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Abstract

Purpose — This study investigates the effects of LED airfield lighting on sustainability and safety, aiming to
provide actionable insights for airport operations, health and safety, and sustainability managers. It evaluates
both global and New Zealand-specific contexts to understand how LED lighting contributes to energy
efficiency, cost-effectiveness, and safety in airport environments.

Design/methodology/approach — A qualitative methodology was adopted, combining primary data from five
expert interviews with secondary data from a systematic literature review of 47 articles. Thematic coding was
employed to identify key influencing factors, followed by a Pareto analysis, degree of centrality, and causal loop
diagramming to assess their systemic importance.

Findings — The study identifies Energy Efficiency (EE-01) and Reduction of Energy Consumption (EE-02) as
the most influential factors closely linked to operational savings and sustainability goals. Durability (IR-02) and
High-Performance Light Output (IR-01) also emerged as critical for ensuring long-term reliability and visual
safety. While factors such as Reduced Maintenance Costs (CE-01) and Smart Control and Adaptability (TI-01)
are less frequently cited in the literature, consultation input suggests they are becoming increasingly relevant in
modern airfield systems. The analysis reveals a balanced emphasis on economic efficiency, safety, and
environmental performance.

Research limitations/implications — The study is limited to English-language sources from 2019 onward and
includes a focused sample of industry consultations, which may affect generalisability. Nonetheless, the
integrated analysis offers a robust foundation for future research and policy development in sustainable airport
infrastructure.

Practical implications — From a practical standpoint, the study provides actionable insights for airport
authorities, infrastructure designers, and health and safety managers. Stakeholders are encouraged to prioritise
LED lighting as part of broader sustainability strategies—not only for the environmental and financial
advantages but also for enhanced visual performance, reduced maintenance-related hazards, and emerging
opportunities for smart lighting control. For policymakers, the results underscore the need to support LED
adoption through targeted incentives, technical standards, and regulatory frameworks, especially in contexts like
New Zealand, where national sustainability goals are aligned with infrastructure modernisation.
Originality/value — This research presents the first comprehensive evaluation of LED airfield lighting through a
systems-thinking and network-analysis lens, integrating perspectives on sustainability, safety, and cost. It
provides airport stakeholders with evidence-based insights to support safer, more energy-efficient, and
environmentally aligned airfield operations.

Keywords LED airfield lighting, Sustainability, Safety, Energy efficiency, Causal loop analysis,
Lighting systems
Paper type Research article

1. Introduction
The aviation industry is critical to global trade, tourism, and connectivity. However, the sector
faces increasing pressure to balance operational efficiency with environmental sustainability '
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SASBE An et al. (2025). Airfield lighting systems play a crucial role in ensuring safe airport
operations, particularly during low-visibility conditions (Bullough, 2017). A critical aspect of
this transformation involves upgrading infrastructure systems, such as airfield lighting, which
includes runway centerline lights, runway edge lights, approach lights, and taxiway centerline
lights. All of these are essential for maintaining safe aircraft movement in low-visibility or
nighttime conditions (Bullough, 2017).

Traditional lighting technologies, such as incandescent bulbs, have been proven to be
energy-intensive and costly to maintain (Baxter et al., 2018). The transition to Light-Emitting
Diodes (LEDs) offers a sustainable solution, providing enhanced energy efficiency, durability,
and operational benefits (Nardelli et al., 2017).

New Zealand has taken proactive steps toward adopting LED airfield lighting systems to
reduce carbon emissions and operational costs, aligning with the country’s environmental
stewardship goals (McLachlan and Callister, 2022). However, implementing these systems
presents challenges, including high initial costs, technical limitations, and the need to
ensure safety during installation and maintenance (Budd et al., 2015). While the energy-
efficiency benefits of LEDs are well understood, their broader impacts on safety remain
underexamined. LED systems often require retrofitting, handling high-voltage equipment,
or accessing elevated platforms, which may expose ground staff to additional risks, even as
they reduce the overall frequency of maintenance. These trade-offs are especially relevant
in New Zealand, where airports are increasingly aligning with national sustainability
targets (McLachlan and Callister, 2022). However, safety protocols and implementation
models vary widely.

Therefore, this study examines the intersection between sustainability and safety,
recognising that infrastructure innovations affect both environmental outcomes and human
working conditions. Understanding this interplay is crucial for ensuring that technological
upgrades, such as LED lighting, not only contribute to greener aviation but also protect those
responsible for maintaining such systems. Addressing these issues requires a comprehensive
understanding of LED lighting’s impact on sustainability and safety.

In this study, operational efficiency refers to the ability of lighting systems to minimise
maintenance downtime and ensure consistent illumination. At the same time, environmental
sustainability is defined as reduced energy consumption, lower greenhouse gas emissions, and
the use of longer-lasting components that help reduce waste. This study focuses specifically on
safety, such as the safe navigation of aircraft and allied personnel. This study aims to address
the research question: What are the effects of LED airfield lighting on sustainability and safety
on a global scale and in New Zealand?

To answer these questions, the study adopts a dual-method approach. A systematic
literature review (SLR) is employed to investigate global evidence on the sustainability and
safety implications of LED airfield lighting systems. To complement this, five semi-
structured interviews were conducted with industry experts in New Zealand’s aviation
sector, providing practical insights into local implementation challenges, stakeholder
concerns, and context-specific considerations. This combined methodology supports a
systems-thinking analysis by integrating broad international perspectives with localised,
real-world experience.

