenant Data Centers .......................................................................................... 551 
References for Chapter 26 ................................................................................. 555 



14  Table of contents14 - Data Centers in the Age of Artificial Intelligence 

CHAPTER 27 - GPU CLUSTERS AND AI SUPERCOMPUTERS: ARCHITECTURE 
OF EXTREMELY HIGH-PERFORMANCE COMPUTING SYSTEMS, SCALING 
LAWS, MULTI-DIMENSIONAL PARALLELISM, AND THE INFRASTRUCTURE OF 
LARGE AI FACTORIES ......................................................................................... 559 

27.1 GPU Cluster Architecture: Hardware Topology, NVLink-NVSwitch 
Interconnect Fabric, Communication Hierarchies, and the Concept of the AI 
Factory ................................................................................................................ 559 
27.2 Scaling Laws for Large AI Models: Kaplan-Hoffmann Power Laws, Compute-
Optimal- -Training, and Implications for GPU Cluster Sizing .............................. 562 
27.3 Multi-dimensional parallelism for distributed training of LLMs: data parallel, 
tensor parallel, pipeline parallel, and sequence parallel — analysis of 
communication overhead .................................................................................... 565 
27.4 Distributed Training Efficiency: MFU, Hardware Utilization, Gradient 
Checkpointing, Mixed Precision, and CUDA Kernel Optimization for GPU Clusters
............................................................................................................................ 568 
27.5 Case studies of AI supercomputers: Frontier, Eagle, Selene, Meta RSC, xAI 
Colossus — architecture, performance records, and next-generation cluster 
planning .............................................................................................................. 571 
References for Chapter 27 ................................................................................. 575 

CHAPTER 28 - AI NETWORKING: INFINIBAND, NVLINK, HIGH-PERFORMANCE 
ETHERNET, AND INTERCONNECT FABRICS FOR NEXT-GENERATION GPU 
CLUSTERS ............................................................................................................ 579 

28.1 Fundamentals of AI Networking: Bandwidth, Latency, and Communication 
Semantics Requirements for Distributed Training of Large Language Models ... 579 
28.2 InfiniBand HDR and NDR: Protocol Architecture, Fat-Tree and Dragonfly+ 
Topologies, Adaptive Routing, and Performance in Large-Scale AI Clusters ..... 582 
28.3 NVLink and NVSwitch: Generational Evolution, Intra-Node All-to-All 
Topology, NVLink Network for Multi-Node Clusters, and Comparison with 
InfiniBand for AI Workloads ................................................................................ 585 
28.4 RoCE v2 and High-Performance Ethernet for AI: DCQCN, PFC, ECN, and 
Comparison with InfiniBand for Hyperscale AI Data Centers .............................. 588 
28.5 Evolutionary Trends in AI Networking: Silicon Photonics, Co-Packaged 
Optics, 800G/1.6T Ethernet, Liquid-Cooled Network Fabrics, and Network 
Architectures for Million-GPU Clusters ............................................................... 591 
References for Chapter 28 ................................................................................. 595 

CHAPTER 29 - DATA PIPELINES AND STORAGE FOR MACHINE LEARNING: 
ARCHITECTURE OF HIGH-SPEED INGESTION, PREPROCESSING, 
VERSIONING, AND ACCESS SYSTEMS FOR AI WORKLOADS IN DATA 
CENTERS .............................................................................................................. 599 

29.1 End-to-End Architecture of AI Data Pipelines: From Raw Data to Training 
Tensor — Ingestion, Validation, Feature Engineering, and Data Lineage .......... 599 
29.2 Distributed File Systems and Parallel Storage for AI: GPFS, Lustre, WekaFS, 
and I/O Throughput Optimization for Training on Large-Scale GPU Clusters ..... 602 



Table of contents  1514 - Data Centers in the Age of Artificial Intelligence 

CHAPTER 27 - GPU CLUSTERS AND AI SUPERCOMPUTERS: ARCHITECTURE 
OF EXTREMELY HIGH-PERFORMANCE COMPUTING SYSTEMS, SCALING 
LAWS, MULTI-DIMENSIONAL PARALLELISM, AND THE INFRASTRUCTURE OF 
LARGE AI FACTORIES ......................................................................................... 559 

27.1 GPU Cluster Architecture: Hardware Topology, NVLink-NVSwitch 
Interconnect Fabric, Communication Hierarchies, and the Concept of the AI 
Factory ................................................................................................................ 559 
27.2 Scaling Laws for Large AI Models: Kaplan-Hoffmann Power Laws, Compute-
Optimal- -Training, and Implications for GPU Cluster Sizing .............................. 562 
27.3 Multi-dimensional parallelism for distributed training of LLMs: data parallel, 
tensor parallel, pipeline parallel, and sequence parallel — analysis of 
communication overhead .................................................................................... 565 
27.4 Distributed Training Efficiency: MFU, Hardware Utilization, Gradient 
Checkpointing, Mixed Precision, and CUDA Kernel Optimization for GPU Clusters
............................................................................................................................ 568 
27.5 Case studies of AI supercomputers: Frontier, Eagle, Selene, Meta RSC, xAI 
Colossus — architecture, performance records, and next-generation cluster 
planning .............................................................................................................. 571 
References for Chapter 27 ................................................................................. 575 

CHAPTER 28 - AI NETWORKING: INFINIBAND, NVLINK, HIGH-PERFORMANCE 
ETHERNET, AND INTERCONNECT FABRICS FOR NEXT-GENERATION GPU 
CLUSTERS ............................................................................................................ 579 

28.1 Fundamentals of AI Networking: Bandwidth, Latency, and Communication 
Semantics Requirements for Distributed Training of Large Language Models ... 579 
28.2 InfiniBand HDR and NDR: Protocol Architecture, Fat-Tree and Dragonfly+ 
Topologies, Adaptive Routing, and Performance in Large-Scale AI Clusters ..... 582 
28.3 NVLink and NVSwitch: Generational Evolution, Intra-Node All-to-All 
Topology, NVLink Network for Multi-Node Clusters, and Comparison with 
InfiniBand for AI Workloads ................................................................................ 585 
28.4 RoCE v2 and High-Performance Ethernet for AI: DCQCN, PFC, ECN, and 
Comparison with InfiniBand for Hyperscale AI Data Centers .............................. 588 
28.5 Evolutionary Trends in AI Networking: Silicon Photonics, Co-Packaged 
Optics, 800G/1.6T Ethernet, Liquid-Cooled Network Fabrics, and Network 
Architectures for Million-GPU Clusters ............................................................... 591 
References for Chapter 28 ................................................................................. 595 

