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Abstract 

Ensuring reliable electrical bonding in hazardous areas is critical for safety in oil and gas 
operations. This article presents a proven method for bridging insulated stainless-steel flanges 
using 35 mm² insulated copper bonding jumpers. Field applications confirmed continuity 
resistance below 0.05 Ω in alignment with IEC 60079-14, IEC 60364-5-54, IEEE Std 142, and 
NFPA 77.  

The solution addresses real-world constraints, including mechanical congestion and compatibility 
with electric heat-tracing systems. It offers a structured framework for electrical engineers and 
safety specialists seeking to enhance grounding integrity, eliminate ignition hazards, and prevent 
electric shock due to stray or induced voltages on isolated pipe sections. 

Keywords: Equipotential bonding, bonding jumpers, stainless steel pipelines, insulated flanged 
joints, hazardous areas, electrostatic ignition prevention, electric heat tracing, IEC 60079-14, IEC 
60364-5-54, NFPA 77, NFPA 70 (NEC), oil and gas, field-fabricated grounding, industrial earthing 
systems, static discharge protection. 

1. INTRODUCTION

Ensuring proper bonding and earthing of industrial piping systems is a critical requirement in 
hazardous area installations, particularly within the oil and gas industry. Flanged joints in 
stainless-steel pipelines are often fitted with insulating gaskets, which interrupt metallic continuity 
and introduce the risk of potential differences, sparking, and electrostatic discharge. 

This paper presents a practical bonding method implemented under field conditions across 
Eastern Europe and Central Asia, involving insulated flanged joints and dedicated 35 mm² copper 
bonding jumpers. The approach aligns with international standards, particularly IEC 60079-14 
(Clauses 6.3 and 6.4), which emphasize the importance of potential equalization and the 
prevention of dangerous sparking in hazardous environments. 

The objective of this article is to provide engineering professionals with practical insight into 
effective bonding practices under real-world constraints such as limited physical access, proximity 
to heat-tracing elements, and structural congestion, including chemical exposure and the 
presence of electric heat-tracing systems installed along piping sections in sub-zero environments. 
The content is intended for electrical engineers, safety inspectors, system designers, and asset 
integrity managers engaged in hazardous area projects. 

All photos and diagrams are provided solely for technical illustration purposes and do not 
reference specific clients or proprietary information. 

© 2025 Denis Agapitov. All rights reserved.   
This document may be used, shared, or referenced for professional, academic, or engineering purposes. 
Proper citation of the author and the original publication is respectfully requested.  
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Technical Note: Applicability to Carbon Steel Systems 

Although this paper focuses on stainless steel pipelines with insulating gaskets, similar bonding 
principles may apply to carbon steel systems under specific conditions. Bolted flanges in carbon 
steel lines typically ensure electrical continuity; however, this continuity can be compromised by 
the use of non-conductive gaskets, insulating sleeves, anti-corrosion coatings, or cathodic 
protection measures. In such cases, the installation of bonding jumpers is recommended in 
accordance with IEC 60364-5-54 to maintain effective equipotential bonding, particularly in 
classified hazardous areas. 
 

2. STANDARDS AND REGULATORY FRAMEWORK 
 

2.1 International Standards Overview 
 
The bonding and earthing practices described in this article are based on internationally 
recognized standards that govern electrical safety, continuity, and ignition hazard control in 
hazardous areas: 
 

• IEC 60079-14, Clauses 6.3 and 6.4 - Electrical installations in explosive gas atmospheres; 
defines requirements for potential equalization and the prevention of sparking at 
discontinuities such as flanged joints. 

 
• IEC 60364-5-54, Clause 544 - Low-voltage electrical installations; outlines the use of 

protective conductors and bonding conductors to ensure equipotential bonding. 
 
• IEEE Std 142 (Green Book) - Recommends best practices for grounding and bonding in 

industrial and commercial power systems. 
 
• NFPA 77 - Provides guidance on controlling static electricity through bonding and grounding 

in hazardous (classified) areas to prevent electrostatic discharge. 
 
• NFPA 70 (NEC) - National Electrical Code; includes principles for grounding and bonding, 

including requirements for hazardous location classification and conductor identification. 
 
• API RP 2003:1998 - Recommended practice for preventing ignition hazards arising from 

static electricity, lightning, and stray currents in petroleum and chemical facilities. 
 

• ATEX Directive (2014/34/EU): European Union directive for equipment and protective 
systems intended for use in potentially explosive atmospheres. The bonding approach aligns 
with core ATEX principles for avoiding ignition sources in classified areas. 