2. Literature review

Airfield lighting systems ensure safe and efficient airport operations, particularly under low-
visibility conditions. Research has consistently highlighted the benefits of transitioning to
LED lighting technologies, which offer improved energy efficiency, longer lifespan, and
reduced maintenance costs compared to traditional lighting systems (Bullough, 2012). The
transition from incandescent and halogen lighting to LEDs represents a significant step toward
achieving sustainability in aviation (Baxter, 2023). Oster et al. (2013) emphasised that
dynamic changes and uncertainties are inherent in any operational environment, including
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aviation. While static conditions are often assumed when implementing new technologies, Smart and
real-time events and challenges require adaptable solutions to avoid disruption. Similarly, Sustainable Built
McLachlan and Callister (2022) highlighted New Zealand’s unique commitment to Environment
sustainable practices, focusing on LED systems to reduce carbon emissions and operational
costs, but also noted that the associated capital and technical demands make widespread
implementation difficult, especially for regional airports.

Advancements in airfield lighting technologies have been extensively documented
globally. For example, research by Nardelli et al. (2017) demonstrated significant energy
savings from LED systems and their contribution to reducing greenhouse gas emissions.
Furthermore, integrating LED technologies with smart systems, such as IoT-enabled lighting
control, has enhanced operational efficiency and safety standards (Gogmen, 2021). Despite the
benefits, challenges remain. High initial installation costs and technical issues, such as power
quality and inrush peak currents, are key barriers to widespread adoption (Davidovic and
Kostic, 2022). Safety during installation and maintenance is another critical consideration, as
these tasks often expose personnel to physical risks (Wingelaar-Jagt et al., 2021). Although
LED systems reduce the frequency of maintenance interventions due to their extended
lifespan, they may require more complex procedures involving specialised training or
equipment (Budd et al., 2015).

This study identifies a gap in the literature concerning the long-term impacts of LED
airfield lighting on safety and sustainability, and how such systems affect safety, particularly in
terms of system design, maintenance demands, and workforce exposure to risk. Furthermore,
to the best of our knowledge, no prior study has applied a systems-thinking approach to
examine the interaction between sustainability and safety outcomes, especially in New
Zealand. While global trends suggest a growing emphasis on sustainable aviation practices,
New Zealand’s experience highlights specific challenges and opportunities unique to its
environmental and operational context.

3. Research method

This qualitative study adopts a constructivist paradigm to explore the impacts of LED airfield
lighting on sustainability and safety (Tracy, 2024). Two distinct data collection methods were
employed: secondary data collection through a systematic literature review (SLR) and primary
data collection through consultation interviews. A Systematic Literature Review (SLR) was
conducted to identify and synthesise critical factors influencing LED lighting adoption in
aviation. These findings were further prioritised using Pareto analysis to identify the most
impactful variables and assess their centrality, evaluating their interconnectivity within the
system. The resulting high-priority factors were modelled using a Causal Loop Diagram
(CLD) to reveal dynamic feedback behaviours that are both reinforcing and balancing,
governing systemic change. To ground this analysis in real-world contexts, semi-structured
consultations were conducted with five industry experts, enabling the triangulation of findings
and validation of system interdependencies. This combined approach, merging constructivist
inquiry with systems modelling, ensures a holistic understanding of the technological,
regulatory, and experiential dimensions that shape sustainable airfield lighting outcomes.
Figure 1 shows the flowchart for the SLR Data Collection and Analysis Method.

The systematic literature review was conducted in accordance with the PRISMA guidelines
for secondary data collection (Selcuk, 2019). The search strategy was applied across three
major academic databases: Scopus, ScienceDirect, and EBSCO. Keywords included
combinations of: “LED lighting”, “airport lighting”, “sustainability”, “energy efficiency”,
and “safety”. Boolean operators were used to refine search strings and enhance relevance. The
search strings are shown in Tables 1 and 2 shows the inclusion-exclusion criteria.
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Figure 1. Flowchart for SLR data collection and analysis method. Source: Authors’ own work

Table 1. Search strings for this study

Database Search string

Scopus (“Effect™” OR “Impact™” OR “Influence*” OR “Outcome*” OR “Consequence*” OR
“Result*”) AND (“LED” OR “Light-emitting diode” OR “LED technology” OR “LED lighting
systems”) AND (“Airfield light*” OR “Runway light*” OR “Taxiway light*” OR “Airport
light*” OR “Aviation light* “ OR “Airfield illumination*”) AND (“Sustain*” OR
“Environmental sustain*” OR “Eco-friendly” OR “Green practice*” OR “Energy efficiency”
OR “Sustainable development”) AND (“Occupational safety” OR “Worker safety” OR “Health
and safety” OR “Workplace hazards” OR “Operational safety”) AND PUBYEAR >2019 AND

PUBYEAR <2024
Science (“LED lighting” OR “LED technology”) AND (“Sustainability” OR “Energy efficiency”)
direct AND (“Airport operations” OR “Aviation” OR “Airports”) AND PUBYEAR >2019 AND
PUBYEAR <2024

(“Light-emitting diode” OR “LED lighting systems”) AND (“Occupational safety” OR
“Worker safety”) AND (“Airport operations” OR “Aviation” OR “Airports”) AND PUBYEAR
>2019 AND PUBYEAR <2024

EBSCO (“Effect™” OR “Impact™” OR “Influence*” OR “Outcome*” OR “Consequence*” OR
“Result*”) AND (“LED” OR “Light-emitting diode” OR “LED technology” OR “LED lighting
systems”) AND (“Airfield light*” OR “Runway light*” OR “Taxiway light*” OR “Airport
light*” OR “Aviation light* “ OR “Airfield illumination*”) AND (“Sustain*” OR
“Environmental sustain*” OR “Eco-friendly” OR “Green practice*”) AND (“Occupational
safety” OR “Worker safety” OR “Health and safety” OR “Workplace hazards” OR
“Operational safety”) AND PUBYEAR >2019 AND PUBYEAR <2024

Source(s): Authors’ own work

3.1 PRISMA-based screening and selection

The systematic literature review followed the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) approach. Figure 2 shows the Prisma framework. A
total of 266 records were initially identified across three databases: Scopus (n = 86),
ScienceDirect (n = 144), and EBSCO (n = 36). After screening, 47 studies were assessed as
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Table 2. Inclusion and exclusion criteria table for this study Smart and
Sustainable Built
Inclusion criteria Exclusion criteria Justification Environment

