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1. Executive Summary

The oil and gas industry stands at an inflection point. Aging SCADA infrastructure, expanding IoT
sensor networks, and the accelerating push toward autonomous operations are colliding with a
fundamental reality: the wireless connectivity underpinning these systems was never designed for the
demands of modern industrial operations. Wi-Fi networks buckle under the harsh RF conditions of a
refinery floor. Public cellular coverage disappears at remote wellheads. Legacy radio systems cannot
support the bandwidth required for real-time video analytics or digital twin synchronization.

Private 5G networks represent a paradigm shift in industrial connectivity — delivering the ultra-low
latency, massive device density, and deterministic performance that oil and gas operations demand, all
within a network architecture that the operator fully controls. Unlike public carrier networks, private 5G
can be purpose-built for hazardous environments, integrated directly into OT cybersecurity frameworks,
and optimized for the specific traffic patterns of industrial applications.

This whitepaper provides a comprehensive, vendor-agnostic guide for operations leaders, IT/OT
managers, and engineering teams evaluating or planning private 5G deployments in upstream,
midstream, and downstream oil and gas environments. It covers technical architecture, hazardous area
compliance, cybersecurity integration, phased deployment methodology, and a rigorous ROI framework
— all grounded in real-world operational requirements rather than theoretical specifications.

Key Takeaway: Private 5G is not a connectivity upgrade — it is an operational infrastructure
investment that enables the next generation of safety systems, autonomous operations, and
real-time decision-making in industrial environments.

PRIVATE 5G: KEY PERFORMANCE INDICATORS
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Figure 1: Private 5G Key Performance Indicators (3GPP / ITU-R IMT-2020 Specifications)
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2. The Connectivity Crisis in Oil & Gas

2.1 Legacy Infrastructure Limitations

Most oil and gas facilities today rely on a patchwork of connectivity solutions assembled over decades.
Serial-based SCADA systems from the 1990s share spectrum with newer Wi-Fi access points.
Licensed two-way radio systems handle voice communications while LoRaWAN sensors transmit
periodic environmental readings. Each technology was deployed to solve a specific problem at a
specific point in time, resulting in a fragmented architecture that creates significant operational blind
spots.

This fragmentation introduces three critical challenges. First, reliability gaps emerge in harsh RF
environments where metal structures, high-temperature equipment, and electromagnetic interference
degrade wireless signals unpredictably. Second, bandwidth constraints prevent the deployment of
data-intensive applications like real-time video analytics, augmented reality maintenance guidance, and
high-frequency vibration monitoring. Third, security vulnerabilities proliferate when multiple independent
wireless systems each present their own attack surface to potential adversaries.

2.2 The Data Explosion Challenge

The volume of data generated at a typical refinery or production facility is growing exponentially. A
single modern process unit can generate terabytes of sensor data per day when fully instrumented with
vibration sensors, thermal cameras, gas detectors, and process analytics. Current wireless
infrastructure was never designed to transport this volume of data reliably, forcing operators to choose
between comprehensive monitoring and network stability — a trade-off that directly impacts safety and
operational efficiency.

2.3 Remote and Distributed Operations

Upstream operations face particularly acute connectivity challenges. Wellhead sites, pipeline corridors,
and offshore platforms often exist beyond the reach of commercial cellular networks. Satellite
connectivity, while available, introduces latency measured in hundreds of milliseconds — far too slow
for real-time control applications. This isolation creates dangerous information gaps where operators
lack the visibility needed to detect equipment anomalies, environmental releases, or safety incidents as
they develop.

© 2025 Clover 1Q. All rights reserved. Page 4 cloverig.com
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INDUSTRIAL CONNECTIVITY TECHNOLOGY COMPARISON
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Figure 2: Connectivity Technology Comparison for Industrial Environments

Industry Reality: Over 60% of oil and gas facilities report that inadequate wireless
connectivity has directly impacted their ability to deploy planned digital transformation
initiatives. The problem is not a lack of ambition — it is a lack of infrastructure.
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3. Why Private 5G for Industrial Operations

3.1 Understanding Private 5G vs. Public 5G

A private 5G network is a dedicated cellular network deployed, operated, and controlled by the
enterprise rather than a commercial carrier. While it leverages the same 3GPP 5G NR standards as
public networks, private 5G fundamentally differs in three ways: the spectrum is either licensed directly
by the enterprise (such as CBRS in the United States) or shared under a localized licensing regime; the
core network infrastructure resides on-premises under the operator's control; and the network is
engineered exclusively for the enterprise's specific performance, coverage, and security requirements.