 
2.2 Regional Code Applications 
 
The bonding methodology described aligns with major regional electrical regulations and adapts 
to the specific requirements of different jurisdictions: 
 

• North America: NEC Article 250 (Grounding and Bonding); CEC Section 10 (Canada) 
 
• Europe: EN 61936-1 implementation with national amendments for hazardous locations 
 
• Middle East: IEC-based grounding design with additional safety provisions and regional 

engineering specifications 
 
• Asia-Pacific: AS/NZS 3000 integration, with consideration for local hazardous area 

classification and inspection requirements 
 

2.3 Project-Specific Engineering Requirements 
 
The bonding implementation described in this paper was executed in accordance with operator-
specific engineering specifications developed during the Front-End Engineering Design (FEED) 
phase. These specifications mandated: 
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• Use of tinned copper bonding conductors (minimum 35 mm²); 
• Corrosion-resistant mechanical terminations; 
• Verified continuity across insulated flange joints (≤0.05 Ω); 
• Integration with electric heat-tracing system and chemical injection systems. 

 
These requirements were formalized to ensure compliance with international standards, facilitate 
inspection, and minimize operational and legal risks.  
 
A comprehensive risk assessment program, including formal HAZID and HAZOP studies, was 
conducted during the FEED stage. These workshops identified several critical scenarios, including 
the risk of dangerous voltage potential on stainless-steel piping in the event of heat-tracing cable 
failure. Due to the presence of insulating gaskets and the limited conductivity of stainless-steel 
bolts, flanged joints could not be considered reliable conductive paths. Without dedicated 
bonding, continuity across such joints would be unpredictable or entirely absent. 
 
In this climate zone, pipeline segments required electric heat-tracing systems to maintain 
operational fluid temperatures during extended sub-zero periods. The heating cable was installed 
directly on the metal pipe surface, beneath the thermal insulation layer. This introduced a 
potential fault scenario: in the event of insulation damage to the heat-tracing cable, its power 
feed, or other associated components, dangerous voltages could appear on metallic piping 
sections if electrical continuity was not assured. 
 
The facility was characterized by challenging environmental and operational stressors. During 
winter months, outdoor air temperatures regularly dropped to - 45°C (- 49°F), accompanied by 
frequent snowstorms, ice accumulation, and limited accessibility for equipment and personnel. 
Internally, although HVAC systems were in place, process-related factors contributed to 
fluctuating temperature and humidity levels, which in turn affected material behavior and 
electrical contact stability. 
 
These environmental extremes, combined with mechanical vibration and the presence of 
aggressive chemical vapors, increased the probability of degradation at bolted flange connections 
- especially when relying solely on stainless-steel hardware for electrical continuity. As such, the 
implementation of dedicated bonding jumpers was further justified by the need to ensure long-
term reliability under non-ideal operating conditions. 
 
Based on these findings, the decision to install 35 mm² tinned copper bonding jumpers was made 
in alignment with the ALARP principle (As Low As Reasonably Practicable). The cost of 
implementation - less than $100 per junction - was negligible compared to potential consequences 
such as electric shock to personnel, equipment failure, fire, environmental damage, or legal 
liability. 
 
Moreover, the use of dedicated bonding conductors enabled predictable continuity paths, ensured 
compliance with IEC 60079-14 and IEC 60364-5-54, and allowed for effective continuity testing 
and inspection. All project documentation was approved through formal design reviews, and the 
bonding methodology became part of the validated engineering solution for the chemical injection 
facilities. 
 
Ultimately, this decision reflects a mature, risk-informed engineering approach that supports 
safety, maintainability, and regulatory transparency across the full lifecycle of the facility. 
 
2.3.2 Engineering Context and Risk Philosophy 
 
The bonding configuration adopted in this project was not a routine or secondary detail - it 
reflected a deliberately engineered response to multiple operational hazards. The approach was 
guided by a multi-disciplinary risk philosophy focused on long-term reliability, compliance, and 
personnel safety. 
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Insulating gaskets were specified between stainless-steel flanges to ensure chemical resistance 
against aggressive reagents commonly encountered in chemical injection systems. While their 
primary function is corrosion mitigation, these gaskets are inherently dielectric and interrupt 
electrical continuity - an undesirable but inevitable side effect that compromises equipotential 
bonding across pipeline sections. 
 
Although stainless-steel studs and bolts provide mechanical strength, they cannot be relied upon 
for consistent electrical contact. Factors such as vibration, thermal expansion, micro-movement, 
and the formation of oxide layers can significantly reduce contact integrity over time, even in 
corrosion-resistant alloys. 
 
To address these vulnerabilities, dedicated copper bonding jumpers (35 mm² tinned copper) were 
implemented to ensure robust, low-resistance electrical continuity. Their inclusion supports: 
 

• Uninterrupted equipotential bonding across non-conductive gaskets. 
 

• Electrical safety for heat-tracing systems and junction boxes exposed to conductive 
infrastructure. 
 

• Static risk mitigation in accordance with NFPA 77:2019, which recommends bonding to 
prevent discharge hazards from fluid movement, friction, and environmental conditions in 
hazardous locations. 
 

• In line with the grounding and bonding philosophy established by NFPA 70:2017 (National 
Electrical Code), which was the current edition at the time of design, the implemented 
bonding system ensured continuous grounding paths even in the presence of insulating 
gaskets. While bolted joints offer mechanical integrity, they are not considered reliable for 
ensuring fault current return paths under operational or corrosive stresses. Supplementary 
bonding jumpers were installed to fulfill NEC Article 250 requirements for low-impedance 
fault current paths and equipotential equalization. 
 