Published within the last
five years (2019-2024)

Studies published before 2019

Literature available
exclusively in English

Non-English papers due to
translation constraints

Journal articles, conference
proceedings, books

Short surveys, draft publications,
literature reviews, SLRs and
critical reviews

Studies outside the field of
construction and engineering

Studies related to the
Construction and
Engineering sectors

Studies related to Health and
Safety

Studies not related to Health and
Safety

Source(s): Authors’ own work

To ensure relevance and reflect the latest
advances in LED technology and
sustainability practices

English-language sources were
prioritised due to language proficiency
and resource limitations

To focus on peer-reviewed, original
research offering empirical data or
analytical models

To ensure content aligns with the
technical and infrastructure-related focus
of the study

To include only research relevant to the
occupational safety dimension of LED
airfield lighting

Records identified from:
Scopus (n = 86)
ScienceDirect (n = 144)
EBSCO (n = 36)

|

Records removed before
screening:

Duplicate records removed
(n=39)

!

Records screened

Records excluded**
Not related to the topic (n = 176)

(n=227)
l

Studies sought for retrieval
(h=51)

v

Studies not retrieved
(n=4)

I

Studies assessed for eligibility
(n=47)

Reports excluded:

(n=0)

Studies included in review
(n=47)

Figure 2. PRISMA flowchart for this study. Source: Authors’ own work based on PRISMA framework

eligible and included in the final analysis. This selection process ensured the rigour and
relevance of sources to identify critical factors influencing LED airfield lighting performance.
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SASBE The selected studies were manually coded using an inductive thematic approach, which
allowed key themes to emerge from the data itself. Coding focused on energy performance,
sustainability drivers, safety concerns, and technological integration. The outcomes of this
analysis served as the basis for developing a structured factor framework and guided the design
of the interview questions used in the primary data collection. A three-stage analytical
approach was adopted to evaluate key factors influencing LED airfield lighting. Pareto
analysis was first used to identify the most frequently cited variables (Brooks, 2014), followed
by the degree of centrality analysis to assess their systemic connectivity within the network
(Ergtin and Usluel, 2016). Finally, a causal loop diagram (CLD) was applied to visualise and
interpret the dynamic interrelationships and feedback loops among factors, using a systems-
thinking lens to explore the complexity of sustainability and safety impacts
(Haraldsson, 2004).

3.2 Industry consultation

For the primary data collection, five semi-structured interviews were conducted with industry
experts in aviation infrastructure and airfield lighting. The participants were selected based on
their experience in lighting design, safety management, and airport sustainability initiatives.
Four industry experts had experience ranging from 6 to 10 years; one had 20 years. Of the five
participants, four were based in New Zealand and one in Australia, enabling the study to
incorporate both national and regional perspectives relevant to airport operations in the South
Pacific. Participants were selected using purposive sampling, ensuring that each individual
possessed practical experience or strategic involvement in the planning, implementation, or
maintenance of LED airfield lighting systems.

The interview guide was structured around themes derived from the SLR coding to ensure
continuity between the literature and practitioner insights. The same protocol and questions
were used across consultations. The interviews were conducted remotely via Microsoft Teams,
at the participant’s preference. Each session lasted 30—45 min and followed a semi-structured
format, enabling consistency across interviews while allowing flexibility for follow-up and
clarification. Each industry expert was assigned a code: IE followed by the interview numbers
01-05. The interview transcript data were analysed using thematic analysis to extract recurring
patterns, operational insights, and system-level concerns raised by practitioners. All
interviews were audio-recorded with the participants’ informed consent, and the recordings
were subsequently transcribed manually to preserve the accuracy and context of the responses.
An inductive thematic analysis approach was employed to analyse the transcripts. This process
involved repeated reading, open coding, and theme refinement to allow patterns and insights to
emerge from the data, rather than imposing predefined categories. The thematic analysis
followed five steps: organising the transcripts, reading, compiling factors, analysing themes,
and coding. The articles were reviewed at least twice. Relevant factors were identified during
multiple readings, compiled, and similar items were merged. The research team
collaboratively verified these factors, thereby extracting key themes. Themes and factors
were discussed with other researchers to confirm their relevance. Finally, codes were assigned
to the factors, comparing them to SLR-factors. Finally, the primary and secondary data
outcomes were compared and contrasted to generate integrated insights. The factors that the
industry experts agreed with the SLR findings were deemed validated. This triangulation
process allowed the study to identify key leverage points in LED lighting systems that
contribute to improved sustainability and safety outcomes.

4. Results
The findings in this section are based on secondary data derived from a systematic literature
review (SLR) and primary data from expert interviews. The results highlight key themes,
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factor frequency, structural positioning, and the integration of findings through triangulated Smart and
methods. Sustainable Built
Environment

4.1 Year and Country-wise distribution of the selected article

The selected literature spans a publication period from 2019 to 2024. As shown in Figure 3, the
most articles were published in 2024, totalling 14 studies, reflecting an upward trend in
scholarly attention to energy-efficient and safety-enhancing lighting systems in aviation. This
surge may be attributed to increasing global pressure on transportation sectors to decarbonise
and enhance operational efficiency post-pandemic. The second-highest number was recorded
in 2021, with 10 studies, indicating a notable level of research activity even during the early
recovery stages of the COVID-19 crisis.

In terms of geographical distribution, China and Poland emerged as the most frequently
represented countries overall, particularly from 2022 to 2024. Their consistent presence
across multiple years suggests ongoing national investments in LED research and
infrastructure modernisation. Other prominent contributors include Malaysia, Vietnam,
Italy, and the USA, reflecting both regional diversity and interdisciplinary interest. Notably,
New Zealand is underrepresented in the global publication landscape, despite local efforts
to adopt, reinforcing the need for region-specific insights. This study addresses this need by
collecting primary data.