CHAPTER 29 - DATA PIPELINES AND STORAGE FOR MACHINE LEARNING: 
ARCHITECTURE OF HIGH-SPEED INGESTION, PREPROCESSING, 
VERSIONING, AND ACCESS SYSTEMS FOR AI WORKLOADS IN DATA 
CENTERS .............................................................................................................. 599 

29.1 End-to-End Architecture of AI Data Pipelines: From Raw Data to Training 
Tensor — Ingestion, Validation, Feature Engineering, and Data Lineage .......... 599 
29.2 Distributed File Systems and Parallel Storage for AI: GPFS, Lustre, WekaFS, 
and I/O Throughput Optimization for Training on Large-Scale GPU Clusters ..... 602 

15 

 

29.3 Caching and Data Staging Systems for AI: Alluxio, CacheLib, and 
Hierarchical Storage Architectures to Reduce Access Latency to Training Datasets
............................................................................................................................ 606 
29.4 Streaming data pipelines for online and continuous training: Apache Kafka, 
Flink, Lambda and Kappa architectures, and concept drift management in 
production AI models .......................................................................................... 609 
29.5 AI Dataset Formats: WebDataset, TFRecord, MosaicML StreamingDataset, 
High-Speed Serialization, and Management of Petabyte-Scale Datasets on 
Distributed Object Storage .................................................................................. 612 
References for Chapter 29 ................................................................................. 616 

CHAPTER 30 - PHYSICAL SECURITY OF DATA CENTERS: PERIMETER 
DEFENSE, BIOMETRIC SYSTEMS, INTELLIGENT SURVEILLANCE, AND 
ACCESS CONTROL MODELS FOR NEXT-GENERATION AI DATA CENTERS . 619 

30.1 Fundamentals of Data Center Physical Security: Concentric Layers Model, 
ANSI/TIA-942 Standard, and Security Level Classification Based on Availability 
Tier ..................................................................................................................... 619 
30.2 Physical Access Control Systems: RFID technologies, smart cards, PIN pads, 
biometric readers, and the PACS protocol — architecture of physical IAM systems 
for multi-tenant data centers ............................................................................... 622 
30.3 Biometric Systems for AI Data Centers: Fingerprint, Iris, Face, and Palm 
Recognition — FAR/FRR/EER Metrics and Biometric Template Protection ....... 626 
30.4 Intelligent Video Surveillance for AI Data Centers: High-Resolution IP CCTV, 
Video Analytics with Deep Learning, Behavioral Recognition, and Integration with 
PACS .................................................................................................................. 629 
30.5 Advanced Physical Threats and Countermeasures: Insider Threats, Physical 
Social Engineering, Critical Infrastructure Protection, and Physical Security 
Incident Management in AI Data Centers ........................................................... 632 
References for Chapter 30 ................................................................................. 637 

CHAPTER 31 - CYBERSECURITY OF AI DATA CENTERS: ZERO-TRUST 
ARCHITECTURES, SOC OPERATIONS, THREAT INTELLIGENCE, AND 
DEFENSE OF NEXT-GENERATION COMPUTING INFRASTRUCTURES .......... 641 

31.1 Overview of Cyber Threats to AI Data Centers: Attack Surfaces, Compromise 
Vectors, and the Economic Impact of Security Incidents on the Model Lifecycle 641 
31.2 Zero-Trust Architecture for AI Data Centers: NIST SP 800-207 Principles, 
Micro-segmentation, Policy Engine, and Implementation with Istio, OPA, and 
SPIFFE/SPIRE ................................................................................................... 644 
31.3 Security Operations Center for AI Data Centers: SIEM, SOAR, Threat 
Hunting, and MTTD/MTTR Metrics for Incident Response in GPU Clusters ....... 647 
31.4 AI Infrastructure Hardening: Container Security, CIS Benchmarks for 
Kubernetes, CVE Vulnerability Management, and Supply Chain Security with 
SBOM and Sigstore ............................................................................................ 651 
31.5 Threat Intelligence and Hunting in AI Data Centers: APT TTPs Against AI 
Labs, STIX/TAXII Sharing, and Proactive Detection of Advanced Persistent 
Threats ............................................................................................................... 654 



16  Table of contents16 - Data Centers in the Age of Artificial Intelligence 

References for Chapter 31 ................................................................................. 658 
CHAPTER 32 - DISASTER RECOVERY AND BUSINESS CONTINUITY FOR AI 
DATA CENTERS: RTO/RPO METRICS, MULTI-SITE ARCHITECTURES, MODEL 
BACKUP STRATEGIES, AND BUSINESS CONTINUITY PLANNING IN LARGE-
SCALE GPU CLUSTERS ....................................................................................... 661 

32.1 Fundamentals of Business Continuity for AI Data Centers: ISO 22301 
Framework, Business Impact Analysis, and Quantification of Outage Risk in GPU 
Clusters .............................................................................................................. 661 
32.2 Multi-site DR architectures for AI GPU clusters: active-active, active-passive, 
warm standby, and cold standby modes — RTO/cost trade-offs in geographically 
distributed topologies .......................................................................................... 665 
32.3 AI Data Backup and Protection: 3-2-1-1-0 Strategies, Model Weight Backups, 
Dataset Versioning, and Immutable Storage for Ransomware Protection .......... 668 
32.4 Application Resilience of GPU Clusters: Distributed Checkpoints, Training 
Failure Recovery, Retry Mechanisms, and Fault-Tolerant Architectures for LLM 
Training at the Scale of Thousands of GPUs ...................................................... 671 
32.5 Testing and Validation of DR Plans: Tabletop Exercises, DR Drills, Chaos 
Engineering, and Business Continuity Maturity Metrics for AI Data Centers ...... 675 
References for Chapter 32 ................................................................................. 679 

