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Executive Summary

Data centers are coupled cyber-physical systems. Availability depends on more than server redundancy: utility
interconnection, electrical protection, thermal control, fluid distribution, network paths, automation, fire
protection, human procedures, and supply-chain dependencies must function together under normal,
degraded, and fault conditions. This paper provides a practical systems-engineering framework from business
requirements through site selection, detailed design, integrated systems testing, operational readiness, and
modernization.

The primary design principle is to define measurable service outcomes, trace each outcome to infrastructure
architecture and failure scenarios, and validate the integrated facility under realistic operating conditions. A
nominally redundant design can fail through shared controls, common fuel, incorrect protection coordination,
human error, firmware dependencies, or hidden maintenance constraints.

Scope, Assumptions and Use

Coverage includes enterprise, colocation, edge, high-density AI/HPC and mission-critical facilities. Examples
and numeric illustrations are engineering teaching aids, not universally applicable acceptance limits. Governing
editions and local adoption of codes must be verified by jurisdiction and authority having jurisdiction (AHJ).

1. Requirements Engineering and Business Objectives

Translate business needs into critical IT load (kW/MW), rack density, allowable downtime, workload criticality,
growth horizon, latency, sovereignty, sustainability, maintainability and recovery targets. Separate availability
targets from durability of stored data and from service-level agreements. Define who owns every requirement

and how it will be verified.

e Develop arequirements traceability matrix linking stakeholder, requirement ID, design element, test
method, owner and acceptance evidence.

. Establish explicit normal, maintenance, emergency, degraded and recovery operating states.

. Model future density and growth in modular increments rather than assuming uniform rack power.

Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

2. Site Selection and Environmental Risk

Assess grid capacity, interconnection lead time, fuel access, floodplain, wildfire, wind, seismicity, ambient
temperature, water stress, carrier diversity, road access, zoning, noise, security and environmental permitting.
A low-cost parcel with weak power and fiber infrastructure may have a greater lifecycle cost than a more
expensive serviced site.

. Review historic hazards and future climate scenarios.
e  Confirm utility service paths and rights-of-way, not merely proximity to substations.
e Testaccess assumptions for major replacement equipment and emergency fuel delivery.
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Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

3. Availability Architecture and Fault Domains

Define fault domains from incoming feeders to rack outlets and from chilled-water sources to IT inlet air. N,
N+1, 2N and distributed redundant topologies describe capacity or paths but do not independently guarantee
fault tolerance. Maintenance isolation, control-plane separation, and protection coordination must be
demonstrated.

e  Construct a single-line architecture and identify every single point of failure.
. Use FMEA, fault-tree analysis and common-cause failure review.
e Trace maintenance procedures for each critical component without assuming a planned shutdown.

Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

4. Codes, Standards and Industry Frameworks

Use a requirements hierarchy: local laws and adopted codes first, contract and insurer requirements next, then
selected consensus standards and guidance. Uptime Institute Tier criteria, ANSI/TIA-942 ratings and EN 50600
classes are distinct frameworks; do not claim interchangeability. Consult the actual current documents for
mandatory clauses and licensing.

e NFPA 70 (NEC), NFPA 70E, NFPA 72, NFPA 75, NFPA 76, NFPA 110 and NFPA 111 as applicable.

e ANSI/TIA-942, EN 50600 series, ISO/IEC 22237 series, ASHRAE TC 9.9 guidance, ASHRAE 90.4.

. IEEE 3000-series power engineering, IEEE 519 harmonics, IEEE 493 reliability, IEEE 1100 power quality, IEEE
1584 arc flash.

e |EC 60364, IEC 61439, IEC 62040 UPS, IEC 62305 lightning, IEC 62443 security and ISO/IEC 27001
information security.

Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

5. Utility Interconnection and Grid Interface

Document utility service voltage, available fault current, short-circuit contribution, protective relays, feeder
redundancy, outage history, metering, power factor, harmonic limits and switching authority. Coordinate utility
and facility protection so upstream trips do not unnecessarily remove both redundant paths.