Additionally, contributions from developing and transitional economies, such as Indonesia,
Tunisia, Azerbaijan, and Egypt, demonstrate growing global awareness of the sustainability
and safety implications of airfield lighting upgrades. This international breadth provides a
strong foundation for generalising the study’s thematic findings while also highlighting the
importance of contextual differentiation, particularly in infrastructure performance and policy
adoption.

4.2 Thematic analysis of SLR factors

The 47 selected studies were manually coded using an inductive thematic approach,
which allowed key themes to emerge from the data itself. Coding focused on energy
performance, sustainability drivers, safety concerns, and technological integration.
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Figure 3. Year and country-wise distribution of the selected articles for this study. Source: Authors’ own work

Downloaded from http://www.emerald.com/sasbe/article-pdf/doi/10.1108/SASBE-10-2025-0598/11196670/sasbe-10-2025-0598en.pdf by guest on 21 January 2026



SASBE The outcomes of this analysis served as the basis for developing a structured factor
framework and guided the design of the interview questions used in the primary data
collection. From the 47 selected articles, 33 influencing factors were coded and grouped
into eight thematic categories: Energy Efficiency (EE), Safety and Visual Performance
(0S), Environmental Impact and Light Pollution (EI), Technological Integration (TT),
Lighting Intensity and Robustness (IR), Cost Effectiveness (CE), Negative Impacts or
Disadvantages (NI), and Safety Regulations and Compliance (SR). Each factor was
assigned a code (e.g. EE-01, OS-01) for further structural and network analysis. Table 3
shows the theme, factors and codes.

4.3 Author-factor matrix for this study

An author-factor matrix was developed to quantify and visualise the connection between the
reviewed literature and the extracted factors. Following Purushothaman et al. (2025), this
matrix cross-referenced each article to the 33 identified factors, enabling a clearer

Table 3. Factors and themes categorisation

Theme Code  Description of the code

Energy Efficiency EE-01 Energy efficiency of LED systems
EE-02 Reduction of energy consumption in lighting
EE-03 Lower Energy Loss
Occupational Safety and Visual Performance 0S-01  Operational Safety Improvement
0S-02  Uniformity of light distribution
0S-03  Importance of Lighting for Operational Safety
0S-04 Importance of light control in airfield lighting
Environmental Impact and Light Pollution EI-01  Reduction of carbon emissions
EI-02  General environmental friendliness of LED systems
EI-03  Resource Efficiency

Technological Integration TI-01  Smart Control and Adaptability
TI-02  Technological Integration
Lighting Intensity and Robustness IR-01  High-Performance light output

IR-02  Durability of LED lighting
IR-03  Flexibility in light control
IR-04  Stable light output under varying conditions
IR-05  Resistance to harsh/corrosive environments
IR-06  Reduced light intensity during winter conditions
Cost Effectiveness CE-01 Reduced maintenance costs
CE-02 Reduced operational costs
CE-03 Economic feasibility for large-scale implementation
Negative Impacts or Disadvantages NI-01  High setup or installation costs
NI-02  High operational and maintenance costs
NI-03  Technical limitations
NI-04 Risk of rapid obsolescence or adaptation needs
NI-05  Electrical interference or harmonic disruption
NI-06  Power instability sensitivity
NI-07  Colour variation or distortion under conditions
NI-08  Blue light emission concerns
NI-09  Sleep Cycle disruption from the light spectrum
NI-10  Skyglow Pollution
Safety Regulations and Compliance SR-01  Compliance with regulations and standards
SR-02  Government incentives for LED adoption

Source(s): Authors’ own work
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understanding of how frequently and consistently each factor appeared across the literature. Smart and
The author-factor matrix presents a comprehensive overview of how the 47 reviewed articles ~ Sustainable Built
address the key sustainability and safety factors associated with LED airfield lighting. The Environment
matrix reveals a high level of attention to energy-related themes, with EE-01 (Energy
Efficiency) and EE-02 (Reduction of Energy Consumption) being the most frequently cited
themes in the majority of studies. This frequent mention supports their identification as the
most critical factors in the systemic analysis. IR-02 (Durability of LED Lights) and IR-01
(High Performance Light Output) were also consistently addressed, particularly in
engineering and infrastructure-focused research, highlighting their relevance to long-term
system performance and operational safety.

In contrast, factors such as TI-01 (Smart Control and Adaptability) and IR-03 (Flexibility in
Light Control) appeared less frequently across the literature. Although these were categorised
as necessary rather than critical in the final factor framework, their lower frequency in existing
studies suggests a potential research gap, especially in the context of advanced control systems
and adaptive lighting strategies. CE-01 (Reduced Maintenance Costs) appeared in a moderate
number of sources, often linked to discussions on extended LED lifespan and reduced labour
demands.

Overall, the matrix reinforces the alignment between literature frequency and the systemic
influence of the factors identified in this study. The consistent presence of the top-ranked
factors across diverse sources strengthens the credibility of the factor prioritisation. It
highlights the robust academic foundation supporting the system-level insights derived from
expert consultation and causal loop analysis (see Table 4).

4.4 Pareto analysis

A Pareto analysis was developed from the Author-Factor Matrix to identify the most
influential factors based on their frequency, as shown in Figure 4. This analysis enabled the
identification of the relatively few factors that account for the majority of the system’s
perceived value or influence, in line with the classic 80/20 principle. The results present both
the absolute frequency (bar chart) and cumulative percentage (line graph) of each factor’s
occurrence across the reviewed literature.

Based on the Pareto analysis results, seven key factors were identified as the most
influential, contributing to over 60% of the cumulative percentage. These factors are
categorised into three levels based on their impact. EE-01 (Energy Efficiency) is the most
critical factor (Level 1), accounting for 13.04% of the total. EE-02 (Reduction of Power
Consumption), IR-02 (Durability of LED Lights), and IR-01 (High-Performance Light
Output) follow closely, forming the critical factors group (Level 2), with individual
contributions ranging from 8.33% to 10.87%. Lastly, CE-01 (Reduced Maintenance Cost), TI-
01 (Technological Integration), and IR-03 (Better Light Control) are considered important
factors (Level 3), rounding out the top contributors that collectively account for over 60% of
the system’s influence. This structured grouping enables a focused approach to further analysis
and strategic decision-making.

