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Abstract 

The neutral conductor is a critical yet frequently undervalued element in low-voltage electrical distribution systems. This study 

investigates its technical, safety, and operational significance in environments dominated by nonlinear loads and harmonic 

distortion. A mixed-method approach - combining standards review, field measurements, and a case study - was used to 

identify common design, installation, and maintenance deficiencies affecting neutral integrity. Results show that triplen 

harmonics can cause neutral currents to exceed phase conductor ratings, with one recorded instance reaching an overload 

factor of 156%. 

Voltage drops of up to 3.9V and thermal dissipation of 13.52W at loose terminations were observed, exceeding recommended 

safety thresholds. These conditions, often undetected during routine inspections, present significant fire and equipment damage 

risks. The study recommends harmonic-based neutral sizing, proactive thermal and voltage monitoring, and enhanced training 

for electrical professionals. By reframing the neutral conductor as a frontline asset rather than a passive return path, the work 

advocates for updated standards and improved field practices to ensure reliability and safety in modern power systems. 
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Introduction 

1. Background 

In modern low-voltage electrical distribution systems, the 

neutral conductor plays a vital role in maintaining voltage 

stability, ensuring balanced load operation, and 

safeguarding sensitive equipment. Despite this, the neutral is 

frequently undervalued in both design and maintenance 

practices, often treated as a passive return path rather than 

an active and critical component of the system. This 

misconception persists even as electrical environments 

evolve toward higher densities of nonlinear loads - such as 

LED lighting, computers, and inverter-based devices - 

which introduce harmonic distortion and impose additional 

stresses on the neutral. 

The neutral conductor carries the imbalance current in three-

phase systems and serves as the voltage reference for 

protection and monitoring devices. Its failure - whether due 

to undersizing, loose terminations, corrosion, or improper 

sharing across circuits - can result in overheating, voltage 

fluctuations, nuisance tripping, equipment damage, and even 

fire hazards. 

 

2. Problem Statement 

While international standards (IEC 60364, BS 7671, IEEE 

1100) provide guidance on neutral conductor design, field 

practices often lag behind. Undersized neutrals, insecure 

terminations, and unauthorized neutral sharing are still 

prevalent, particularly in environments where nonlinear 

loads dominate. The lack of proactive monitoring, 

inadequate training, and underestimation of harmonic 

effects have left many installations vulnerable to neutral 

conductor degradation. 

This oversight has significant operational and safety 

implications. For instance, in harmonic-rich environments, 

neutral currents can exceed phase currents by 30–70%, 

leading to excessive thermal stress. Without detection, such 

conditions degrade insulation over time, increasing the 

likelihood of catastrophic failure. 

 

3. Aim 

This study aims to critically evaluate the technical, safety, 

and operational implications of neutral conductor integrity 

in low-voltage electrical systems, focusing on harmonic-rich 

and load-imbalanced environments. 

 

4. Objectives 

The specific objectives are to 

1. Assess the role of the neutral conductor in maintaining 

voltage stability and operational reliability. 

2. Identify common installation and maintenance 

deficiencies that compromise neutral integrity. 

3. Analyze the operational consequences of degraded 

neutral conductors using real-world case studies. 

4. Evaluate the applicability of standards-based design 

principles to modern electrical load profiles. 

5. Propose diagnostic strategies and best practices for 

neutral conductor installation, monitoring, and 

preventive maintenance. 

6. Highlight emerging challenges in neutral management 

due to renewable integration, inverter-based systems, 

and high-density building electrification. 

 

5. Significance of the Study 

By reframing the neutral conductor as a frontline asset 

rather than a background wire, this work seeks to influence 

electrical design culture, encourage compliance with 

modern standards, and foster preventive maintenance 

practices. The findings are particularly relevant for 

engineers, facility managers, electrical contractors, and 

policy-makers working in commercial, institutional, and 

residential power systems. 
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Literature Review 

1. Overview 

The neutral conductor’s role in low-voltage distribution has 

received sustained attention in both engineering standards 

and applied studies. Foundational circuit laws, particularly 

those of Kirchhoff and Ohm, describe the electrical 

relationships that govern conductor behaviour, while 

modern literature focuses on neutral sizing, harmonic 

effects, and safety implications. Contemporary works agree 

that the neutral is not simply a passive return path: it carries 

imbalance currents in polyphase systems and can 

accumulate triplen-harmonic currents from nonlinear loads, 

making it critical for power quality and safety. 