CHAPTER 33 - ENVIRONMENTAL IMPACT OF AI DATA CENTERS: CARBON 
EMISSIONS, WATER CONSUMPTION, EQUIPMENT LIFECYCLE, 
SUSTAINABILITY METRICS, AND INTERNATIONAL REGULATORY 
FRAMEWORK ....................................................................................................... 683 

33.1 The Energy and Carbon Metabolism of AI Data Centers: From Electrical 
Power to Greenhouse Gas Emissions — Carbon Usage Effectiveness, Scope 1-2-
3, and Carbon Intensity of the Electricity Mix ...................................................... 683 
33.2 Water consumption in AI data centers: Water Usage Effectiveness, 
evaporation in cooling towers, local water stress, and water conservation 
strategies ............................................................................................................ 686 
33.3 Life Cycle of IT Equipment and Embodied Carbon: Production, Transport, 
Use, and Disposal of AI GPUs — Life Cycle Assessment and Circular Economy 
Strategies for Data Centers ................................................................................ 690 
33.4 AI Data Center Sustainability Metrics: PUE, CUE, WUE, REF, ERE, and 
ISO/IEC 30134 Standards — Environmental Reporting and Comparison with GRI, 
TCFD, and EU Taxonomy Frameworks .............................................................. 693 
33.5 Regulatory Framework and International Environmental Targets for AI Data 
Centers: EU Energy Efficiency Directive, Corporate Sustainability Reporting 
Directive, Pact for Skills, and Hyperscalers’ Net-Zero Commitments ................. 697 
References for Chapter 33 ................................................................................. 701 

CHAPTER 34 - INTEGRATION OF RENEWABLE ENERGY IN AI DATA CENTERS: 
SOLAR, WIND, HYDROELECTRIC, ENERGY STORAGE SYSTEMS, POWER 
PURCHASE AGREEMENTS, AND CARBON-FREE ENERGY FOR LARGE-SCALE 
GPU CLUSTERS ................................................................................................... 705 



Table of contents  1716 - Data Centers in the Age of Artificial Intelligence 

References for Chapter 31 ................................................................................. 658 
CHAPTER 32 - DISASTER RECOVERY AND BUSINESS CONTINUITY FOR AI 
DATA CENTERS: RTO/RPO METRICS, MULTI-SITE ARCHITECTURES, MODEL 
BACKUP STRATEGIES, AND BUSINESS CONTINUITY PLANNING IN LARGE-
SCALE GPU CLUSTERS ....................................................................................... 661 

32.1 Fundamentals of Business Continuity for AI Data Centers: ISO 22301 
Framework, Business Impact Analysis, and Quantification of Outage Risk in GPU 
Clusters .............................................................................................................. 661 
32.2 Multi-site DR architectures for AI GPU clusters: active-active, active-passive, 
warm standby, and cold standby modes — RTO/cost trade-offs in geographically 
distributed topologies .......................................................................................... 665 
32.3 AI Data Backup and Protection: 3-2-1-1-0 Strategies, Model Weight Backups, 
Dataset Versioning, and Immutable Storage for Ransomware Protection .......... 668 
32.4 Application Resilience of GPU Clusters: Distributed Checkpoints, Training 
Failure Recovery, Retry Mechanisms, and Fault-Tolerant Architectures for LLM 
Training at the Scale of Thousands of GPUs ...................................................... 671 
32.5 Testing and Validation of DR Plans: Tabletop Exercises, DR Drills, Chaos 
Engineering, and Business Continuity Maturity Metrics for AI Data Centers ...... 675 
References for Chapter 32 ................................................................................. 679 

CHAPTER 33 - ENVIRONMENTAL IMPACT OF AI DATA CENTERS: CARBON 
EMISSIONS, WATER CONSUMPTION, EQUIPMENT LIFECYCLE, 
SUSTAINABILITY METRICS, AND INTERNATIONAL REGULATORY 
FRAMEWORK ....................................................................................................... 683 

33.1 The Energy and Carbon Metabolism of AI Data Centers: From Electrical 
Power to Greenhouse Gas Emissions — Carbon Usage Effectiveness, Scope 1-2-
3, and Carbon Intensity of the Electricity Mix ...................................................... 683 
33.2 Water consumption in AI data centers: Water Usage Effectiveness, 
evaporation in cooling towers, local water stress, and water conservation 
strategies ............................................................................................................ 686 
33.3 Life Cycle of IT Equipment and Embodied Carbon: Production, Transport, 
Use, and Disposal of AI GPUs — Life Cycle Assessment and Circular Economy 
Strategies for Data Centers ................................................................................ 690 
33.4 AI Data Center Sustainability Metrics: PUE, CUE, WUE, REF, ERE, and 
ISO/IEC 30134 Standards — Environmental Reporting and Comparison with GRI, 
TCFD, and EU Taxonomy Frameworks .............................................................. 693 
33.5 Regulatory Framework and International Environmental Targets for AI Data 
Centers: EU Energy Efficiency Directive, Corporate Sustainability Reporting 
Directive, Pact for Skills, and Hyperscalers’ Net-Zero Commitments ................. 697 
References for Chapter 33 ................................................................................. 701 

CHAPTER 34 - INTEGRATION OF RENEWABLE ENERGY IN AI DATA CENTERS: 
SOLAR, WIND, HYDROELECTRIC, ENERGY STORAGE SYSTEMS, POWER 
PURCHASE AGREEMENTS, AND CARBON-FREE ENERGY FOR LARGE-SCALE 
GPU CLUSTERS ................................................................................................... 705 

17 

 