In contrast, factors such as TI-01 (Smart Control and Adaptability) and IR-03 (Flexibility in
Light Control) appeared less frequently across the literature. Although these were categorised
as necessary rather than critical in the final factor framework, their lower frequency in existing
studies suggests a potential research gap, especially in the context of advanced control systems
and adaptive lighting strategies. CE-01 (Reduced Maintenance Costs) appeared in a moderate
number of sources, often linked to discussions on extended LED lifespan and reduced labour
demands.

4.5 Interrelationship matrix
An interrelationship matrix was developed to systematically assess the influence of the 33
coded factors on one another within the LED airfield lighting system. Following
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Table 4. Author-factor matrix for this study
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Table 4. Continued

EE- EE- EE- OS- 0S- OS- OS- EI- EI- EI- TI- TI- NI- NI- NI- NI- NI- NI- NI- NI- NI- NI- CE- CE- CE- IR- IR- IR- IR- IR- IR- SR- SR-
SL  Author 01 02 03 01 02 03 04 01 02 03 01 02 01 02 03 04 05 06 07 08 09 10 01 02 03 01 02 03 04 05 06 01 02

v v v v

36 Cumo et al. (2025)
v

37  Skarzynski and
Wisniewski (2024)

38 Frycetal. (2024)

39 Gerke (2019)

40 Gao et al. (2019)

41  Omran et al. (2019)

42 Khan et al. (2023)

43 Rozowicz et al. (2022)

44 Velasquez et al. (2024)

45 Valetti et al. (2023)

46  Collin et al. (2020)

47  Ramljak and Toki¢

(2020)
Total Factor Count % 3 2 5 3 12 1 12 191 5 3 10 1 3 1 4 2 6 7 3 2 13 7 1 22 17 1 1 1 10 5

LN
<
\
LN
LN
LN
<
<
\

LN

LN

NI NN
\

CANS S88sS

\

LN

[N

<

\

\
NN

Source(s): Authors’ own work

Ing S[qeureisng

JUSWIUOITAUT
pue 1ewig

Downloaded from http://www.emerald.com/sasbe/article-pdf/doi/10.1108/SASBE-10-2025-0598/11196670/sasbe-10-2025-0598en.pdf by guest on 21 January 2026




SASBE Factor Pareto Chart
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Figure 4. Factor pareto analysis. Source: Authors’ own work

Purushothaman et al. (2025), this matrix was based on directional influence scoring, a
qualitative systems analysis method that identifies whether the relationship between two
variables is positive (P), negative (N), or not applicable (NA). A positive relationship (P)
indicates that an increase in one factor tends to reinforce or support the increase in the other. A
negative relationship (IN) suggests an inverse effect, while NA is used where no direct or
known relationship exists. Table 5 below was generated to represent these connections,
enabling deeper structural analysis in the subsequent section.

The matrix distinguishes between outgoing relationships (indicating a factor’s influence on
others—also known as “driving power”) and incoming relationships (the extent to which a
factor is influenced by others—also known as “dependence”). This structural mapping enables
a deeper understanding of the lighting system’s systemic behaviour and lays the foundation for
the centrality analysis in the next section.

The matrix results reveal that energy-related factors (such as EE-01 and EE-02) exert
widespread influence across multiple categories, confirming their systemic importance
beyond frequency alone. Factors related to robustness and safety, such as IR-02 (Durability)
and OS-01 (Operational Safety), demonstrate strong interdependencies, particularly in their
interactions with environmental, cost, and technological dimensions.

4.6 Degree of centrality analysis

The interrelationship node analysis using the degree of centrality provides a quantitative view
of how extensively each factor interacts within the system, highlighting its relative
importance. To evaluate the structural importance of each factor within the LED airfield
lighting system, a degree of centrality analysis was conducted based on the interrelationship
matrix, following Samarasekara et al. (2025). The degree of centrality score for each factor
was calculated by summing its total number of confirmed directional relationships, both
outgoing (influencing other factors) and incoming (being influenced by others). For example,
EE-01 (Energy Efficiency) was found to influence 11 factors and be influenced by another 9,
resulting in a total of 20 interactions and a normalised centrality score of 1.00. Only
relationships coded as either positive (P) or negative (N) were included; those marked not
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Table 5. Interrelationship table for this study