 

2. Standards and Practice 

International standards provide explicit guidance on neutral 

design and bonding 

▪ IEC 60364 and BS 7671 set requirements for conductor 

sizing, earthing arrangements, and single-point neutral–

earth bonding. 

▪ IEEE 1100 and IEEE 141 discuss harmonic-rich 

environments, recommending oversizing or separate 

neutrals for circuits with high harmonic content. 

▪ Ghana LI 2008 enforces similar rules at the national 

level. 

Despite these prescriptions, audits and field reports 

frequently reveal undersized neutrals, improper neutral–

earth connections downstream of the main earthing 

terminal, and extensive neutral sharing without adequate 

protection. 

 

3. Harmonics, Nonlinear Loads, and Neutral Stress 

Research consistently shows that nonlinear loads - such as 

switch-mode power supplies, LED drivers, and variable 

speed drives - inject harmonic currents that do not cancel in 

the neutral. Triplen harmonics (3rd, 9th, 15th, …) are in 

phase across the three phases and therefore sum in the 

neutral conductor 

 

 
 

The resulting neutral current is the RMS combination of the 

imbalance and harmonic components 

 

 
 

If the harmonic current is significant, the neutral may carry 

more current than the phase conductors, causing thermal 

stress, insulation breakdown, and eventual failure. 

 

4. Installation and Maintenance Failures 

Literature points to recurring field issues: 

▪ Loose or corroded neutral terminations due to improper 

torqueing or moisture ingress, 

▪ Retrofitted or extended circuits without recalculation of 

neutral loading, 

▪ Use of earth conductors as a substitute for the neutral in 

unregulated installations. 
 

Such faults often escape detection because neutral failures 

do not always cause immediate disconnection; instead, they 

manifest gradually through voltage imbalance, nuisance 

tripping, and erratic equipment behaviour. 

5. Diagnostic and Monitoring Approaches 

Diagnostic strategies in literature include 

▪ Clamp-meter measurement of neutral currents to detect 

overloads and harmonics, 

▪ Thermal imaging for early detection of overheating 

terminations, 

▪ Neutral-to-earth voltage checks under load; healthy 

systems typically exhibit: 

 

 
 

Emerging approaches integrate IoT-enabled monitoring and 

AI-driven predictive maintenance to identify neutral 

degradation before failures occur. 

 

6. Gaps and Research Needs 

The literature highlights gaps in: 

1. Quantitative neutral sizing methods that 

incorporate measured harmonic spectra in small-to-

medium facilities, 

2. Cost-effective deployment of continuous neutral 

monitoring in resource-limited settings, 

3. Training for contractors and facility managers to 

identify harmonic-related neutral stress. 

 

Methodology 

1. Research Design 

This study adopts a mixed-method approach combining 

standards-based analysis, field inspection, and case 

investigation. The methodology was structured to 

1. Examine neutral conductor behaviour in operational 

low-voltage systems, 

2. Identify field deviations from standard practice, 

3. Quantify the effects of harmonics and imbalance on 

neutral current, 

4. Formulate best-practice recommendations. 

The approach integrates document review, instrument-based 

diagnostics, and on-site interviews with electrical 

maintenance personnel. 

 

2. Standards and Literature Review 

Relevant standards (IEC 60364, BS 7671, IEEE 1100, IEEE 

141, Ghana LI 2008) and peer-reviewed literature were 

analysed to establish benchmark requirements for neutral 

sizing, protection, installation practices, and monitoring and 

maintenance. 

These served as the evaluation criteria for comparing field 

practices against best-practice guidelines. 

 

3. Field Data Collection 

3.1 Site Selection 

Three types of facilities were inspected for general 

observation, including high-density residential (student 

hostels), mixed-use institutional buildings, and medium-size 

commercial offices. However, due to reports of recurrent 

power quality issues, data availability and accessibility, 

diversity of load types, the university hostel was selected for 

technical analysis in this study. 

 

3.2 Measurements 

At each site, the following were recorded: 

▪ Phase currents (Ia, Ib, Ic ), 

▪ Neutral current (IN), 

▪ Neutral-to-earth voltage (VN−E), 
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▪ Load type inventory (resistive vs nonlinear). 

 

Clamp meters were used to measure RMS currents, and 

thermal imagers were used to detect overheated 

terminations. 