• Adherence to API RP 2003:1998, which highlights bonding as a critical strategy to dissipate 
accumulated electrostatic charges during flammable liquid or vapor handling. 
 

• Mitigation of ignition risks in explosive or chemically reactive atmospheres, where 
uncontrolled sparking or insulation breakdown may lead to catastrophic outcomes. 
 

• Conformity with IEC 60079-14, IEC 60364-5-54, and IEEE Std 142, alongside operator-
specific design specifications and risk mitigation philosophies. 
 

• Redundancy in bonding paths, in line with industry best practices for critical installations, 
ensuring fail-safe operation under adverse conditions. 

 
This decision was driven by a rigorous project-specific risk assessment conducted during the 
Front-End Engineering Design (FEED) phase. Operational, reputational, insurance, and life-safety 
risks were evaluated.  
 
The incremental cost of implementing bonding jumpers was considered a prudent investment 
when weighed against the potentially severe consequences of bonding failure. 
 
Such strategies are emblematic of global operators in the oil and gas sector, where safety-led 
design and proactive risk governance are central to engineering practice. The implemented 
solution represents a technically justified redundancy that reinforces system integrity in complex, 
high-risk environments. 
 
3. TECHNICAL SOLUTION AND DESIGN RATIONALE 

 
3.1 Electrical Continuity Challenge 

 
In chemical injection facilities within hydrocarbon production environments, stainless steel 
pipelines are commonly fitted with chemically-resistant gaskets that interrupt metallic continuity. 
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While SS316 stainless steel flanges, studs, and nuts provide excellent mechanical strength, 
several factors compromise their ability to ensure long-term electrical continuity: 
Mechanical Degradation Factors: 

• Micro-loosening: Thermal cycling and mechanical vibrations gradually loosen threaded 
connections.  

• Contact resistance increase: Oxidation and micromovements degrade metal-to-metal 
interfaces over time.  

• Maintenance disruption: During gasket replacement or system maintenance, studs and 
nuts may be loosened or removed. In such cases, pre-installed bonding jumpers preserve 
electrical continuity, maintaining safety without requiring rework. 

 
Material Conductivity Limitations: 
 
Even when properly tightened, stainless steel connections exhibit poor electrical conductivity 
compared to copper, which is specifically selected for bonding applications. 
 
3.1.2 Material Conductivity Analysis 
 
Table 1: Relative Electrical Conductivity of Industrial Materials  

 
 
Engineering Rationale: 
 
Copper provides 25-40 times higher electrical conductivity than stainless steel, enabling low-
impedance bonding paths, reduced voltage drop, and effective fault current dissipation. A 35 
mm² conductor cross-section ensures sufficient current-carrying capacity while retaining 
mechanical flexibility to accommodate thermal cycling and pipe expansion. 
 
3.1.3 Bonding Schematic Reference  
 
To visually support the technical design rationale, a standardized schematic is provided below, 
illustrating typical bonding arrangements for metallic piping with tee and flange connections in 
accordance with IEC 60364-5-54:2021, Clause 544. 
 
Figure 1. Typical bonding schematic for pipe earthing arrangement (IEC 60364-5-54).  

  

Material Relative Conductivity (vs. Copper) Typical Application

Copper 100% Bonding conductors
Aluminum ~61% Overhead transmission

Carbon Steel ~3%–15% Structural piping
Stainless Steel 316 ~2.5%–4% Chemical-resistant piping
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Description: Bonding conductors (35 mm² tinned copper) are installed across adjacent pipe 
flanges to maintain electrical continuity with the main earthing system. These jumpers are critical 
where insulating gaskets or non-metallic elements break the conductive path. 
This configuration supports equipotential bonding principles, as mandated for low-voltage 
installations and hazardous environments. 
 
3.1.4 Flange Jumper Bonding Detail 
 
The flange jumper bonding detail with non-conducting gasket and grounding plate aligns with 
IEC 60079-14, particularly Clauses 6.3 and 6.4, which highlight the importance of potential 
equalization and the prevention of dangerous sparking in hazardous areas. These principles form 
the basis for maintaining electrical continuity across conductive components such as flanged pipe 
sections when interrupted by non-conductive gaskets. 
 
Relation to IEEE 142 (Green Book): 
 
In addition to IEC standards, this bonding method reflects guidance outlined in IEEE Std 142-
2007, which emphasizes bonding as a preventive measure against voltage differences between 
conductive components. 
Clause 3.2.6.2 specifically notes that “Bonding (connecting the two objects together) minimizes 
voltage differences between conductive objects, thus preventing sparking between two bodies.” 
This principle is directly applicable to flanged pipe connections where insulating gaskets are used. 
The bonding jumper acts as a controlled bypass, reducing the risk of electrostatic discharge and 
contributing to the overall electrical safety of the system. 
 