Factor EE- EE- 0S- 0S- OS- OS- El- El- E- T T IR- IR- IR- IR- IR- IR- CE- CE- CE- NI- NI NI NI- N- N N NI NI NI SR- SR-
code 01 EE-02 03 01 02 03 04 0L 02 03 01 02 01 02 03 04 05 06 0L 02 03 0L 02 03 04 05 06 07 08 09 10 01 02
EE-01 P-16, N\ NA NA NA NA P-4 P NA NA NA P P P NA NA NA P-7, P NA P NA NA NA NA NA NA NA NA P P NA
17,20, -47 -47 -47 47 -A7 7, 26, -47 -47 -47 32, -21, -34 -47 -47 -47 18, -37, 34 -42 -A7 -A7 -A7 47 A7 A7 A7 A7 38 -12 -47
25, 26, 16, 30, 4, 41 NA 31,45 41 NA NA NA
27,30, 22, 32, 45, NA 46 NA NA -46 46 -33
32,35, 32, 40, 6 45 43 45
36,39, 36, 41, NA
44,45 45 44 -43
NA NA NA
34 30 -33
EE-02 P NA NA NA NA NA P-4 NA NA NA NA NA P NA NA NA NA P-5 P-85 NA NA NA NA NA NA NA NA NA NA P ©NA NA
-11, 47 47 -7 -47 47 35, -47 -A7 -47 -47 -47 22, -47 -47 -47 -47 7,18, 31, -47 -A7 -A7 -47 -47 -47 -47 -47 47 47 -38 -47 -47
12, 36, 30 19, 35, NA
13. 39, NA 22, 44 -46
18, 45 -45 25, NA
41 NA 27,  -43
NA 42 30,31
42 NA-
38
EE-03 P-32 P-45 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NA NA 47 A7 A7 A7 A7 A7 A7 A7 A7 A7  -A7 -A7 -A7 A7 -A7 47 A7 A7 A7 A7 -A7 -A7 A7 A7 A7 A7 A7 A7 47 -47
46 -46
0s01 NA NA NA NA P NA NA NA NA NA NA P NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
47 47 47 47 -19 -A7 47 A7 A7 A7 A7 38 A7 A7 A7 A7 A7 AT A7 A7 A7 A7 A7 A7 A7 A7 A7 A7 A7 A7 AT A7
NA NA
-46 -46
0S02 NA NA NA P NA NA NA NA NA NA NA P NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
47 47 47 -10 47 A7 47 A7 A7 A7 A7 <17 -A7 A7 A7 A7 A7 AT A7 A7 A7 A7 A7 A7 A7 A7 -A7 A7 47 A7 -47 47
NA NA
-46 -46
0s03 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA P NA NA
47 47 47 47 -47 47 -7 47 47 47 A7 A7 47 A7 47 A7 A7 A7 -A7 -A7 -A7 -47 -47 -47 A7 A7 -7 -A7 -47 -44 A7 -47
NA
-46
0S04 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
47 47 A7 47 47 47 47 A7 A7 A7 A7 A7 -A7 -A7 -A7 -A7 -47 A7 A7 A7 A7 A7 A7 -A7 47 A7 A7 A7 A7 -47 47 47
EI01 P-33 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NA  -47 A7 A7 47 47 47 47 A7 A7 A7 A7 A7 A7 A7 A7 A7 A7 A7 -A7 -A7 A7 A7 A7 A7 A7 A7 A7 -A7 A7 A7 A7
-46
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Table 5. Continued

d4dSVS

Factor EE- EE- OS- 0S- OS- OS- E- E- E- T- T IR- IR- IR- IR- IR- IR- CE- CE- CE- NI Nl N- N- N- N- N- N- N- N- SR- SR-
code 01 EE02 03 01 02 03 04 Ol 02 03 Ol 02 0l 02 03 04 05 06 Ol 02 03 0l 02 03 04 05 06 07 08 09 10 01 02
E02 NA P-Il NA P-8 NA P-6 NA NA P~ NA NA NA NA NA NA NA NA P-18 NA NA NA NA NA NA NA NA NA NA NA NA NA NA
47 NA 47 NA 47 NA -47 -47 21 -47 A7 47 A7 47 A7 A7 A7 NA  -A7 A7 A7 A7 A7 A7 A7 A7 A7 A7 AT A7 47 47
-46 -46 -46 NA -46
-46
ELO3 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
47 4T AT 4T AT 4T 4T 4T 47 47 47 A7 4T A7 AT AT AT AT AT AT A7 47 A7 AT A7 AT A7 AT A7 4T AT 47
TL01 NA P-45 NA NA P P P NA NA NA NA NA NA P NA NA NA P-45 NA NA NA NA N-6 NA NA NA NA NA NA NA NA NA
47 NA 47 -47 -14 -14 23 47 47 47 47 47 47 3, 47 -47 47 NA 47 47 47 -47 NA -47 AT -47 AT -4 47 47 4T 47
-46 NA NA NA 6,7 -46 46
46 46 -46 NA
-46
TL02 NA P-10 NA NA NA NA NA NA NA NA NA P NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA P NA
47 NA AT 47 A7 47 A7 A7 47 AT 47 26 A7 AT A7 A7 A7 AT A7 AT AT A7 A7 A7 A7 A7 A7 A7 A7 47 36 -47
46 NA NA
-46 -46
R-01 P-6, N\ NA NA NA P NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA P NA
44 -47 47 AT AT A5 47 47 A7 A7 A7 47 47 A7 AT AT AT AT AT A7 A7 47 AT AT AT A7 A7 A7 A7 A7 30 47
NA NA NA
45 -46 -46
IR02 P-8 P-5, NA NA NA NA NA P4 NA NA NA NA P NA NA NA NA P4, P-6 NA P P-1 N\ NA NA NA NA NA NA NA NA NA
42 11,24 -47 -47 47 -47 47 21, -47 47 47 47 -32 47 -47 47 -47 6,7, NA -47 -35 NA -47 A7 -47 47 -47 47 -47 -47 4T -47
NA NA 25 NA 10, -46 NA -46
45 44 NA -46 19, -46
-44 22,26
NA
-40
IR03 P8 P-Il, NAN NA NA NA NA NA NA NA NA NA NA P NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
13 13,24 -47 47 -47 47 47 47 47 A7 47 47 47 35 A7 47 A7 4T AT A7 AT AT AT AT AT AT AT AT A7 AT AT 47
NA NA NA
45 4 -46
R04 P8 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
NA 47 A7 A7 A7 A7 A7 AT A7 47 A7 A7 A7 4T A7 47 AT A7 A7 AT A7 AT A7 AT AT A7 A7 A7 AT AT 4T 47
-46
R-05 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
A7 A7 AT A7 A7 47 AT A7 AT A7 AT 4T A7 AT AT 47 A7 AT 47 AT 4T AT AT AT AT AT A7 AT AT AT 4T A7
IR06 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
A7 A7 AT AT A7 4T AT AT AT A7 AT AT A7 AT A7 AT A7 47 A7 47 A7 AT A7 A7 A7 A7 AT AT AT AT AT A7
CEOl NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
47 4T AT AT AT 4T AT AT 47 47 AT AT A7 47 A7 -4 AT 47 47 47 A7 47 47 AT 47 A7 -4 AT A7 -4 AT 4T
(continued)
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Table 5. Continued