34.1 Fundamentals of Renewable Energy Supply for AI Data Centers: Load 
Profile, Variability of Intermittent Sources, and Optimal Plant Sizing .................. 705 
34.2 Power Purchase Agreements and renewable energy markets: contractual 
structure of PPAs, GO/REC certificates, additionality, and energy risk hedging 
strategies for AI data centers .............................................................................. 709 
34.3 Energy storage systems for AI data centers: LFP and NMC batteries, pumped 
hydro, green hydrogen, and optimal storage sizing for renewable continuity ..... 713 
34.4 Carbon-Free Energy and 24/7 matching: the Google CFE approach, the 
EnergyTag platform, and the optimization of AI workloads based on the grid’s 
hourly carbon intensity ........................................................................................ 716 
34.5 Case studies of renewable integration in AI data centers: Google Hamina, 
Meta Odense, Microsoft Cheyenne, and the 2025–2030 nuclear project for mega-
clusters ............................................................................................................... 719 
References for Chapter 34 ................................................................................. 724 

CHAPTER 35 - NET-ZERO AND CARBON-AWARE COMPUTING FOR AI DATA 
CENTERS: DECARBONIZATION STRATEGIES, CARBON ACCOUNTING 
ARCHITECTURES, CARBON-AWARE SCHEDULING ALGORITHMS, AND 
PATHWAYS TO CLIMATE NEUTRALITY ............................................................. 727 

35.1 Operational definitions of net-zero, carbon neutrality, and carbon negative for 
AI data centers: the SBTi framework, ISO 14064 standards, and the role of carbon 
removal versus carbon offsets ............................................................................ 727 
35.2 Real-time carbon accounting architectures for AI data centers: emissions 
measurement pipelines, Carbon Intensity API, attributional vs. consequential LCA, 
and the ADCAS model for sustainability ............................................................. 731 
35.3 Carbon-aware scheduling algorithms for AI GPU clusters: temporal, 
geographic, and hybrid scheduling — formulation as an optimization problem, 
heuristics, and reinforcement learning solutions ................................................. 735 
35.4 Computational efficiency as a lever for decarbonization: FLOPs per joule, 
scaling laws, quantization, and pruning to reduce the carbon budget of AI training
............................................................................................................................ 738 
35.5 Sector-specific pathways toward net-zero AI data centers by 2030–2050: 
transition scenarios, the role of permanent carbon removal, industry initiatives 
(RE100, EV100, EP100), and progress indicators .............................................. 742 
References for Chapter 35 ................................................................................. 746 

CHAPTER 36 - COST STRUCTURE OF AI DATA CENTERS: CAPEX, OPEX, 
TOTAL COST OF OWNERSHIP, CLOUD PRICING MODELS, AND ECONOMIC 
OPTIMIZATION OF HIGH-DENSITY COMPUTING INFRASTRUCTURES .......... 749 

36.1 Taxonomy of AI Data Center Costs: Anatomy of CAPEX, Initial Investment 
Drivers, and Depreciation Models for Capital-Intensive Infrastructure ................ 749 
36.2 Operating costs of AI data centers: OPEX breakdown, electricity pricing 
models, cost of specialized personnel, and maintenance contract management 753 
36.3 Total Cost of Ownership of AI GPU Clusters: Analytical TCO Model, Cost per 
FLOP, Cost per Generated Token, and Benchmarking Against Public Cloud Prices
............................................................................................................................ 756 



18  Table of contents18 - Data Centers in the Age of Artificial Intelligence 

36.4 GPU cloud service pricing models and cost optimization strategies: on-
demand, reserved instances, spot instances, committed-use contracts, and multi-
cloud architectures .............................................................................................. 759 
36.5 Economic analysis of investment decisions in AI data centers: NPV, IRR, 
payback period, sensitivity analysis, and the impact of public subsidies and tax 
incentives ............................................................................................................ 763 
References for Chapter 36 ................................................................................. 767 

CHAPTER 37 - GLOBAL AI DATA CENTER MARKETS AND INVESTMENT 
TRENDS: CAPITAL GEOGRAPHY, COMPETITIVE DYNAMICS, MARKET 
CONCENTRATION, AND PROJECTIONS TO 2030 ............................................. 771 

37.1 Size and Structure of the Global AI Data Center Market: Installed Capacity 
Stock, Annual Investment Flows, Segmentation by Operator, and Market 
Concentration Analysis ....................................................................................... 771 
37.2 Geographic hubs of AI data centers: the US-Europe-Asia triad, emerging 
locations, and the geopolitics of computing as a determinant of cross-border 
investment .......................................................................................................... 774 
37.3 Structure of private and institutional investments in AI data centers: private 
equity, REITs, debt infrastructure, and asset valuation dynamics ...................... 778 
37.4 Economic Models of Energy Markets for AI Data Centers: Electricity Pricing 
Mechanisms, Congestion Pricing, PPAs, and the Issue of Additionality ............. 780 
37.5 Market projections for 2030: AI demand growth scenarios, semiconductor 
supply chain bottlenecks, GPU price trends, and macroeconomic impacts of the 
sector .................................................................................................................. 783 
References for Chapter 37 ................................................................................. 788 

CHAPTER 38 - REGULATION AND DIGITAL SOVEREIGNTY IN AI DATA 
CENTERS: GLOBAL REGULATORY FRAMEWORK, DATA LOCATION, 
EUROPEAN AI ACT, TECHNICAL SECURITY STANDARDS, AND COMPLIANCE 
ARCHITECTURES ................................................................................................. 791 

38.1 The Global Regulatory Framework for AI Data Centers: GDPR, Cloud Act, 
International Data Transfers, and the Tension Between National Digital 
Sovereignty and Cross-Border Cloud Architectures ........................................... 791 
38.2 The European AI Act and its architectural implications for AI data centers: 
classification of high-risk systems, technical compliance requirements, 
governance, and regulatory sandboxes .............................................................. 795 
38.3 International technical standards for AI data center security and compliance: 
ISO/IEC 27001, SOC 2, PCI-DSS, FedRAMP, and the NIST CSF and CIS 
Controls security frameworks ............................................................................. 798 
38.4 Digital sovereignty and data localization requirements: data residency, data 
sovereignty regimes in China, Russia, India, the EU, and the Middle East, and 
their impact on the architecture of AI GPU clusters ............................................ 802 
38.5 Compliance Architectures for AI Data Centers: Homomorphic Encryption, 
Secure Enclaves, Federated Learning, and Trusted Execution Environments as 
Technical Tools for Privacy by Design ................................................................ 805 
References for Chapter 38 ................................................................................. 810 