. Perform short-circuit, load-flow, coordination and arc-flash studies.
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e Documentrestoration sequencing and utility switching procedures.
e  Evaluate grid-constrained operation, demand response and on-site generation restrictions.

Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

6. Medium-Voltage and Low-Voltage Distribution

Specify switchgear, transformers, busway, panels, protective devices and cable systems with appropriate
voltage, insulation, interrupting capacity, thermal rating, selective coordination and physical segregation.
Validate actual fault duty under generator and utility configurations, not a single idealized source.

e  Confirm clearances, maintainability and spare breaker positions.
e  Separate A/B paths against common water, fire and operator error exposure.
. Inspect torque records, insulation resistance and functional interlocks before energization.

Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

7. Uninterruptible Power Supply and Energy Storage

Select centralized, distributed, modular or rack-level UPS architectures based on ride-through needs, fault
isolation, maintainability and lifecycle economics. Review inverter overload, bypass behavior, transfer times,
battery chemistry, thermal runaway mitigation, state-of-health estimation and end-of-life capacity.

e Test battery autonomy at defined load and ambient conditions.
e  Verify static bypass and maintenance bypass interlocks.
e  Plan battery monitoring, replacement logistics and safe isolation.

Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

8. Generator Plants and Fuel Resilience

Size generator systems for block loading, motor starts, harmonics, altitude, ambient derating, emissions and
minimum load operation. Generator capacity alone does not guarantee restart: fuel polishing, day tanks,
transfer pumps, starting batteries, exhaust, ventilation and controls are common failure mechanisms.

. Demonstrate loss-of-utility transfer, load acceptance and return-to-normal sequence.
e  Assess fuel quality, storage duration, replenishment contracts and regional disruption.
e Test parallel generator controls and failure of individual supervisory nodes.
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Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

9. Power Quality, Grounding and Bonding

Monitor voltage sag, swells, flicker, harmonics, neutral current, transients and grounding integrity. Coordinate
bonding and earthing with electrical safety, lightning protection, signal reference requirements and EMC
performance. Avoid ad hoc isolated-ground approaches that compromise safety.

. Measure power quality at utility, UPS, PDU and rack distribution boundaries.
. Review surge protective device placement and coordination.
e Validate equipment bonding and grounding continuity during acceptance.

Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

10. Electrical Protection, Arc Flash and Safety

Develop short-circuit, selective coordination and arc-flash analyses across every normal and emergency
source configuration. Set protection for equipment and personnel safety while accounting for reduced
generator fault current and maintenance modes. Procedures, labeling and PPE follow the applicable adopted
safety framework.

. Perform primary/secondary injection and breaker trip tests as required.
e  Review lockout/tagout and energized work authorization.
. Maintain study revisions whenever equipment or settings change.

Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

11. Cooling Architecture and Heat Rejection

Choose air-cooled, chilled-water, direct expansion, economizer, evaporative or hybrid solutions based on heat
density, climate, water use, maintenance, reliability and site constraints. Model heat flow from chip to room to
outdoor environment, including transient behavior during plant failover.

e Calculate sensible load, redundancy and design-day ambient conditions.
e  Verify pump, fan, valve and chiller sequencing under failures.
e  Evaluate water quality, corrosion, biological controls and leak detection.
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Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

12. Air Management and Thermal Envelope

Contain hot and cold aisles, minimize bypass and recirculation, control supply temperature, and account for
rack fan curves and blanking panels. Use CFD selectively to investigate hotspots and high-density layouts, then
confirm with measured inlet temperatures under realistic workloads.

. Instrument top/middle/bottom rack inlets and representative return paths.
e Validate thermal response after a CRAH/CRAC unit trip.
e Treattransient inlet excursions separately from steady-state design limits.

Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

13. Liquid Cooling and High-Density Al/HPC

Direct-to-chip, rear-door heat exchangers and immersion cooling introduce new mechanical, controls and
service risks. Define technology cooling system (TCS) boundaries, CDU capacity, coolant compatibility,
pressure differential, filtration, water quality, condensation control, leak detection and emergency isolation. IT
workload throttling may be part of the safety response.

e Testsingle-CDU failure and distribution valve failure.
e  Specify leak containment and dripless service connections where appropriate.
e  Coordinate IT and facilities telemetry to avoid thermal control oscillation.

Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

14. Water Systems and Sustainability

Water use effectiveness (WUE) depends on climate, cooling mode, accounting boundary and annual
conditions. Water scarcity and discharge permits can constrain cooling architecture. Assess water quality,
chemical treatment, blowdown, reuse and drought response alongside energy consumption.

e  Define the metering boundary for water and energy metrics.
. Review alternate cooling modes for water restriction events.
e Assess local environmental impacts rather than optimizing one metric alone.

Data Center Infrastructure_Ted Rager_June 2026 6



al\;' 9 TED RAGER

ENGINEERING SOLUTIONS

REAL-WORLD ENGINEERING. RELIABLE SOLUTIONS

Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

15. Network and Carrier Infrastructure

Provide carrier diversity with physically independent entrances, meet-me rooms, diverse risers, structured
cabling, optical loss budgets and clear demarcation. Two logical providers sharing one conduit are not
independent paths. Design for route diversity, cross-connect management and optical maintenance.

o  Verify fiber routes with maps and physical inspections.
. Document rack-level copper/fiber labeling and test results.
. Measure opticalinsertion loss and validate failover.

Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

16. Structured Cabling and Physical Layer

Select copper and fiber media for current throughput, transceiver reach, migration and electromagnetic
environment. Manage bend radius, pulling tension, connector cleanliness, polarity, pathway fill and fire ratings.
High-speed links are sensitive to contamination and insertion-loss margins.

e Require as-built cable schedules and port maps.
e Testfiber using appropriate certification and inspection procedures.
e  Segregate cabling from power according to adopted code and engineering practice.

Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

17. Cybersecurity and OT Segmentation

Building management, EPMS, UPS, generators, chillers, security and fire interfaces form an operational
technology attack surface. Apply asset inventory, least privilege, network segmentation, monitored remote
access, patch risk assessment and backup/restore testing without disrupting critical plant operations.

. Use IEC 62443 concepts and NIST cybersecurity guidance as applicable.
. Protect vendor remote access and shared credentials.
e Test manual/local operation when supervisory networks are unavailable.
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Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

18. Monitoring, DCIM, BMS and EPMS

Distinguish operational control from monitoring. A central dashboard should not become a hidden single point
of failure. Define alarm priority, time synchronization, event retention, sensor calibration, trending, and
escalation. Design alarm behavior for communications loss and sensor disagreement.

. Map each critical alarm to owner, threshold, delay and response.
e Test historian outage and stale telemetry handling.
e Validate control authority and manual overrides.

Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

19. Fire Detection, Suppression and Life Safety

Coordinate detection, compartmentation, suppression, smoke management, egress and electrical shutdown
with the AHJ and insurer. Suppression selection depends on occupancy, asset value, code, environmental
constraints and personnel safety. Prevent fire response from causing uncontrolled multi-path loss.

e Testalarminterfaces and shutdown logic with stakeholders.
e  Review battery room fire and gas hazards.
e Document restoration after suppression-system actuation.

Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

20. Physical Security and Access Control

Use layered perimeter, vehicle, loading dock, mantrap, cage and rack controls with audit trails. Separate
security availability from facility safety; emergency egress and fire service access must remain compliant.
Evaluate insider threat and contractor access during maintenance.

. Review badge privilege lifecycle and visitor escort policy.
o  Test fail-safe/fail-secure modes under power failure.
. Retain video and access logs per policy and law.
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Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

21. Seismic, Structural and Equipment Restraint

Verify floor loading, concentrated rack loads, equipment anchorage, vibration isolation, seismic bracing, cable
trays, piping and overhead utilities. Heavy battery systems and liquid cooling piping may materially change
structural loads and damage propagation.

e  Coordinate structural and MEP models before procurement.
. Review equipment replacement rigging paths.
. Inspect anchors and restraints after installation.

Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

22. Electromagnetic Compatibility and RF Resilience

Switch-mode power converters, VFDs, generators, wireless devices and long cable runs can create conducted
and radiated disturbances. EMC engineering should consider equipment susceptibility, grounding/bonding,
shielding, cable segregation, surge coordination and communications integrity. Compliance marks do not
guarantee immunity to every site-specific disturbance.

. Perform interference source-path-victim analysis.
. Review IEC 61000-series immunity and emission standards applicable to equipment.
e Testcritical controls during switching transients and RF exposure where justified.

Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

23. Mechanical-Electrical-Control Interfaces

Most major outages involve interfaces: generator control to ATS, UPS to breaker, cooling valve to BMS, CDU to IT
throttle, or alarm to operator. Interface control documents should specify normal states, loss-of-signal
behavior, priorities, latencies, interlocks, test points and ownership.

e Create interface matrices and sequence-of-operations documents.
e  Challenge conflicting commands and sensor failure modes.
e Require integrated signoff across electrical, mechanical, IT and controls teams.
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Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

24. Reliability Modeling and Risk Analysis

Use FMEA, FMECA, fault trees, reliability block diagrams and maintenance analysis to find single points,
common-cause failures and repair-time exposures. MTBF alone is not availability. Model detection time, access
time, spares, human error, restoration and external dependencies.

e  Quantify assumptions and uncertainty.
. Distinguish component redundancy from path redundancy.
. Reassess after design changes and incidents.

Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

25. Commissioning Strategy and Test Levels

Plan factory acceptance testing (FAT), site acceptance testing (SAT), pre-functional checks, functional
performance testing and integrated systems testing (IST). A successful component FAT does not establish full-
system behavior. IST should exercise realistic loss-of-power, cooling and control scenarios with safe
boundaries.

. Define test scripts with prerequisites, instruments, expected response and abort criteria.
e  Capture synchronized event logs and waveforms.
e Close deficiencies and retest affected scenarios.

Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

26. Integrated Systems Testing: Scenario Design

Use scenario-driven tests for loss of utility, generator failure-to-start, ATS misoperation, UPS module failure,
chiller trip, pump failure, leak event, network partition, controls server loss and simultaneous maintenance plus
fault. The goal is to demonstrate service continuity and safe degraded states.

e Runtabletop hazard review before destructive or high-risk tests.
e Verify alarm escalation and operator response timing.
e Testreturn-to-normal as carefully as initial failover.
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Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

27. Construction Quality and Turnover

Construction quality directly affects availability: torque, terminations, cleanliness, fiber inspection, flushing,
valve tagging and as-built drawings must be controlled. Turnover should include configuration baselines,
calibration certificates, test reports, spare parts and training records.

. Use inspection and test plans with hold points.
e Reconcile redlines to final as-built drawings.
e Create a controlled punch list and operational readiness gate.

Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

28. Operations, Maintenance and Change Control

Establish MOPs, SOPs and EOPs, with peer review, pre-job briefing, stop-work criteria and post-maintenance
validation. Maintenance is a significant source of outages; procedures should explicitly identify affected fault
domains and required backup capacity.

e  Practice emergency response with simulated alarms.
e  Review changes through risk assessment and rollback plans.
e  Track overdue maintenance and configuration drift.

Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

29. Capacity Planning and Growth

Plan electrical and thermal capacity jointly, using measured load, workload forecasts, rack density distribution
and power factor. Reserve not only nameplate kW but distribution, breaker space, cooling flow, network ports
and service clearances. Al loads may have rapid power transients and high liquid cooling demands.

. Build phased capacity models and trigger points.
e  Avoid assuming 100% coincident peak load without analysis.
. Revalidate redundancy after each expansion phase.
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Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

30. Energy Efficiency and Carbon Accounting

PUE = total facility energy divided by IT equipment energy for the defined measurement boundary and period.
PUE does not measure computational efficiency, carbon intensity or water impacts. Compare facilities only
with consistent boundaries and climate context.