Factor EE- EE- 0S- 0OS- OS- OS- El- EI- E- T T IR- IR- IR- IR- IR- IR- CE- CE- CE- NI- NI- NI- NI- N N N NI NI NI SR- SR-
code 01 EE-02 03 0l 02 03 04 0L 02 03 01 02 01 02 03 04 05 06 0L 02 03 0L 02 03 04 05 06 07 08 09 10 01 02
CE-02 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
47 47 A7 A7 A7 A7 -A7 A7 A7 A7 A7 A7 A7 A7 A7 A7 A7 A7 A7 47 A7 A7 AT A7 A7 A7 A7 A7 A7 -A7 A7 -4
CE-03 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA P-18 NA NA NA NA NA NA NA NA NA NA NA NA NA
47 47 A7 A7 A7 A7 A7 47 A7 A7 A7 A7 A7 A7 47 47 47 47 NA  -47 47 A7 A7 A7 A7 A7 A7 A7 A7 47 47 47
-46
N0l NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA N-7, NA NA NA NA NA NA NA NA NA NA NA NA N
47 -A7 A7 A7 A7 A7 -AT  -AT A7 A7 47 47 47 47 47 47 47 47 16 -A7 47 47 47 A7 A7 A7 -A7 A7 47 A7 A7 27
NA NA
-45 -46
N-02 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA N-27 NA NA NA NA NA NA NA NA NA NA NA NA NA
47 47 A7 A7 A7 47 -A7 -A7T A7 47 47 47 47 47 47 -47 47 47 NA  -47 -47 -47 47 A7 A7 AT -A7 A7 47 AT -A7 47
-46
N-03 NA NA NA NA NA NA NA NA NA NA NA NA N N-6, N6 N\ NA NA N6 NA NA NA NA NA NA NA NA NA NA NA NA NA
47 -47  -47 47 47 47 -47 -47 47 47 47 47 43 43 NA -47 -47 47 NA  -47 -47 -47 -47 47 A7 A7 47 47 47 -A7 -4T 47
NA NA -46 -46
46 -45
N-o4 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA N-5 NA NA NA NA NA NA NA NA
47 A7 A7 A7 A7 A7 -A7 -A7 A7 A7 A7 47 A7 A7 A7 47 47 47 A7  -47 -47 -47 -47 NA 47 A7 A7 AT A7 A7 A7 47
-46
NI05 NA NA NA NA NA NA NA NA NA NA NA NA N NA N NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
34 34 34 34 34 34 A7 A7 A7 47 47 A7 34 47 12 A7 47 A7 A7 A7 AT A7 A7 47 47 47 A7 AT AT 47 47 47
NA NA
-46 -46
N-06 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
A7 A7 A7 A7 A7 A7 -AT -AT A7 47 A7 A7 A7 47 A7 47 47 A7 A7 A7 AT -A7 A7 47 47 47 47 47 47 47 47 47
N-07 NA NA NA N-2 NA NA NA NA NA NA NA NA N NA NA NA NA N NA NA NA NA NA NA NA NA NA NA NA N NA NA
47 -47  -47 NA -47 47 -47 -47 47 47 47 47 32 A7 47 -47 47 26 -A7  -47 -47 -47 -47 -47 -47 47 -47 47 47 31 47 -47
-46 NA NA NA
-46 -46 -46
N-08 NA NA NA N-2 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA N N NA NA NA
47 -47  -47 NA 47 A7 -A7 -A7 A7 A7 47 A7 -A7 A7 A7 47 A7 A7 -A7  -A7 -A7 -A7 -A7 -A7 A7 -A7 -47 -3,9 7, 47 47 -47
-46 NA 38,
45 44
NA
44
N-09 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
47 A7 A7 A7 A7 A7 A7 A7 A7 A7 A7 A7 A7 A7 A7 A7 A7 A7 A7 A7 -A7 -A7 A7 A7 A7 A7 A7 A7 A7 47 47 47
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Table 5. Continued

d4dSVS

Factor EE- EE- 0OS- 0S- 0OS- 0S- El- El- E- Tl TI- IR- IR- IR- IR- IR- IR- CE- CE- CE- NI- NI NI- NI NI NI NI N N- N- SR- SR-
code 01 EE02 03 0L 02 03 04 0L 02 03 0L 02 0L 02 03 04 05 06 0L 02 03 0L 02 03 04 05 06 07 08 09 10 01 02
N0 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
47 47 47 AT A7 -A7 47 A7 A7 -A7 A7 47 -A7 47 -A7 -47 A7 47 -47  -A7 A7 -47 A7 -47 -A7 47 -47 -7 47 47 47 47
SR01 P P-3 NA NA NA P-1, N\ NA NA NA P NA P-3 P, NAN NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
17, NA -7 -47 -47 28, -A7 -A7 A7 -47 45 34 NA 3 47 -47 47 A7 47 A7 A7 A7 A7 -A7 -47 A7 A7 A7 A7 A7 47 47
36, -46 29 NA 46 NA
42, NA -46 -45
45 -44
NA
43
SR-02 P P39 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA
16, NA  -47 -A7 A7 -47 -47 A7 A7 -A7 A7 A7 A7 A7 A7 47 A7 A7 A7  -A7 A7 47 A7 47 A7 A7 -47 A7 47 A7 47 47
41, 46
14
NA
44