Table of contents  1918 - Data Centers in the Age of Artificial Intelligence 

36.4 GPU cloud service pricing models and cost optimization strategies: on-
demand, reserved instances, spot instances, committed-use contracts, and multi-
cloud architectures .............................................................................................. 759 
36.5 Economic analysis of investment decisions in AI data centers: NPV, IRR, 
payback period, sensitivity analysis, and the impact of public subsidies and tax 
incentives ............................................................................................................ 763 
References for Chapter 36 ................................................................................. 767 

CHAPTER 37 - GLOBAL AI DATA CENTER MARKETS AND INVESTMENT 
TRENDS: CAPITAL GEOGRAPHY, COMPETITIVE DYNAMICS, MARKET 
CONCENTRATION, AND PROJECTIONS TO 2030 ............................................. 771 

37.1 Size and Structure of the Global AI Data Center Market: Installed Capacity 
Stock, Annual Investment Flows, Segmentation by Operator, and Market 
Concentration Analysis ....................................................................................... 771 
37.2 Geographic hubs of AI data centers: the US-Europe-Asia triad, emerging 
locations, and the geopolitics of computing as a determinant of cross-border 
investment .......................................................................................................... 774 
37.3 Structure of private and institutional investments in AI data centers: private 
equity, REITs, debt infrastructure, and asset valuation dynamics ...................... 778 
37.4 Economic Models of Energy Markets for AI Data Centers: Electricity Pricing 
Mechanisms, Congestion Pricing, PPAs, and the Issue of Additionality ............. 780 
37.5 Market projections for 2030: AI demand growth scenarios, semiconductor 
supply chain bottlenecks, GPU price trends, and macroeconomic impacts of the 
sector .................................................................................................................. 783 
References for Chapter 37 ................................................................................. 788 

CHAPTER 38 - REGULATION AND DIGITAL SOVEREIGNTY IN AI DATA 
CENTERS: GLOBAL REGULATORY FRAMEWORK, DATA LOCATION, 
EUROPEAN AI ACT, TECHNICAL SECURITY STANDARDS, AND COMPLIANCE 
ARCHITECTURES ................................................................................................. 791 

38.1 The Global Regulatory Framework for AI Data Centers: GDPR, Cloud Act, 
International Data Transfers, and the Tension Between National Digital 
Sovereignty and Cross-Border Cloud Architectures ........................................... 791 
38.2 The European AI Act and its architectural implications for AI data centers: 
classification of high-risk systems, technical compliance requirements, 
governance, and regulatory sandboxes .............................................................. 795 
38.3 International technical standards for AI data center security and compliance: 
ISO/IEC 27001, SOC 2, PCI-DSS, FedRAMP, and the NIST CSF and CIS 
Controls security frameworks ............................................................................. 798 
38.4 Digital sovereignty and data localization requirements: data residency, data 
sovereignty regimes in China, Russia, India, the EU, and the Middle East, and 
their impact on the architecture of AI GPU clusters ............................................ 802 
38.5 Compliance Architectures for AI Data Centers: Homomorphic Encryption, 
Secure Enclaves, Federated Learning, and Trusted Execution Environments as 
Technical Tools for Privacy by Design ................................................................ 805 
References for Chapter 38 ................................................................................. 810 

19 

 

CHAPTER 39 - END-TO-END DESIGN METHODOLOGY FOR AI DATA CENTERS: 
FROM THE PROGRAM BRIEF TO THE FINAL DESIGN, MULTIDISCIPLINARY 
INTEGRATION, AND ITERATIVE ARCHITECTURAL OPTIMIZATION ................ 813 

39.1 The Project Lifecycle of an AI Data Center: Design Phases, Gating Reviews, 
Disciplinary Responsibilities, and Project Delivery Models from Contract Award to 
Commissioning ................................................................................................... 813 
39.2 The Basis of Design as a tool for interdisciplinary integration: modeling the IT 
load profile, sizing power and cooling systems, and analyzing redundancies .... 816 
39.3 Integrated design of IT systems and physical infrastructure: co-design of GPU 
racks, DLC systems, power distribution, and network architecture as a multi-
objective iterative process .................................................................................. 820 
39.4 Energy modeling and thermal behavior simulation: CFD, PUE simulation 
tools, and data hall layout optimization to reduce thermal bypass ...................... 823 
39.5 Value engineering, project risk management, and change management: 
quantitative tools for controlling costs, schedules, and quality during the design 
and construction phases ..................................................................................... 827 
References for Chapter 39 ................................................................................. 831 

CHAPTER 40 - CONSTRUCTION MANAGEMENT AND COMMISSIONING OF AI 
DATA CENTERS: CONSTRUCTION PLANNING, SUPPLY CHAIN MANAGEMENT, 
INTEGRATED SYSTEM TESTING, AND FUNCTIONAL ACCEPTANCE 
PROCEDURES ...................................................................................................... 835 

40.1 Construction Planning for AI Data Centers: Work Sequences, Site Logistics, 
Coordination of Specialized Trades, and Management of Critical Materials with 
Long Lead Times ................................................................................................ 835 
40.2 The AI data center commissioning process: definition, commissioning levels, 
pre-functional and functional test protocols, and the role of the independent 
commissioning agent .......................................................................................... 838 
40.3 Integrated System Testing and Acceptance Testing: resilience testing, 
failover testing, full-load Integrated System Testing (IST), and Operational 
Readiness Testing (ORT) ................................................................................... 842 
40.4 Quality Management During Construction: Quality Plan, Inspections, Non-
Destructive Testing, and As-Built Documentation for High-Density Liquid-Cooled 
AI Data Centers .................................................................................................. 846 
40.5 Acceptance Testing and Transition to Operations: Contractual Acceptance 
Criteria, Warranty Management, Takeover Period, and IT Load Ramp-up Strategy
............................................................................................................................ 849 
References for Chapter 40 ................................................................................. 853 

CHAPTER 41 - OPERATIONS AND LIFECYCLE MANAGEMENT OF AI DATA 
CENTERS: DCIM, PREDICTIVE MAINTENANCE, SITE RELIABILITY 
ENGINEERING, OPERATIONAL KPIs, AND HARDWARE REFRESH STRATEGIES
 ............................................................................................................................... 855 