Figure 2. Flange jumper bonding schematic across non-conductive gasket (per IEC 60079-14).  

 
Description: Where non-conductive gaskets are used to prevent galvanic corrosion or to 
electrically isolate flanged connections in hazardous areas, dedicated bonding jumpers are 
commonly applied to maintain metallic continuity. This practice aligns with the general safety 
requirements of IEC 60079-14, particularly Clauses 6.3 and 6.4, which emphasize the prevention 
of dangerous sparking and the need for potential equalization across conductive components. 
 
To ensure long-term contact reliability and mechanical stability - especially in corrosive or 
vibration-prone environments - serrated washers and stainless-steel fasteners are typically used 
at each termination point. 
 
3.1.5 Note on Gasket Function and Bonding Necessity 
 
In many industrial chemical applications, insulating gasket sets are not primarily selected for 
electrical isolation, but rather for their chemical resistance. This was precisely the case in the 
bonding solution described here: the non-conductive gaskets were chosen to withstand 
aggressive chemical reagents in stainless-steel flanged joints. Their dielectric property was a 
secondary and unavoidable consequence rather than an intended design goal. 
 
However, this unintended electrical insulation interrupts the continuity of metallic piping systems, 
which can become critical in facilities with heat-tracing systems, junction boxes, and exposed 
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metallic structures requiring uninterrupted earthing. In the event of insulation failure, static 
discharge, or potential differences, the absence of continuous bonding could pose serious safety 
risks. 
To restore electrical continuity and maintain a compliant equipotential bonding network, 35 mm² 
copper jumpers were installed across each flange. This approach ensures that any fault current, 
leakage, or induced voltage has a safe path to ground, in accordance with IEC 60079-14 and IEC 
60364-5-54. 
 
In summary, insulating gaskets were installed for chemical reasons, while electrical bonding 
jumpers were added for safety and regulatory compliance. This dual-requirement approach is 
common in hazardous area designs across the oil, gas, and chemical processing sectors, especially 
where safety is prioritized alongside material compatibility. 
 
3.2 Design Calculations 
 
3.2.1 Minimum Conductor Cross-Section Calculation 
 
The selection of the bonding jumper cross-section is based on the guidelines of IEC 60364-5-54, 
Clause 544.2, which provides a general formula for sizing conductors subject to thermal stress 
from short-circuit conditions: 

 

Where:  
• S_min = Minimum cross-sectional area (mm²) 
• I = Prospective fault current (A) 
• t = Fault duration (seconds) 
• k = Material-dependent constant (115 for copper with a 70 °C temperature rise) 

 
Example calculation: 
 
Assuming a worst-case fault current of 8,000 A lasting 1 second, the required cross-section is:  

 

This value applies to main protective conductors in power distribution systems subject to full fault 
currents. However, equipotential bonding conductors, such as those used across insulated flange 
joints, are not intended to carry high fault energy but rather to maintain continuity and control 
potential differences in hazardous areas. 
 
3.2.2 Resistance Analysis 
 
Per IEC 60364-5-54, the total resistance of bonding paths should not exceed 0.05 Ω. the installed 
bonding jumper was evaluated using the following model: 
 
Where: 

•  
 

•                            per termination (achieved using serrated stainless-steel washers) 

 

The measured resistance is significantly below the IEC limit, confirming compliance with 
international continuity standards. 
 
3.2.3 Thermal Considerations 
 
 To assess the thermal behavior of the bonding jumper under abnormal conditions (e.g., fault in 
an electric heat-tracing system), a simplified temperature rise calculation was performed: 
 

• Fault current: 25 A 
• Bonding path resistance: 0.003 Ω (as calculated earlier) 
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• Thermal factor: 2.5 (applied to account for limited heat dissipation) 
 

Temperature rise (ΔT):  
Assuming an ambient temperature of 40°C, the total conductor temperature would be: 

T=40+4.7=44.7 °C 
This is well below the 70°C limit for safe operation, confirming the thermal adequacy of the 
bonding jumper. 
 
3.2.4 Justification for 35 mm² Conductor 
 
The selected 35 mm² tinned copper conductor provides a wide safety margin and is technically 
justified for bonding applications in hazardous environments: 
 

• Short-circuit withstand rating: ~8 kA for 1 second 
• Thermal limit: Up to ~250 °C under short-circuit conditions 
• Continuous current rating: ~180 A (at 40 °C ambient) 

Typical bonding applications in industrial piping systems involve fault currents in the range of 
500–1000 A for short durations (typically < 0.2 seconds). In this context, the 35 mm² conductor 
offers both mechanical robustness and electrical safety, fully in line with IEC requirements and 
the ALARP principle (As Low As Reasonably Practicable). 