3.2 The Five Pillars of Private 5G Advantage

Ultra-Reliable Low-Latency Communication (URLLC): The 3GPP URLLC specification targets
user plane latency of 1 ms or less with 99.999% reliability (per 3GPP TR 38.913 and ITU-R
M.2410). In real-world industrial deployments with on-premises core, end-to-end latency under 5

ms is consistently achievable — meeting the threshold for safety-critical control systems,
emergency shutdown sequences, and real-time autonomous equipment operation.

¢ Massive Machine-Type Communication (mMTC): The IMT-2020 specification defines a
network-level connection density of up to one million devices per square kilometer (per ITU-R
M.2410-0). For a facility with thousands of I0T sensors, smart valves, wearable safety devices,
and mobile equipment, this density eliminates the scaling ceiling that constrains Wi-Fi-based
architectures.

* Enhanced Mobile Broadband (eMBB): The ITU IMT-2020 standard defines peak data rates of
20 Gbps downlink and 10 Gbps uplink. This enables real-time 4K video analytics for leak
detection, thermal imaging for predictive maintenance, and augmented reality overlays for field
technicians — applications that are bandwidth-starved on legacy wireless.

Network Slicing for Operational Segmentation: Private 5G supports logical network
segmentation through slicing, allowing a single physical network to simultaneously serve
safety-critical control traffic with guaranteed QoS, high-bandwidth video streams, and low-priority
loT telemetry — each with isolated performance guarantees.

Complete Operational Control: Unlike public carrier networks, private 5G gives the operator full
control over coverage design, capacity allocation, security policies, data routing, and SLA
enforcement. No data traverses external carrier infrastructure. The network serves one customer:
the operation.

© 2025 Clover 1Q. All rights reserved. Page 6 cloverig.com
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3.3 Spectrum Options for Oil & Gas

Spectrum Band License Type Best Use Case

3?:5%?3(:73050%122) United States g’iﬁ;: Eélc_; model) Refinery & plant coverage
n77/n78 (3.3-3.8 GHz) Global Licensed / Shared Broad industrial campus
n258 (24-28 GHz) Global mmWave Licensed Ultra-high bandwidth zones
n71 (600 MHz) United States Licensed Extended range, pipelines

Table 1: Spectrum Options for Private 5G in Oil & Gas Applications
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4. Technical Architecture & Network Design

4.1 Reference Architecture Overview

A production-grade private 5G deployment for oil and gas consists of four interconnected layers, each
requiring careful design to meet the unique demands of industrial environments. The architecture must
account for hazardous area classifications, existing OT network segmentation (typically aligned with the
Purdue Model), and the specific latency and reliability requirements of each connected application.

PRIVATE 5G NETWORK ARCHITECTURE — OIL & GAS OPERATIONS
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Figure 3: Private 5G Reference Architecture for Oil & Gas Operations

4.2 Radio Access Network (RAN) Design

The RAN layer presents the most complex engineering challenge in industrial 5G deployments. Unlike
commercial cellular where base stations are positioned for maximum geographic coverage, industrial
RAN design must account for severe multipath interference from metal structures, signal absorption by
process equipment, and dynamic RF environments where equipment and personnel are in constant
motion. A comprehensive RF site survey — including 3D propagation modeling, empirical measurement
campaigns, and interference analysis — is the non-negotiable first step.
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4.3 5G Core Network Deployment

For oil and gas operations, on-premises deployment of the 5G core is strongly recommended. Routing
control plane and user plane traffic through an off-site core introduces latency, creates external
dependencies for safety-critical applications, and exposes OT data to transit across networks outside
the operator's security perimeter. A containerized 5G core running on on-premises edge servers
provides the lowest latency, highest availability, and tightest security integration with the existing OT
network. The core network functions — AMF, SMF, UPF, and supporting functions — should be
deployed in a high-availability configuration with active-standby redundancy.