41.1 Operational Architecture of AI Data Centers: Organizational Structure of the 
Operations Team, Shift Models, Escalation Matrix, and Integration Between IT 
Operations and Facilities Management .............................................................. 855 



20  Table of contents20 - Data Centers in the Age of Artificial Intelligence 

41.2 Data Center Infrastructure Management (DCIM): monitoring system 
architecture, integration with BMS and ITSM, predictive analytics, and operational 
digital twin ........................................................................................................... 859 
41.3 Predictive and Preventive Maintenance of Critical Systems: Maintenance 
Strategies for UPS, Chillers, DLC Systems, and GPU Hardware; Reliability Models 
and Optimization of Maintenance Intervals ......................................................... 862 
41.4 Site Reliability Engineering for AI Data Centers: SLOs, SLAs, Error Budgets, 
Runbook Automation, and Chaos Engineering Applied to Physical Infrastructure
............................................................................................................................ 866 
41.5 Operational KPIs for AI Data Centers: Efficiency Metrics, Industry 
Benchmarks, Sustainability Reporting, and Strategies for Continuous Optimization 
of PUE and CUE in Day-to-Day Operations ....................................................... 870 
References for Chapter 41 ................................................................................. 874 

CHAPTER 42 - AI-NATIVE DATA CENTERS: CO-DESIGNED HARDWARE-
SOFTWARE ARCHITECTURES FOR TRAINING AND INFERENCE OF 
FOUNDATIONAL MODELS, ULTRA-DENSELY INTERCONNECTED FABRICS, 
AND AUTONOMOUS INFRASTRUCTURE ORCHESTRATION ........................... 877 

42.1 Definition and Taxonomy of AI-Native Data Centers: Architectural Differences 
from General-Purpose Data Centers, Hardware-Software Co-Design 
Requirements, and Distinctive Characteristics of AI Workloads ......................... 877 
42.2 Ultra-dense interconnect architectures for distributed training: NVLink Switch, 
InfiniBand XDR, dragonfly+ and rail-optimized topologies, and the physical 
limitations of inter-GPU communication .............................................................. 881 
42.3 Memory Architecture for Foundational Models: HBM, Disaggregated NVMe, 
Memory Disaggregation, and Emerging Computational Memory Technologies to 
Eliminate the Memory Wall in LLMs .................................................................... 885 
42.4 Autonomous orchestration of AI infrastructure: disaggregated resource 
scheduling, training preemption, checkpoint management, and dynamic energy 
optimization in AI-native data centers ................................................................. 888 
42.5 Emerging architectures for AI-native data centers: specialized AI chips 
(TPUs, Gaudi, Trainium), integrated photonics for interconnects, and the future of 
extreme-density liquid-immersed data centers ................................................... 891 
References for Chapter 42 ................................................................................. 894 

CHAPTER 43 - QUANTUM COMPUTING INFRASTRUCTURES IN DATA 
CENTERS: QUBIT TECHNOLOGIES, CRYOGENIC REQUIREMENTS, 
INTEGRATION WITH CLASSICAL INFRASTRUCTURE, AND ROADMAP 
TOWARD QUANTUM ADVANTAGE ..................................................................... 897 

43.1 Fundamentals of quantum computing for infrastructure: qubits, superposition, 
entanglement, decoherence, and quality metrics of quantum processors relevant 
to infrastructure decisions ................................................................................... 897 
43.2 Cryogenic systems for quantum computing: dilution refrigerators, multi-stage 
cooling chains, energy consumption, footprint, and scalability to hundreds of 
physical qubits .................................................................................................... 901 



Table of contents  2120 - Data Centers in the Age of Artificial Intelligence 

41.2 Data Center Infrastructure Management (DCIM): monitoring system 
architecture, integration with BMS and ITSM, predictive analytics, and operational 
digital twin ........................................................................................................... 859 
41.3 Predictive and Preventive Maintenance of Critical Systems: Maintenance 
Strategies for UPS, Chillers, DLC Systems, and GPU Hardware; Reliability Models 
and Optimization of Maintenance Intervals ......................................................... 862 
41.4 Site Reliability Engineering for AI Data Centers: SLOs, SLAs, Error Budgets, 
Runbook Automation, and Chaos Engineering Applied to Physical Infrastructure
............................................................................................................................ 866 
41.5 Operational KPIs for AI Data Centers: Efficiency Metrics, Industry 
Benchmarks, Sustainability Reporting, and Strategies for Continuous Optimization 
of PUE and CUE in Day-to-Day Operations ....................................................... 870 
References for Chapter 41 ................................................................................. 874 

CHAPTER 42 - AI-NATIVE DATA CENTERS: CO-DESIGNED HARDWARE-
SOFTWARE ARCHITECTURES FOR TRAINING AND INFERENCE OF 
FOUNDATIONAL MODELS, ULTRA-DENSELY INTERCONNECTED FABRICS, 
AND AUTONOMOUS INFRASTRUCTURE ORCHESTRATION ........................... 877 

42.1 Definition and Taxonomy of AI-Native Data Centers: Architectural Differences 
from General-Purpose Data Centers, Hardware-Software Co-Design 
Requirements, and Distinctive Characteristics of AI Workloads ......................... 877 
42.2 Ultra-dense interconnect architectures for distributed training: NVLink Switch, 
InfiniBand XDR, dragonfly+ and rail-optimized topologies, and the physical 
limitations of inter-GPU communication .............................................................. 881 
42.3 Memory Architecture for Foundational Models: HBM, Disaggregated NVMe, 
Memory Disaggregation, and Emerging Computational Memory Technologies to 
Eliminate the Memory Wall in LLMs .................................................................... 885 
42.4 Autonomous orchestration of AI infrastructure: disaggregated resource 
scheduling, training preemption, checkpoint management, and dynamic energy 
optimization in AI-native data centers ................................................................. 888 
42.5 Emerging architectures for AI-native data centers: specialized AI chips 
(TPUs, Gaudi, Trainium), integrated photonics for interconnects, and the future of 
extreme-density liquid-immersed data centers ................................................... 891 
References for Chapter 42 ................................................................................. 894 