 
3.3 Material Selection and Specifications 
 
3.3.1 Conductor Specifications 
 
Primary Conductor: 
 

• Material: Tinned copper, Class 2 stranded (IEC 60228) 
• Cross-section: 35 mm² 
• Tinning: Hot-dipped tin coating (minimum 5 μm thickness) 
• Temperature rating: -40°C to +90°C continuous 
• Corrosion resistance: Excellent in marine/chemical environments 

 
Rationale for Tinning: 
 

• Enhanced corrosion resistance in aggressive chemical environments 
• Prevents copper oxidation and "green rot" formation 
• Maintains low contact resistance over extended periods 
• Compatible with stainless steel terminations (prevents galvanic corrosion) 

 
3.3.2 Termination Hardware 
Mechanical Connections: 
 

• Clamps: Stainless steel AISI 316L 
• Washers: Serrated type, SS316L (DIN 6798) 
• Bolts: M8×20, A4-80 grade stainless steel 
• Torque specification: 15±2 Nm 
• Environmental rating: IP65 minimum 

 
Connection Design Features: 
 

• Serrated washers provide multiple contact points 
• Spring action maintains pressure under thermal cycling 
• Stainless steel prevents galvanic corrosion 
• Accessible design enables periodic inspection 
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4. IMPLEMENTATION METHODOLOGY  
4.1 Installation Procedures  
4.1.1 Preparation Activities  
Safety Prerequisites:  

• Hot work permits for hazardous area work 
• Isolation of electrical systems and heat-tracing 
• Gas monitoring throughout installation 
• Lockout/tagout procedures for process systems 

 
Technical Survey:  

• Verification of flange specifications and gasket types 
• Assessment of routing constraints and heat-tracing integration 
• Measurement of required conductor lengths 
• Identification of structural attachment points  

4.1.2 Installation Sequence  
Step 1: Conductor Preparation  

• Cut conductors to required lengths (typically 1.5-2.0 m) 
• Strip cable ends and apply anti-oxidant compound 
• Pre-assemble termination hardware  

Step 2: Mechanical Installation  
• Route conductors along designated pathways (typically pipe top) 
• Install intermediate supports every 1.5 m maximum 
• Ensure minimum bend radius of 10×conductor diameter 
• Maintain clearance from heat-tracing elements (minimum 50 mm)  

Step 3: Termination  
• Clean contact surfaces with wire brush and solvent 
• Apply controlled torque to connection bolts (15±2 Nm) 
• Verify mechanical integrity and conductor dress  

4.2 Quality Control Measures  
4.2.1 Installation Verification  
Visual Inspection Checklist:  

• Conductor routing follows approved drawings 
• Adequate clearance from heat-tracing maintained 
• All connections torqued to specification 
• No signs of mechanical stress or damage 
• Weather-resistant installation achieved  

Mechanical Testing:  
• Pull test: 50 N minimum retention force 
• Torque verification: ±10% of specification 
• Vibration resistance: No loosening after 100 cycles  

4.2.2 Electrical Testing Protocol  
• Continuity Testing (per IEC 60364-6-61): 
• Instrument: Fluke 1507 or equivalent insulation/continuity tester 
• Test current: 200 mA DC minimum 
• Acceptance criteria: ≤0.05 Ω 
• Test points: Each bonded flange pair 
• Documentation: Record all measurements with location references  
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Testing Procedure:  
• Isolate all electrical systems 
• Verify test instrument calibration 
• Test conductor-to-conductor continuity 
• Test pipe-to-pipe continuity via bonding jumper 
• Verify readings comply with acceptance criteria 
• Document results in commissioning records 

 
5. FIELD CASE STUDY: CHEMICAL INJECTION FACILITY  
5.1 Project Background  
Facility Description:  

• Location: Hydrocarbon production facility, Eastern Europe 
• Application: Chemical injection system (methanol/corrosion inhibitor) 
• Piping material: Stainless steel 316L 
• Hazardous area classification: Zone 1/Class I, Division 1  

Environmental conditions:  
 External ambient: - 40°C (winter) to +35°C (summer) 
 Internal building temperature: estimated range between +20°C and +30°C under normal 

operation. Exact temperature values may vary depending on the season, process conditions, 
and the performance of the ventilation system. 

 Relative humidity: high, with seasonal variations and potential condensation risks.  
Technical Challenges:  

• Integration with existing heat-tracing system 
• Limited access due to structural congestion 
• Requirement for chemically-resistant gaskets 
• Compliance with operator-specific bonding standards  

5.2 Implementation Results  
Installation Statistics:  

• Total flanged joints bonded: 24 locations 
• Conductor length installed: 48 meters 
• Installation time: 16 hours (2-person crew) 
• Zero rework required  

 
Field Case – Chemical Injection Pipeline:  
In one practical implementation, 35 mm² tinned copper bonding jumpers were installed across 
flanged joints fitted with insulating gaskets on a stainless-steel chemical injection pipeline.  
While not explicitly mandated by IEC 60079-14, this approach reflects best engineering practice  
in accordance with the standard’s intent on equipotential bonding, as outlined in Clause 6.4.  
Continuity testing was conducted using a Fluke 1507 insulation tester, confirming resistance values 
below 0.05 Ω.  
Failure to implement such bonding measures in hazardous zones may result in static charge 
accumulation, which can pose a serious ignition hazard.  
Performance Validation:  