Where harmonic analysis was possible, a portable power 

quality analyzer recorded the 3rd, 5th, and 9th harmonic 

currents. The neutral harmonic component was calculated 

using 

 

 
 

The RMS neutral current was computed as 

 

 
 

4. Case Study Investigation 

A detailed investigation was conducted at a university hostel 

block where intermittent voltage fluctuations and 

overheating were reported: 

▪ Pre-intervention measurements established baseline 

currents and temperatures. 

▪ Post-repair measurements were taken after neutral 

conductors were upsized and circuits reconfigured. 

 

5. Data Analysis 

Field data were compared to standards-based limits: 

▪ Neutral loading: IEC 60364-5-52 and IEEE 1100 

recommend neutral currents IN not exceeding the phase 

current rating in harmonic-rich environments unless 

oversizing is applied. 

▪ Neutral-to-earth voltage: Acceptable limit under load: 

 
▪ Thermal thresholds: Neutral terminations operating 

more than 15o C above ambient were flagged for 

corrective action. 

The analysis also considered qualitative evidence from 

maintenance logs, including nuisance tripping, equipment 

failures, and recorded service calls. 

 

 

Technical Analysis 

1. Neutral Current in the Presence of Harmonics 

In a balanced three-phase system with purely resistive loads, 

the neutral current ideally approaches zero. However, when 

nonlinear loads dominate, triplen harmonics sum 

arithmetically in the neutral. If the measured 3rd-harmonic 

current per phase is 8A, the total harmonic current in the 

neutral is given by 
 

 
 

If the system has an imbalance current of 10A, the RMS 

neutral current becomes 

 

 
 

This example shows that the neutral can carry more current 

than any single-phase conductor, justifying oversizing in 

harmonic-rich systems. 

2. Voltage Drop in the Neutral Conductor 

Voltage drop on the neutral can create phase-to-neutral 

imbalance, especially under high load. The voltage drop is 

calculated using Ohm’s law: 

 

 
 

If IN = 26 A and the neutral conductor resistance is 0.15 Ω, 

then 

 
 

This exceeds the recommended 2V limit for VN−E, indicating 

the need for either upsizing the conductor or reducing 

harmonic contribution. 

 

3. Thermal Impact on Neutral Terminations 

Excessive neutral currents cause resistive heating at 

terminations. The thermal power dissipated at a loose 

connection with contact resistance Rc = 0.02 Ω is 

 

 
 

Substituting IN = 26 A: 

 

 
 

Though seemingly small, this heating occurs continuously at 

a concentrated point, leading to accelerated insulation 

degradation and potential arcing. 

 

4. Case Study Application 

In the university hostel case, the recorded 3rd-harmonic 

current was 12A per phase, with an imbalance current of 

15A. The neutral harmonic current was 

 

 
 

The total RMS neutral current was therefore 

 

 
 

Given that the neutral conductor was originally sized for 

25A, the overload factor was 

 

 
 

This explains the excessive thermal readings on the neutral 

bar and supports the corrective measure of upsizing the 

conductor and separating return paths. 

 

Discussion 

1. Interpretation of Neutral Overload Findings 

The calculations show that in harmonic-rich environments, 

neutral currents can exceed the current in any single-phase 

conductor. In the case study, a 3rd-harmonic current of 12A 

per phase and a 15A imbalance produced a neutral RMS 

current of approximately 39.0A for a conductor rated at 

25A, yielding an overload factor of 
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Such overloading accelerates thermal degradation of 

insulation and increases the likelihood of loose or damaged 

terminations leading to arcing faults. This aligns with 

literature findings that harmonic-rich environments require 

either oversizing of neutrals or dedicated returns to limit 

thermal stress. 

 

2. Voltage Stability and Safety Implications 

The voltage drop calculation demonstrated that a neutral 

carrying 26A with RN = 0.15Ω results in a 3.9V drop: 

 

 
 

This exceeds the recommended 2V threshold for VN−E, as 

cited in IEC 60364 and BS 7671. Voltage drops of this 

magnitude contribute to phase-to-neutral imbalance, 

potentially raising voltage on one phase above safe limits 

while lowering another below operational threshold. 

Sensitive electronic equipment is particularly vulnerable to 

such fluctuations, with failures often misdiagnosed as 

equipment faults rather than distribution issues. 

 

3. Thermal Stress on Neutral Terminations 

Resistive heating at loose terminations was calculated at 

approximately 13.52W for a contact resistance of 0.02Ω and 

IN = 26A 

 

 
 

While the power level appears modest, its localized nature 

and continuous duration result in sustained hot spots, 

exceeding insulation temperature ratings over time. This 

slow thermal build-up explains why neutral-related faults 

often progress undetected until failure. 