CHAPTER 43 - QUANTUM COMPUTING INFRASTRUCTURES IN DATA 
CENTERS: QUBIT TECHNOLOGIES, CRYOGENIC REQUIREMENTS, 
INTEGRATION WITH CLASSICAL INFRASTRUCTURE, AND ROADMAP 
TOWARD QUANTUM ADVANTAGE ..................................................................... 897 

43.1 Fundamentals of quantum computing for infrastructure: qubits, superposition, 
entanglement, decoherence, and quality metrics of quantum processors relevant 
to infrastructure decisions ................................................................................... 897 
43.2 Cryogenic systems for quantum computing: dilution refrigerators, multi-stage 
cooling chains, energy consumption, footprint, and scalability to hundreds of 
physical qubits .................................................................................................... 901 

21 

 

43.3 Integration of quantum systems with classical data center infrastructure: 
control electronics, EMI shielding, hybrid quantum-classical communication, and 
classical feedback latency .................................................................................. 905 
43.4 Quantum Networking in Data Centers: Entanglement Distribution Protocols, 
Quantum Repeaters, Photon-Memory Interfaces, and Quantum Internet 
Architectures for the Interconnection of Distributed Quantum Processors .......... 909 
43.5 Roadmap toward quantum advantage in data centers: technological 
trajectory, hybrid quantum-classical applications, economic models, and the role of 
quantum data centers in future hybrid HPC architectures .................................. 912 
References for Chapter 43 ................................................................................. 916 

CHAPTER 44 - SPACE AND UNDERWATER DATA CENTERS: COMPUTING 
ARCHITECTURES IN EXTREME ENVIRONMENTS, THERMODYNAMIC 
CONSTRAINTS, CONNECTIVITY MODELS, AND DEPLOYMENT PROSPECTS 
FOR DISTRIBUTED EDGE AI ............................................................................... 919 

44.1 Underwater data centers: Microsoft’s Natick project, ocean cooling 
thermodynamics, hydrostatic pressure, and reliability analysis in hyperbaric-
corrosive environments ....................................................................................... 919 
44.2 Scalability, Remote Maintenance, and Operational Models of Underwater 
Data Centers: Lifecycle, K-out-of-N System, Recovery, and Environmental 
Sustainability in Lifecycle Assessment ............................................................... 923 
44.3 Space data centers in low Earth orbit: engineering rationale, thermodynamic 
constraints of the vacuum, solar power generation, and laser communications for 
AI computing in orbit ........................................................................................... 927 
44.4 Radiation-hardened processors, on-board AI processing, and nanosatellite 
constellations as distributed computing fabrics: CCR, radiation-induced failures, 
and TMR architectures ....................................................................................... 930 
44.5 Lunar and Interplanetary Data Centers: Light-Speed Latency, Space Nuclear 
Power, Delay-Tolerant Federated Learning, and AI Computing for Autonomous 
Exploration of the Solar System ......................................................................... 933 
References for Chapter 44 ................................................................................. 938 

CONCLUSIONS - DATA CENTERS IN THE AGE OF ARTIFICIAL INTELLIGENCE: 
A SUMMARY OF FOUNDATIONAL PARADIGMS, INTERDISCIPLINARY 
CONVERGENCES, AND RESEARCH PROSPECTS ........................................... 941 

C.1 The data center as critical infrastructure of the digital economy: summary of 
the foundational paradigms and structural transformations documented in the 
thirteen parts of this volume ................................................................................ 941 
C.2 The ADCAS framework as a unifying theoretical structure: formalization of 
inter-layer constraints and applications to the holistic design of AI-native data 
centers ................................................................................................................ 944 
C.3 Sustainability, Digital Sovereignty, and the Geopolitics of Infrastructure: 
Structural Tensions in the Coming Decade and Open Research Directions ....... 946 
C.4 Convergence of future architectures and summary of the volume’s original 
contributions: quantum-classical hybrid, planetary edge, and the data center as an 
autonomous cybernetic system .......................................................................... 949 



22  Table of contents22 - Data Centers in the Age of Artificial Intelligence 

C.5 Research Prospects, Directions for Doctoral Students, and the Expected 
Contribution of the Data Center Sector to the Digital Civilization of the 21st 
Century ............................................................................................................... 952 
Bibliographic References for the Conclusions .................................................... 956 

APPENDIX - GLOBAL DATA CENTER ATLAS: COMPARATIVE TECHNICAL 
ANALYSIS OF THE MAJOR DATA CENTERS IN G20 COUNTRIES AND THE 
WORLD’S MAJOR DIGITAL HUBs ........................................................................ 959 

A.1 Atlas Methodology, Classification Metrics, and Comparative Framework .... 959 
A.2 North America: Northern Virginia, the Pacific Northwest, Texas, and Canada 
as Pillars of Global Cloud Infrastructure ............................................................. 961 
A.3 Europe: Frankfurt, the Nordic Countries, Dublin, Amsterdam, and the New 
Hubs of European Digital Sovereignty ................................................................ 964 
A.4 Asia-Pacific: Singapore, China, Japan, South Korea, and Australia—Between 
Explosive Growth and Climate Challenges ......................................................... 967 
A.5 Emerging Markets: Brazil, India, the United Arab Emirates, and the Growth 
Trajectory of the Global South ............................................................................ 970 
Bibliographic References for the Appendix ......................................................... 974 

 

  



23

22 - Data Centers in the Age of Artificial Intelligence 

C.5 Research Prospects, Directions for Doctoral Students, and the Expected 
Contribution of the Data Center Sector to the Digital Civilization of the 21st 
Century ............................................................................................................... 952 
Bibliographic References for the Conclusions .................................................... 956 

APPENDIX - GLOBAL DATA CENTER ATLAS: COMPARATIVE TECHNICAL 
ANALYSIS OF THE MAJOR DATA CENTERS IN G20 COUNTRIES AND THE 
WORLD’S MAJOR DIGITAL HUBs ........................................................................ 959 