4.4 Multi-Access Edge Computing (MEC)

MEC represents the computational bridge between the 5G network and industrial applications. By
co-locating compute, storage, and application logic at the network edge, MEC enables real-time
processing of sensor data, video analytics, and AI/ML inference without cloud round-trip latency. The
MEC platform should support containerized deployment (Kubernetes), GPU acceleration for video and
Al workloads, and direct integration with SCADA/DCS historians for data fusion.

© 2025 Clover 1Q. All rights reserved. Page 9 cloverig.com
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5. Hazardous Area Compliance & C1D1
Considerations

Deploying wireless infrastructure in oil and gas environments introduces a compliance dimension that
does not exist in enterprise IT: hazardous area classification. Every piece of electronic equipment must
be rated for the specific hazard classification of its installation zone. Non-compliance is not a regulatory
technicality; it is a direct threat to personnel safety and facility integrity.

5.1 NEC/ATEX Classification Framework

In North America, hazardous areas are classified under the National Electrical Code (NEC) Article 500.
Class | refers to environments where flammable gases or vapors may be present. Division 1 (C1D1)
indicates areas where ignitable concentrations exist under normal operating conditions, while Division 2
(C1D2) covers areas where such concentrations exist only under abnormal conditions. The
international IECEX/ATEX framework uses a Zone-based system with Zone 0, Zone 1, and Zone 2.

HAZARDOUS AREA CLASSIFICATION & 5G EQUIPMENT REQUIREMENTS

A ZONE 0/ DIVISION 1
C1D1 EQUIPMENT

* Intrinsically safe (15} certified
+ Explosion-proof enclosures
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+ Ruggedized industrial 56

Continuous
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UNCLASSIFIED AREA
GEMERAL PURPOSE

* Standand enterprise 5G
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A

Figure 4: Hazardous Area Classifications and 5G Equipment Requirements

5.2 C1D1 Certification for 5G Equipment

Achieving C1D1 certification requires equipment to meet protection methods such as intrinsic safety
(IS), which limits energy below the ignition threshold; explosion-proof enclosures (XP); or purging and
pressurization (PX). The current market presents a challenge: very few 5G radio units have achieved

© 2025 Clover 1Q. All rights reserved. Page 10 cloverig.com
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C1D1 certification. Most vendors offer C1D2-rated or general-purpose equipment, requiring facilities to
either relocate radios to unclassified areas with RF-transparent conduit, or employ third-party
hazardous area enclosure solutions.

Clover IQ Perspective: We are actively developing a line of ruggedized,
hazardous-area-certified devices purpose-built for private 5G connectivity in C1D1
environments. Our approach combines intrinsically safe design with industrial-grade 5G radio
modules, eliminating the compromises of retrofitting enterprise equipment for hazardous
locations.

© 2025 Clover 1Q. All rights reserved. Page 11 cloverig.com
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6. Cybersecurity Integration with OT
Environments

Private 5G does not exist in isolation — it becomes a critical component of the operational technology
network, and must be secured accordingly. The convergence of 5G infrastructure with legacy
SCADA/DCS systems creates both opportunities and new attack surfaces that must be addressed
through defense-in-depth.

DEFENSE-IN-DEPTH: 5G CYBERSECURITY FOR OT ENVIRONMENTS

LAYER 5: PHYSICAL SECURITY
Hazanmdous area enclosures * Tamper detection * Physical access comtrol

LAYER 4: NETWORK SEGMENTATION

5G nenwark slicing * VLAN isclation « Purdue Model alignment » Firewsll policies

LAYER 3: DEVICE AUTHENTICATION
5G-AKA mutual authentication « SIM/eSIM credentials « Cerificate-based trust

LAYER 2: ENCRYFTION & INTEGRITY
NEAfNIA algorithms « TLS 1.3 for core « IPsec tunnels « End-1a-end encryption

LAYER 1: MONITORING & RESPONSE
NDR anomaly detzction » SIEM intzgration * Continuous traffic baseline + Incident response

Aligned with: [EC 62443 « NIST C5F = ISA/IEC 99 » 3GPP TS 33.501 Security Axchitecture

Figure 5: Defense-in-Depth Security Architecture for Private 5G in OT

6.1 5G Security Architecture Fundamentals

The 3GPP 5G security architecture (TS 33.501) provides substantial improvement over previous
generations. Subscriber authentication uses the 5G-AKA protocol with mutual authentication between
device and network. User plane data is encrypted (NEA algorithms) and integrity-protected (NIA
algorithms). However, integrating private 5G into an OT environment requires extending security
controls across the IT/OT boundary using established frameworks like IEC 62443 and the Purdue
Model.