• All continuity tests passed (<0.05 Ω achieved) 
• Measured resistance range: 0.002-0.015 Ω 
• Average installation quality: 98% first-pass success 
• No interference with heat-tracing operation   
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5.3 Real-World Bonding Implementation  
Figure 3. illustrates the field deployment of bonding jumpers on stainless-steel piping in a 
hazardous zone. Each flanged joint was bridged by a 35 mm² tinned copper conductor, secured 
with stainless-steel serrated clamps to ensure a low-resistance electrical path across insulating 
gaskets.  
This bonding configuration aligns with the intent of IEC 60079-14 (Clauses 6.3 and 6.4) and IEC 
60364-5-54, addressing equipotential bonding and spark prevention in explosive environments. 
Due to structural constraints and the proximity of heat-tracing junction boxes, conductors were 
routed along the top side of the piping.  
Continuity was verified using a calibrated Fluke 1507 insulation tester, confirming resistance 
values consistently below 0.05 Ω. These results validate the electrical and mechanical reliability 
of the installed bonding system.  
Figure 3. Field bonding jumper installation across stainless-steel flanged joints in a hazardous zone. 

 

 
 
 
 
 
 

These installations demonstrate adherence to established engineering standards and support 
operational safety in hazardous zones. The bonding layout integrates seamlessly with the heat-
tracing infrastructure while maintaining accessibility for inspection and maintenance.  
Additionally, the configuration accommodates heat-tracing components and provides mechanical 
protection. Bonding conductors were routed along the upper side of the piping due to spatial 
limitations and proximity to junction boxes used for heat-tracing system control. 

 
5.4 Operator-Specific Design Requirements  
In addition to international standards, the bonding configuration illustrated in this article was 
implemented in accordance with project-specific engineering requirements defined by a major 
international energy operator. These internal specifications are typically developed during the 
front-end engineering design (FEED) phase and are based on a combination of global best 
practices, localized hazard assessments, and operator-defined safety philosophies. 
The operator’s documentation mandated the use of tinned copper bonding conductors (minimum 
cross-section of 35 mm²), corrosion-resistant mechanical terminations, and verified continuity 
across insulated flange joints. The requirements also emphasized the control of static discharge 
and the prevention of voltage differences in hazardous areas—particularly in environments 
containing flammable liquids such as diesel or methanol. 
Such practices demonstrate how international standards like IEC 60079-14, IEC 60364-5-54, and 
IEEE Std 142 are adapted and reinforced by operator-level specifications to meet the specific risks 
of complex chemical injection systems. This context highlights the critical role of customized 
bonding strategies in ensuring the operational safety and electrical integrity of industrial piping 
networks. 
 
5.5 Long-term Performance  
12-Month Follow-up Assessment:  

• Visual inspection: No degradation observed 
• Re-testing results: All connections maintain <0.05 Ω 
• Operational feedback: Zero electrical incidents 
• Maintenance requirements: Minimal (annual inspection only) 
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6. ECONOMIC AND RISK ANALYSIS 
 

6.1 Cost-Benefit Assessment 
 

The implementation of bonding jumpers across insulated flange joints was not only technically 
justified but also economically rational, particularly for remote and hazardous oil and gas facilities. 
 
 
6.1.1 Implementation Costs  
 
The total cost per bonded flange was approximately $125, including materials and labor: 
 
Material Costs: 
 

• 35 mm² tinned copper conductor (2 meters): $18 
• SS316L stainless-steel termination hardware: $12 
• Installation consumables (bolts, lugs, insulation): $3 

Subtotal: $33 
 
Labor Costs: 
 

• Installation time: 1.5 hours and $45/hour = $68 
• Testing and documentation: 0.5 hours and $45/hour = $23 
• Labor subtotal: $91 

Total per flange joint: ~$125 
 
These values reflect market conditions typical for remote industrial regions in Eastern Europe and 
Central Asia during the mid-2010s. Costs may vary depending on project logistics, procurement 
routes, and site accessibility.  
 
6.1.2 Risk Mitigation and Return on Investment (ROI) 
 
The bonding system implemented across flanged joints significantly reduced the likelihood and 
severity of critical failure scenarios, including stray voltage accumulation, equipment malfunction, 
and electrostatic discharge ignition. 
 
To assess the financial efficiency of this safety measure, a simplified cost-benefit evaluation was 
performed. Based on historical data and risk modeling, each bonded joint was estimated to reduce 
potential failure-related losses by approximately $11,200. 
 
With a total implementation cost of ~$125 per flange, this results in a return on investment (ROI) 
of over 8,800%, and a payback period of just 4.1 days. 
 
This level of cost-efficiency highlights the strong economic justification for proactive bonding 
implementation, particularly in high-risk, high-impact environments. 
 