A.1 Atlas Methodology, Classification Metrics, and Comparative Framework .... 959 
A.2 North America: Northern Virginia, the Pacific Northwest, Texas, and Canada 
as Pillars of Global Cloud Infrastructure ............................................................. 961 
A.3 Europe: Frankfurt, the Nordic Countries, Dublin, Amsterdam, and the New 
Hubs of European Digital Sovereignty ................................................................ 964 
A.4 Asia-Pacific: Singapore, China, Japan, South Korea, and Australia—Between 
Explosive Growth and Climate Challenges ......................................................... 967 
A.5 Emerging Markets: Brazil, India, the United Arab Emirates, and the Growth 
Trajectory of the Global South ............................................................................ 970 
Bibliographic References for the Appendix ......................................................... 974 

 

  

23 

 

Foreword 
This book stems from a dual need: scientific and educational on the one hand, and 

practical on the other. The scientific need is for a text that addresses, with analytical 

rigor, engineering depth, and systematic breadth, the technological infrastructure that 

today underpins the entire global digital economy—the modern data center, in its most 

advanced and demanding form, as dictated by the workloads of artificial intelligence. 

The educational need is to offer doctoral students, researchers, and industry 

professionals a tool capable of navigating with equal competence between the 

mathematical formalization of inter-layer relationships, the engineering specification of 

cooling architectures, the economic analysis of financing models, and the geopolitical 

framework of digital sovereignty, so as to produce professionals ready for 

implementation. 

Anyone who has worked with data, machine learning models, distributed systems, or 

large-scale networks knows the dizzying sensation one feels when one truly 

understands—not merely intuitively, but quantitatively and structurally—how many 

physical resources, how much energy, and how much engineering complexity lie 

behind a single training cycle of a Large Language Model or behind the uninterrupted 

flow of inference requests that supports a cloud service on a planetary scale. A model 

with 700 billion parameters trained on tens of thousands of GPUs for months 

consumes energy in the order of gigawatt-hours; a hyperscale data center at full 

capacity can draw hundreds of megawatts from the power grid; the latency of a single 

packet between servers in different racks, when multiplied by the millions of 

exchanges occurring every second in a GPU cluster, becomes the bottleneck that 

determines the efficiency of the entire training system. These realities are not 

marginal: they are central, structural, and deserve treatment commensurate with their 

complexity. 

The ideal reader of this book is diverse. It could be a graduate student in computer 

science, computer engineering, electrical engineering, or civil engineering who needs 

a systemic view of the physical infrastructure that hosts their computational 

experiments. It could be a researcher in distributed systems, cloud computing, or 

artificial intelligence who wishes to understand the formal relationships between 

resource constraints at the lower levels of the technology stack and the observable 
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performance at the application- s levels. It could be the professional who designs, 

manages, or finances data centers and seeks a reference that integrates engineering, 

computer science, and economic literature. It could be the graduate student in STEM 

disciplines who wants to build a deep and scalable understanding of digital 

infrastructure before specializing in one of its constituent dimensions. In each of these 

cases, the book offers differentiated levels of reading: mathematical formalism is 

always present for those who seek it, but the text is structured so that conceptual 

understanding is accessible even to those approaching certain engineering aspects 

for the first time. 

A word on the method. This book was conceived as an advanced training tool that 

measures up to empirical evidence, peer-reviewed scientific literature, and the 

technical specifications of industry operators. The bibliographic citations are numerous 

and precise; the formulas are derived from principles and explained step by step; the 

operational data are drawn from primary and institutional sources of recognized 

authority. We have chosen not to sacrifice analytical depth on the altar of immediate 

accessibility, convinced that premature simplification is the greatest obstacle to the 

development of robust and transferable skills. At the same time, the thematic 

progression has been constructed with pedagogical care, so that each chapter 

consciously builds upon the foundations established in the preceding ones and 

prepares the conceptual groundwork for the subsequent ones. 

Data centers are not merely machines. They are the result of engineering, economic, 

political, and environmental choices layered over time. Understanding how they 

work—truly, in their formal detail—is today a fundamental skill not only for those who 

design or manage them, but for anyone who wishes to understand the structural 

transformations that the digital economy and artificial intelligence are imposing on 

global society. This volume is a contribution to that understanding. 
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Introduction 
This book is structured as a dual architecture: one formal and one systemic. 

The formal architecture is established from the outset: the book introduces, capitalizes 

on, and applies a coherent set of mathematical and engineering tools—energy 

consumption models, inter-layer constraint functions, thermal and computational 

efficiency metrics, and frameworks for economic and risk analysis—which are 

progressively developed and reused throughout the forty-four chapters that make up 

the work. This formal architecture is not ornamental: it is the skeleton that ensures the 

analytical coherence of the entire text and allows for a seamless transition from the 

thermodynamics of cooling systems to the modeling of GPU clusters, from the analysis 

of switch fabrics to the evaluation of the cost of capital in investment models. 

Systemic architecture is the choice to treat the data center not as an aggregate of 

independent components but as a complex cyber-physical system in which every 

level—from the civil structure and seismic foundations to the software layers for 

container orchestration and the data pipelines for machine learning—is formally 

connected to the others through relationships of dependency, constraint, and 

optimization that must be understood and quantified in order to design, manage, and 

scale the infrastructure efficiently and sustainably. The central theoretical contribution 

of this volume is a six-level framework—the AI Data Center Architecture Stack—

equipped with five formal constraint functions:  ,  ,  ,  ,  . These 

specify the minimum dependency relationships between adjacent levels and allow the 

minimum provisioning requirements for each layer to be propagated downward—from 

the AI workload specified at level 6 down to the physical infrastructure at level 1. This 

framework, developed based on industry literature and empirically validated against 

publicly disclosed operational data from five Western hyperscale operators, serves as 

the analytical backbone of the entire work. 

Structure and Organization of the Volume 
The volume is organized into thirteen thematic parts comprising a total of forty-four 

chapters, plus a global cartographic appendix. This structure reflects the intrinsic 

complexity of the subject matter: a modern data center integrates expertise in 

computer science, civil and structural engineering, electrical and power systems 