6.2 Critical Security Controls

* Network Segmentation via Slicing: Map 5G network slices to OT security zones. Safety-critical
control traffic must be isolated in a dedicated slice with strict QoS guarantees.

© 2025 Clover 1Q. All rights reserved. Page 12 cloverig.com
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SIM-Based Device Authentication: Every device must authenticate via physical or eSIM
credentials, eliminating pre-shared key vulnerabilities inherent in Wi-Fi deployments.

e Zero Trust Micro-Segmentation: Implement application-layer segmentation so that each device
can communicate only with designated control system endpoints.

e Continuous Monitoring: Deploy network detection and response (NDR) capabilities that baseline
normal 5G traffic patterns and alert on deviations indicating compromise or rogue access.

Air-Gapped Core: The 5G core should operate with no direct internet connectivity. Management
access should route through a dedicated management VLAN with multi-factor authentication.

Security Imperative: OT cybersecurity is not an IT function applied to industrial networks. It
requires specialized understanding of process control protocols, safety instrumented
systems, and the operational consequences of network disruptions. Private 5G security must
be designed by teams who understand both the cellular technology and the OT environment it
serves.

© 2025 Clover 1Q. All rights reserved. Page 13 cloverig.com
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7. Deployment Methodology: A Phased
Approach

Deploying private 5G in an operating facility is fundamentally different from a greenfield enterprise
installation. The network must be integrated into a live production environment where unplanned
downtime carries enormous financial and safety consequences. A phased approach reduces risk and
builds confidence.

PHASED DEPLOYMENT ROADMAP

PHASE 1 PHASE 2 PHASE 3 PHASE 4
Months 1-3 Months 4-6 Morths 7-10 Months 11-12+
? b b ?
Assessment & Design Core Network Deploy RAN & Device Rollout Optimization & Scale

@ AF site survey @ 5G core install @ Full RAN rollout @ Performance tuning
& OT assetinventory & MEC deployment & Device onboarding & AlMLimegration
@ Spectrum planning @ |T/OT integration @ Edge applications 9 Autonomous ops
& Security framawark & Initial ghlodeBs & Safery systems # Cominuous monitoring

@ Architecture design @ Baseline testing @ Video analytics 1 ROl measurement

Figure 6: Phased Deployment Roadmap for Industrial Private 5G

Phase 1. Assessment & Design (Months 1-3)

Comprehensive OT asset inventory, RF site survey with 3D propagation modeling, spectrum availability
analysis, security framework design, and detailed network architecture. This phase establishes the
technical foundation for the entire deployment.

Phase 2: Core Network Deployment (Months 4-6)

Installation and commissioning of the 5G core, initial gNodeB radio units in non-hazardous areas, MEC
servers, and IT/OT integration points. Extensive testing — coverage validation, latency measurement,
and security penetration testing — before any operational traffic migration.

Phase 3: RAN Expansion & Device Onboarding (Months 7-10)

Extension of 5G coverage to classified and remote areas. Production device migration from legacy
wireless. Activation of edge applications — video analytics, safety monitoring, and predictive
maintenance on the MEC platform.

Phase 4: Optimization & Scale (Months 11-12+)

© 2025 Clover 1Q. All rights reserved. Page 14 cloverig.com
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Performance optimization, advanced application deployment, and transition to steady-state operations.
Al/ML-driven autonomous operations progressively enabled as confidence in the network grows.

© 2025 Clover 1Q. All rights reserved. Page 15 cloverig.com
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8. Use Cases & Operational Applications

Private 5G enables a portfolio of operational applications that were previously impractical due to
connectivity limitations. The following represent the highest-impact opportunities for oil and gas
operations, organized by the 5G service class they primarily leverage.