6.2 Risk Assessment Matrix 

To support the implementation decision, a qualitative HAZID-based risk matrix was developed to 
evaluate the impact of bonding jumpers across key failure modes. The matrix compares risk 
severity before and after mitigation. 

Table 2. Risk Assessment Matrix – Pre - and Post-Mitigation 

 

Risk Scenario Likelihood (Before) Impact (Before) Risk Level (Before) Risk Level (After)

Stray voltage on piping Possible Major High Low

Ignition due to electrostatic discharge Unlikely Catastrophic High Low

Equipment failure due to poor continuity Likely Moderate Medium Low

Legal/regulatory non-compliance Possible Major High Very Low

Personnel injury from electric shock Unlikely Major Medium Very Low
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Table 3. HAZID-Based Qualitative Risk Matrix 
 
This color-coded matrix was used during pre-mitigation evaluation of failure scenarios. 
All values are indicative and based on internal engineering assessments consistent with typical 
HAZID workshop methodologies.  

  
The matrix demonstrates that the use of dedicated bonding conductors provides a measurable 
and meaningful reduction in both probability and impact across a wide range of operational 
risks, supporting implementation under the As Low As Reasonably Practicable (ALARP) principle. 
 
7. COMPARATIVE ANALYSIS OF BONDING METHODS 
 
7.1 Alternative Bonding Approaches 
 
To evaluate the optimal bonding approach for stainless-steel flange connections in hazardous 
areas, several alternatives were compared using four weighted criteria: 
 

• Reliability - Long-term performance in field conditions 
• Maintenance – Frequency and complexity of interventions 
• Cost - Relative to the simplest method (bolt reliance = 1x) 
• Suitability - Overall recommendation for chemical injection applications 

 
Table 4: Bonding Method Comparison  

 
 
7.2 Method Selection Rationale 
 
Why 35 mm² Copper Jumpers Were Selected 
 
Technical Advantages: 
 

• High conductivity-to-cost ratio for effective potential equalization 
• Suitable for thermal cycling from -40°C to +90°C 
• Excellent compatibility with standard stainless-steel terminations 
• Resistant to oxidation, mechanical stress, and vibration 

 
Operational Benefits: 
 

• Quick, low-skill installation with standard tools 
• Visual inspection and torque verification possible without disassembly 
• No need for special equipment or consumables 
• Easily integrated into commissioning and maintenance schedules 

 
 
 

Risk Category Probability (without bonding) Impact ($) Risk Value ($) Mitigation Effectiveness

Explosion/Fire 1:10,000 per year $50,000,000 $5,000 95%

Regulatory Non-compliance 1:100 per year $500,000 $5,000 100%

Production Downtime 1:1,000 per year $1,000,000 $1,000 80%

Equipment Damage 1:500 per year $100,000 $200 90%

TOTAL ANNUAL RISK $11,200 93% average

Method Resistance (Ω) Reliability Score
Maintenance 

Frequency
Relative Cost Suitability Rating

Bolt Reliance Only 0.1-0.5 Poor (3/10) High (quarterly) Low (1x) Not Recommended

Welded Copper Strips <0.01 Excellent (9/10) None High (3x) Limited Application

Braided Copper Jumpers <0.05 Good (7/10) Medium (bi-annual) Medium (1.5x) Good for Vibration

35mm² Solid Jumpers <0.05 Very Good (8/10) Low (annual) Medium (1.8x) Recommended

Flexible Copper Braids <0.08 Fair (6/10) High (quarterly) Medium (1.6x) High Vibration Only
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Economic Optimization: 
 

• Lowest total cost of ownership across a projected 20-year lifecycle 
• No specialized procurement or logistics required 
• Readily available components and labor 

 
7.3 Implementation Context and Local Advantages 
 
The bonding solution was fabricated and installed entirely on-site using locally sourced, off-the-
shelf materials. This eliminated the need for imported components, reduced project delays, and 
simplified inventory control. 
The site was located in a remote, infrastructure-limited region with harsh climatic conditions and 
restricted transport access. These constraints made local material use and simplified construction 
methods critical to success. 
All solutions were engineered, reviewed, and approved as part of the formal project 
documentation. Installation followed operator-approved drawings and specifications, ensuring full 
alignment with international standards such as IEC 60079-14 and IEC 60364-5-54. 
The result was a robust, maintainable, and cost-effective bonding system tailored to the realities 
of field deployment in extreme environments. 
 
8. LESSONS LEARNED AND BEST PRACTICES 
 
8.1 Critical Success Factors 
 
Design Phase: 
 

• Bonding jumper routing was coordinated with electric heat-tracing cable layout and 
structural supports during early 3D model reviews. 

• Conductor material (35 mm² tinned copper with durable insulation) was selected based 
on compatibility with the chemical environment. Even in case of insulation degradation, 
the copper core remains effective. 

• Jumper installation above the pipe flanges was chosen for accessibility, reduced exposure, 
and alignment with heat-tracing cable trays and termination kits. 