. Meter utility, generation, UPS losses, cooling and IT energy.
. Use annualized rather than single-point performance where possible.
. Evaluate heat reuse, renewable procurement and lifecycle embodied carbon.

Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

31. Lifecycle Cost and Procurement

Compare capital cost, energy, water, maintenance, battery and generator replacement, downtime risk, staff
requirements and expansion flexibility. Vendor warranties and service response times are operational
requirements, not mere purchasing details.

e Assess long-lead transformers, switchgear, chillers and generators.
e Qualify substitutes against interface and certification requirements.
e Model 10-20-year total cost with sensitivity cases.

Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

32. Edge and Modular Data Centers

Edge deployments often face limited staffing, harsher environmental conditions, weak utilities and constrained
physical security. Factory-built modules improve repeatability but introduce shipping, interface, thermal
density and field integration challenges.

e  Specify unattended recovery and remote management.
e Testtransport damage and field hookups.
. Document physical access and service procedures.
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Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

33. Disaster Recovery and Business Continuity

Facility resilience is one layer of service resilience. Define recovery time objective (RTO), recovery point
objective (RPO), regional dependencies, backup immutability and alternate-site capacity. Multiple sites can
share a cloud control plane, DNS dependency or utility hazard.

. Run region-loss and network-partition exercises.
e  Confirm backup restoration, not just backup completion.
e  Align facility and application recovery plans.

Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

34. Human Factors and Operational Readiness

Complex infrastructure must be operable under stress. Alarm floods, unclear labeling, ambiguous switching
diagrams and undocumented overrides cause preventable incidents. Design user interfaces and procedures
around real operator cognition and shift handoffs.

e  Use clear physical labels consistent with diagrams.
e Train on abnormal and compound failures.
e  Perform periodic drills and after-action reviews.

Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

35. Modernization and Retrofit Strategy

Brownfield upgrades require temporary operating states and heightened risk controls. Review fault duty, cable
capacity, cooling hydraulics, controls compatibility and space constraints before adding high-density racks or
new UPS modules.

. Develop temporary configuration drawings.
. Define cutover rehearsals, backout plans and monitoring.
e  Commission every modified interface before release.
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Engineering verification and deliverables

Recommended evidence: approved requirement and design assumptions; interface drawings; risk register and
failure analysis; vendor data and calculations; inspection/test records; exceptions and corrective actions; and
named owner approval. Acceptance criteria must be established by project requirements, adopted codes, and
equipment manufacturers rather than copied generically.

Illustrative Worked Calculations

Example A: Electrical load and facility efficiency

For a 4.0 MW measured IT load and annualized PUE of 1.30, estimated total facility average power is 5.2 MW
and non-IT overhead is 1.2 MW. Annual energy at constant load is 5.2 MW x 8,760 h = 45,552 MWh. This is an
illustrative constant-load case; actual annual load and weather vary.

Example B: Redundancy capacity

For a 3.6 MW critical cooling duty using four identical 1.2 MW modules, the installed capacity is 4.8 MW; after
one module fails, 3.6 MW remains. This meets an N+1 capacity illustration only if shared piping, controls,
pumps, heat rejection and power paths do not defeat the design.

Example C: UPS autonomy

A 1.0 MW critical load held for 10 minutes requires at least 166.7 kWh delivered to the load in the idealized
energy balance. Battery usable capacity must additionally account for inverter losses, discharge rate, aging,
temperature, reserve and manufacturer limits.

Example D: Availability interpretation

A 99.99% annual availability target corresponds to about 52.6 minutes of annual unavailability under a simple
365-day arithmetic model. The figure is not evidence that a particular facility will meet the target, and
contractual definitions of downtime may differ.