HIGH-IMPACT USE CASES: PRIVATE 5G IN OIL & GAS

Connected Worker Computer Vision Predictive Maint.
Reaktime location, vitals Al video analytics for PPE 40 kHz vibration data from
monitoring, hazard alers compliance, zone violations rotating equipment o
via 5G smart PPE and leak detection edge ML models
56 Advantage: <= 5ms alerts 56 Advantage: 4K multi-stream 5G Advantage: Continuous data
Remote Operations Drone Inspections Digital Twin Sync
Low-latency control of BVLOS autonomous drone Realtime fadlity replica
distributed assets fram flights for tank, flare far scenaria madeling
centralized control moms and pipeline inspection and optimization
5G advantage: < 10ms round-trip 5G advantage: Realtime C2 5G Advantage: 1000s of sensors

Figure 7: High-Impact Private 5G Use Cases for Oil & Gas Operations

8.1 Workforce Safety Applications

Connected worker platforms deliver real-time location tracking, vital sign monitoring, and environmental
hazard alerts through 5G-connected wearables and smart PPE. URLLC capability ensures emergency
alerts reach every worker within milliseconds. Computer vision safety monitoring uses Al-powered
video analytics at the MEC edge to detect unsafe conditions in real time — workers entering exclusion
zones without proper PPE, vehicle-pedestrian proximity violations, or unauthorized confined space
access.

8.2 Connectivity & Remote Operations

Private 5G enables secure, low-latency connectivity between field devices and centralized control
rooms, reducing the need for on-site operators at hazardous locations. Drone and autonomous vehicle
operations require the deterministic performance that private 5G provides for beyond-visual-line-of-sight
(BVLOS) operations and autonomous navigation in complex facility environments.

8.3 Predictive Maintenance & Efficiency

© 2025 Clover 1Q. All rights reserved. Page 16 cloverig.com
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Rotating equipment health monitoring requires vibration data sampled at frequencies up to 40 kHz —
generating data volumes that overwhelm legacy wireless. Private 5G transports this data continuously
from thousands of sensors to edge-based ML models. Digital twin synchronization maintains real-time
facility replicas within seconds of actual conditions, enabling scenario modeling and optimization.

© 2025 Clover 1Q. All rights reserved. Page 17 cloverig.com
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9. ROI Framework & Cost-Benefit Analysis

Private 5G deployments in oil and gas represent significant capital investment, typically ranging from
$2M to $15M depending on facility size, coverage requirements, and application complexity.

5G Core & Edge Infrastructure $500K — $2M HA configuration, MEC compute
RAN (gNodeBs, antennas) $300K — $3M Facility size, zone classification
Spectrum Licensing $50K — $500K/yr Band, geography, license type
Integration & Engineering $200K — $1.5M OT complexity, security requirements
Devices & Endpoints $100K — $2M Sensor count, C1D1 certification
Annual Operations $150K — $500K/yr Staffing, SLAs, updates

Table 2: Typical Private 5G Deployment Cost Categories

9.1 Value Creation Framework
e Tier 1 — Cost Avoidance (Year 1): Consolidation of multiple wireless systems into single 5G
infrastructure. Typical savings: 15-25% reduction in total wireless operations costs.

» Tier 2 — Efficiency Gains (Years 1-2): Predictive maintenance reduces unplanned downtime.
Remote operations reduce travel and headcount. Typical savings: $500K—$3M annually.

» Tier 3 — Safety & Compliance (Years 2-3): Reduced incident rates lower insurance, penalties,
and remediation costs. Typical value: $1M-$5M in risk reduction.

e Tier 4 — Revenue Enhancement (Years 3-5): Optimized production through digital twin
analytics and autonomous operations. Typical value: 2-5% production efficiency improvement.

© 2025 Clover 1Q. All rights reserved. Page 18 cloverig.com
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PROJECTED ROI ANALYSIS — REPRESENTATIVE MID-SIZE O&G FACILITY
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Figure 8: Projected ROI Analysis — Private 5G Deployment
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10. Vendor Evaluation & Technology
Selection

The private 5G ecosystem for industrial applications is maturing rapidly. Selecting the right technology
stack requires evaluating vendors across multiple dimensions specific to oil and gas.

e Hazardous Area Equipment Availability: Does the vendor offer gNodeB units rated for

Ci1D1/C1D2?