 
Installation Phase: 
 

• Conductors were routed to avoid potential vibration zones and mechanical stress. 
• Each jumper followed standardized layouts approved in project drawings, with visual 

consistency and conformity. 
• Although individual installations were not separately documented, typical layouts were 

formally approved and integrated into the project documentation. 
 
Operational Phase: 
 

• Visual inspections are conducted quarterly. 
• Continuity tests are performed using calibrated 200 mA instruments, with all results 

archived in maintenance records. 
• Jumper inspections are integrated into the facility’s CMMS for periodic maintenance 

planning. 
 

8.2 Common Pitfalls and Prevention 
 
Table 5. Summary of Common Bonding Pitfalls and Preventive Best Practices 

 

Area Avoid Best Practice

Conductor Sizing Undersized bonding cables (<16 mm²) Use ≥35 mm² sized for short-circuit and environmental stress

Routing/Installation Tight bends, unsupported spans, near heat zones Maintain 10× bend radius, 50 mm spacing from heat-tracing

Termination Quality Loose, uncleaned, or un-torqued connections Use serrated washers, wire brush cleaning, torque tools

Testing Discipline Skipping re-verification or using low-current tools Use 200 mA continuity testers; archive all results
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Conclusion: This table outlines frequent design and installation issues encountered in field 
projects involving bonding conductors in hazardous areas, along with recommended mitigations 
to improve system performance and compliance. 
 
9. REGULATORY COMPLIANCE VERIFICATION 
 
9.1 Standards Compliance Matrix 
 
Table 6: Compliance Verification  

 
 
9.2 Documentation Requirements 
 
Essential Records: 
 

• Installation drawings and specifications 
• Material certificates and test reports 
• Commissioning test results 
• Periodic inspection and testing records 
• Training records for maintenance personnel 
• Incident reports and corrective actions 

 
Regulatory Submission Package: 
 

• Compliance declaration with supporting calculations 
• Third-party verification certificates (if required) 
• Risk assessment documentation 
• Maintenance program description 

9.3 Relevance to ATEX and IECEx Safety Frameworks 

Although bonding jumpers themselves are not classified as Ex-certified components, their proper 
design and installation are critical to the overall integrity of hazardous area systems. This 
implementation aligns with the broader safety objectives of the ATEX Directive 2014/34/EU and 
IECEx schemes, which emphasize the prevention of ignition sources and the control of 
electrostatic discharge. 

By maintaining equipotential bonding and eliminating uncontrolled voltage differences across 
flanged joints, the system supports compliance with Zone 1 / Class I, Division 1 classifications. 
These measures are in accordance with the intent of IEC 60079-14, ensuring that conductive 
parts remain bonded and that sparking risks are mitigated under both normal and fault conditions. 

 
 
 
 
 
 
 

Standard Requirement Implementation Compliance Status

IEC 60079-14 Equipotential bonding 35mm² copper jumpers ✅ Compliant

IEC 60364-5-54 Resistance ≤0.05Ω Measured 0.002-0.015Ω ✅ Compliant

IEEE 142 Fault current capability 8kA capacity (>fault level) ✅ Compliant

NFPA 77 Static discharge prevention Continuous bonding paths ✅ Compliant

NFPA 70 Grounding conductor sizing Exceeds minimum requirements ✅ Compliant

API RP 2003 Ignition source control Eliminates potential differences ✅ Compliant
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CONCLUSION 
 
The implemented bonding solution demonstrates how international standards can be effectively 
applied to address real-world engineering challenges in hazardous area installations By providing 
a dedicated low-resistance path around each insulated flange, the project eliminated potential 
differences that could lead to static discharge or sparking, thereby significantly enhancing the 
safety and reliability of the piping system. The bonding jumpers performed robustly under normal 
operating conditions without impacting the pipeline’s integrity or the facility’s processes, 
demonstrating that this safety enhancement can be achieved with minimal disruption and 
maintenance requirements. Crucially, this approach ensures full compliance with international 
standards and best practices for hazardous locations. It adheres to the requirements of IEC 
60079-14 for explosive atmospheres, as well as the protective bonding guidelines of IEC 60364-
5-54 and the grounding recommendations of IEEE Std 142, satisfying the expectations of both 
regulatory authorities and industry stakeholders. 
The use of purpose-designed bonding conductors (instead of relying on fortuitous metallic 
contacts) aligns with these standards’ emphasis on secure equipotential bonding connections, 
and it validates that all pipeline components are effectively earthed as mandated. Moreover, the 
solution is highly cost-effective – the materials and installation costs were low relative to the 
safety benefits achieved, reflecting a high return on investment in risk mitigation. This successful 
implementation can be readily applied and scaled to similar oil and gas facilities, providing a clear 
reference model for engineers and safety professionals. Overall, the project underscores how 
diligent adherence to engineering standards and innovative field execution can resolve a critical 
safety concern, resulting in a safer, code-compliant operation that meets the rigorous demands 
of hazardous-area service. 
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