Master Design Verification Matrix

System Representative verification Evidence / acceptance basis

Utility Service transfer, relay Approved studies, utility
coordination, metering agreements

UPS Autonomy, bypass, module Vendor specification and load
isolation profile

Generator Start, block-load, parallel Approved sequence and rated
operation conditions

Cooling N+1 loss, thermal excursion IT inlet temperature and plant

capacity

Liquid cooling CDU fault, leak detection, Approved TCS design and IT limits
isolation

Network Carrier path failover, fiber SLA, loss budget, route diversity

certification

Controls Sensor fault, network loss, Sequence of operations and
manual override alarms
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REAL-WORLD ENGINEERING. RELIABLE SOLUTIONS

Fire/life safety

Cybersecurity

Operations

Cause-and-effect and interface
tests

Remote access, backup and
recovery

MOP/EQP drills, restoration

AHJ-approved requirements

Security policy and risk
assessment

Operational readiness criteria

Integrated Systems Test Script Template

Test ID and objective
State the service outcome and fault condition to be validated.

Prerequisites
Confirm test boundaries, IT load, maintenance status, backup capacity, permits and safety controls.

Instrumentation
Time-synchronized EPMS/BMS events, electrical meters, temperature and pressure sensors, network
monitoring and operator log.

Execution
Document initial state, injected fault, expected automatic sequence, manual response, stabilization and
restoration.

Pass/fail
Define quantitative service, power, thermal and recovery thresholds from the project design basis.

Abort and recovery
Identify stop-work triggers, emergency contacts, isolation and safe restoration actions.

Evidence
Attach timestamps, trends, waveform captures, photographs, anomalies, corrective actions and retest results.

Risk Register Starter Set

Risk Possible cause

Engineering control

Shared relay or controls Independent fault domains and
dependency IST

Dual-path outage

Chemistry-specific design,
monitoring and fire strategy

Thermal runaway Battery fault and propagation

Common pump header or Isolation, redundancy, manual
controls fallback

Cooling loss

Fiber outage Shared duct despite multiple Route verification and diverse

carriers entry

Unsecured OT remote access Segmentation, identity and

recovery testing

Cyber event
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Fuel exhaustion Regional disruption or degraded Fuel contracts, quality program,
fuel drills

Human switching error Ambiguous labeling and MOP Peer review, training, interlocks

Liquid leak Connector failure or maintenance Detection, isolation, containment

Standards and References: Verification Index

The following are starting points for design and research, not a claim that every standard applies to every
project. Editions, amendments, jurisdictional adoption and copyrighted requirements must be checked before
use.

NFPA: NFPA 70, 70E, 72, 75, 76, 110, 111. Publisher: https://www.nfpa.org/
ASHRAE: TC 9.9 Thermal Guidelines; ASHRAE 90.4. Publisher: https://www.ashrae.org/

The Uptime Institute: Tier Standard: Topology; Operational Sustainability. Publisher:
https://uptimeinstitute.com/

TIA: ANSI/TIA-942 data center infrastructure. Publisher: https://tiaonline.org/

ISO/IEC: ISO/IEC 22237 data centre facilities and infrastructures; ISO/IEC 27001. Publisher:
https://www.iso.org/

CENELEC: EN 50600 data centre facilities and infrastructures. Publisher: https://www.cencenelec.eu/

IEEE: IEEE 493, 519, 1584, 1100 and applicable 3000 series. Publisher: https://standards.ieee.org/

IEC: IEC 62040 UPS; IEC 62305 lightning; IEC 62443 OT security. Publisher: https://www.iec.ch/

NIST: Cybersecurity Framework and SP 800-series guidance. Publisher: https://www.nist.gov/cyberframework

US DOE: Data center energy efficiency resources. Publisher: https://www.energy.gov/

Conclusions

High-reliability data center infrastructure is a discipline of controlled interfaces and verified fault behavior.
Successful programs define service requirements early, design electrical and thermal redundancy without
hidden common-mode dependencies, validate the full facility under realistic fault conditions, and sustain the
design through disciplined operations and change management. Emerging high-density computing intensifies
these fundamentals rather than replacing them.

Author note: Prepared as an independent engineering white paper for public technical education. Examples are
generalized; no confidential employer or customer facility details are included.
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