OT Integration Capability: Can the vendor demonstrate integration with Modbus, OPC-UA,
PROFINET?

e Spectrum Flexibility: Does the solution support available spectrum bands in your geography?

Security Posture: Does the 5G core comply with 3SGPP TS 33.5017? Is IEC 62443 alignment
demonstrated?

» Operational Simplicity: Can the network be managed by existing IT/OT staff?
* Vendor Lock-In Risk: Is the architecture based on open standards (O-RAN, 3GPP)?

10.1 The Case for Vendor-Agnostic Integration

No single vendor currently offers a complete, optimized private 5G solution for oil and gas. The best
RAN hardware may come from one manufacturer, the optimal 5G core from another, and the MEC
platform from a third. A vendor-agnostic systems integrator provides critical value by assembling the
best-fit technology stack, managing multi-vendor interoperability, and insulating the operator from
vendor-specific risks.

© 2025 Clover 1Q. All rights reserved. Page 20 cloverig.com
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11. Clover IQ's Integration Approach

Clover 1Q is a vendor-agnostic industrial technology systems integrator specializing in the convergence
of operational technology with modern connectivity, cybersecurity, and safety infrastructure. Our team
brings direct experience in oil and gas and chemical manufacturing environments — we understand the
operational realities, compliance requirements, and organizational dynamics that determine whether a
technology deployment succeeds or stalls.

CLOVER 1Q's FOUR-PILLAR FRAMEWORK

How Private 5G Enables Each Operational Pillar

WORKFORCE CONNECTIVITY CYBERSECURITY OPERATIONAL

SAFETY GAPS RISKS EFFICIENCY
56 IMPACT: 5G IMPACT: 56 IMPACT: 5G IMPACT:

& Sub-5ms alertdelivery @ Single-network convergence & 5G-AKA authentication & Edoge AVML analytics

& Continuous gas monitoring @ Fulbfacility coverage & Network slice isolation @ Predictive maintenance

& Realtime location tracking @ Hazardous ares certified & |EC 62443 alignment » Digital twin sync

¢ Smart PPE integration @ Remote ops enablement @ Zem trust architecture @ Autonomous inspections

¢ Al-powered video safety @ Deteministic performance ¢ Airgapped core ops @ Resktime data from field

Figure 9: Clover 1Q's Four-Pillar Framework for Industrial 5G

Our approach is consultative and transparent. We do not represent any single equipment vendor. Our
recommendations are driven exclusively by what will work best in your specific operational
environment. We assess, design, deploy, and support — and we stand behind the performance of
every system we integrate.
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12. Conclusion & Next Steps

Private 5G is not a theoretical technology waiting for industrial adoption — it is a proven infrastructure
platform being deployed today in refineries, chemical plants, and upstream operations worldwide. The
organizations that act now will secure meaningful competitive advantage: lower operating costs, faster
incident response, fewer unplanned shutdowns, and digital infrastructure capable of supporting
autonomous, Al-driven operations.

The path forward requires clear-eyed assessment of current connectivity limitations, realistic
understanding of the investment required, and a deployment partner who understands both the
technology and the operational environment.

Ready to Evaluate Private 5G for Your Operation?

Clover 1Q offers a no-obligation Private 5G Readiness Assessment that evaluates your
facility's current connectivity infrastructure, identifies high-impact use cases, and provides a
preliminary architecture design with ROM cost estimates.

Email: sales@cloverig.com | Web: cloveriq.com/private-5g

Disclaimer: This whitepaper is intended for informational purposes only and does not constitute professional engineering, legal, or
regulatory advice. Technology specifications, cost ranges, and performance metrics cited herein are representative and may vary based
on specific deployment conditions. 3GPP specifications referenced include Release 15/16/17 standards current as of publication. ©
2025 Clover 1Q. All rights reserved.

© 2025 Clover 1Q. All rights reserved. Page 22 cloverig.com