 

4. Standards Compliance and Gaps in Practice 

The measured conditions in the case study clearly violate 

IEC 60364-5-52 and IEEE 1100 recommendations for 

neutral sizing in harmonic-rich systems. While these 

standards prescribe design considerations, enforcement in 

the field is inconsistent. Common practice still relies on 

matching neutral size to phase conductors without assessing 

harmonic or imbalance contributions. The gap between 

theoretical compliance and actual installation practice 

remains a major cause of neutral failures. 

 

5. Maintenance and Diagnostic Practices 

The findings highlight the need for proactive diagnostics 

such as routine measurement of neutral current relative to 

phase currents, neutral-to-earth voltage checks to detect 

resistive return paths, and thermal imaging during peak load 

periods to identify developing hot spots. 

In resource-limited settings, low-cost clamp meters and 

handheld thermal cameras can be employed effectively. The 

integration of IoT-enabled monitoring devices, though not 

yet widely adopted, offers promise for continuous 

assessment and early warning. 

 

6. Implications for High-Density and Inverter-Based 

Systems 

High-density residential and institutional environments, 

such as the hostel case, are increasingly populated with 

nonlinear loads. The rise of inverter-based renewable 

systems compounds this by introducing bidirectional current 

flow and additional harmonic distortion. In such systems, 

neutral stability is critical not only for operational reliability 

but also for the proper functioning of inverter controls and 

grid-interactive protection schemes. 

 

Conclusion and Recommendations 

1. Conclusion 

This study has demonstrated that the neutral conductor is a 

critical and active component of low-voltage distribution 

systems, particularly in harmonic-rich and load-imbalanced 

environments. Field measurements and case analysis reveal 

that, in the presence of nonlinear loads, triplen harmonics 

can accumulate in the neutral and push its current well 

above the rating used in conventional designs. 

In the hostel case, where a 3rd-harmonic current of 12A per 

phase and a 15A imbalance produced a neutral RMS current 

of approximately 39.0A on a conductor rated 25A, creating 

an Overload Factor of 156%, it has been shown that this 

also caused excessive voltage drop, with the given example 

reaching 3.9V. This voltage drop is nearly double the 

recommended VN−E ≤ 2V standard limit - and accelerate 

thermal stress at terminations, calculated here at 13.52W for 

a typical loose joint. 

These findings confirm that overlooking the neutral 

conductor in design, installation, and maintenance 

constitutes a systemic vulnerability. Without corrective 

action, installations will continue to face erratic failures, 

equipment damage, and elevated fire risk. 

 

2. Recommendations 

Design Stage 

1. Base neutral sizing on measured or predicted harmonic 

and imbalance currents, not on legacy “equal-to-phase” 

rules. 

2. Apply oversizing factors of 1.5–2.0 in harmonic-rich 

systems, or provide dedicated neutrals for sensitive 

loads. 

3. Avoid shared neutrals unless all circuits share the same 

protective device and neutral capacity is verified. 

 

Installation Stage 

1. Torque all neutral terminations to manufacturer 

specifications, re-checking after settling. 

2. Use corrosion-resistant connectors in humid 

environments and avoid mixing dissimilar metals 

without protective compounds. 

3. Maintain proper color coding and labeling for all 

neutral conductors to aid future maintenance. 

 

Maintenance Stage 

1. Measure neutral currents routinely and compare with 

phase currents; investigate if IN  > Iphase or exceeds 

50–60% of phase current in balanced conditions. 

2. Measure VN−E under load and ensure it remains within 

 

 
 

3. Use thermal imaging during peak load to detect 

abnormal heating at neutral bars and terminations. 

4. Document all neutral path modifications and verify load 

capacity before re-routing. 
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Policy and Training 

1. Update national wiring codes to include explicit 

harmonic-based neutral sizing provisions. 

2. Incorporate neutral integrity assessment into 

professional certification programs. 

3. Promote the adoption of cost-effective diagnostic tools, 

including handheld thermal imagers and portable 

harmonic analyzers. 

 

By repositioning the neutral from a background wire to a 

frontline conductor in both engineering design and 

maintenance culture, electrical systems can achieve 

improved reliability, safety, and resilience in an era 

increasingly dominated by nonlinear loads and distributed 

energy systems. 
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