Note(s): The number corresponds to the author in Table 4, blue indicates positive and red indicates negative. NA—Not applicable and the corresponding number represent the
number of articles that did not identify the relations
Source(s): Authors’ own work
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applicable (NA) were excluded from the count to maintain analytical rigour. This scoring Smart and
method reflects not just thematic relevance but the structural role each factor plays in the  Sustainable Built
feedback-rich dynamics of the system. Environment
As shown in Table 6, EE-01 (Energy Efficiency) has the highest centrality score of 1.00,
with 20 interactions, making it the network’s most influential and interconnected factor. This
dominance suggests that energy efficiency is a core benefit of LED systems and a driving force
that shapes, and is shaped by, multiple other factors. It is followed by EE-02 (Reduction of
Energy Consumption), with a centrality of 0.75, and IR-02 (Durability of LED Lights), with a
centrality of 0.65, reflecting strong ties across the system. IR-01 (High-Performance Light
Output) ranks fourth, emphasising its technical contribution to overall system performance.
Meanwhile, factors such as CE-01 (Reduced Maintenance Cost), TI-01 (Technological
Integration), and IR-03 (Flexibility of Light Control) also demonstrate moderate centrality,
underscoring their supportive yet still significant roles. The lower half of the table includes
factors with limited connectivity, which may indicate more isolated impacts or niche concerns.
This ranking helps identify leverage points where strategic improvements or interventions can

Table 6. Degree of centrality results

Interrelationship table node analysis

Factor No. of Degree of

code interaction centrality Rank
EE-01 20 1.00 1
EE-02 15 0.75 2
IR-02 13 0.65 3
IR-01 12 0.60 4
CE-01 9 0.45 5
TI-01 8 0.40 6
IR-03 7 0.35 7
0s-01 6 0.30 8
EI-02 6 0.30

NI-03 6 0.30

0s-03 6 0.30

NI-07 5 0.25 >10
EI-01 4 0.20

NI-01 4 0.20

NI-08 4 0.20

NI-10 4 0.20

CE-02 3 0.15

0s-02 3 0.15

SR-01 3 0.15

TI-02 3 0.15

EE-03 2 0.10

NI-02 2 0.10

NI-05 2 0.10

CE-03 1 0.05

EI-03 1 0.05

IR-04 1 0.05

IR-06 1 0.05

NI-04 1 0.05

NI-09 1 0.05

0S-04 1 0.05

SR-02 1 0.05

IR-05 0 0.00

NI-06 0 0.00

Source(s): Authors’ own work
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SASBE have the broadest system-wide effects. The accompanying table provides the full ranking,
reinforcing the insights derived from this centrality analysis regarding connectivity.

4.7 Causal loop analysis

The Causal Loop Diagram (CLD) shown in Figure 5 was developed following Purushothaman
and Aguas (2025), Purushothaman et al. (2025), using the interrelationship matrix and
generated in Vensim software to illustrate the dynamic complexity of LED airfield lighting
impacts. Each variable is connected through directional arrows that represent causal influences
among system components. A positive causal link (blue arrow) denotes a direct relationship
where an increase (or decrease) in one factor causes a corresponding directional change in the
linked variable, thereby reinforcing the system. A negative causal link (red arrow) indicates an
inverse relationship that contributes to system balancing by offsetting changes. These
interconnected relationships form feedback loops, which are fundamental to understanding
system behaviour. Reinforcing loops amplify change over time, potentially accelerating
growth or decline, while balancing loops oppose change, promoting system stability and
equilibrium. Together, they represent the non-linear, adaptive structure of sustainable
infrastructure transitions.

To further quantify the influence of each factor on feedback behaviour, a loop analysis was
conducted, with the results presented in Table 7. To deepen the understanding of systemic
influence and prioritisation, a loop frequency analysis was performed to identify how often
each variable appears within feedback loops. This informed the identification of high-leverage
factors.

A key reinforcing loop in the system originates from EE-01 (Energy Efficiency) and
follows the sequence: EE-01 — EI-02 — OS-01 - IR-01 - SR-01 — EE-02 — EI-01 — EE-
01. In this positive feedback structure, increased energy efficiency (EE-01) enhances
environmental sustainability (EI-02), as lower energy demand reduces emissions and the
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Figure 5. Causal loop diagram generated using vensim software. Source: Authors’ own work
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Table 7. Causal loop analysis result Smart and
Sustainable Built

Total Number of Number of Environment
Factor number reinforcing balancing
code of loops loops loops Rank
EE-01 263 207 56 1
SR-01 232 176 56 2
IR-02 215 143 72 3
IR-01 190 146 44 4
EE-02 189 131 58 5
TI-01 164 122 42 6
IR-03 150 112 38 7
EI-01 91 73 18 8
NI-03 83 58 25 9
NI-01 75 0 75 10
SR-02 75 0 75 >10
EI-02 61 44 17
0S-01 54 49 15
NI-05 31 23 8
0S-02 4 4 0
CE-01 0 0 0
CE-02 0 0 0
CE-03 0 0 0
EE-03 0 0 0
EI-03 0 0 0
IR-04 0 0 0
IR-05 0 0 0
IR-06 0 0 0
NI-02 0 0 0
NI-04 0 0 0
NI-06 0 0 0
NI-07 0 0 0
NI-08 0 0 0
NI-09 0 0 0
NI-10 0 0 0
0S-03 0 0 0
0S-04 0 0 0
TI-02 0 0 0

Source(s): Authors’ own work

ecological footprint. Environmental gains contribute to improved OS-01 (Operational Safety),
particularly in terms of visibility and reliability during airfield operations. Enhanced safety
performance then strengthens IR-01 (Lighting Performance and Robustness), which
reinforces system reliability under diverse operating conditions. As robustness improves,
SR-01 (Safety Regulation Compliance) becomes easier to achieve, which, in turn, encourages
EE-02 (Reduction of Energy Consumption). A lower energy profile further supports EI-01
(Sustainability Awareness and Perception), reinforcing organisational and public support for
energy-efficient technologies. Finally, improved sustainability perception feeds back into EE-
01 (Energy Efficiency), completing a self-reinforcing cycle. The absence of negative causal
links within this loop categorises it as a reinforcing loop, meaning each improvement amplifies
the next. This loop illustrates the positive compounding effects that can arise when technical
performance, regulatory alignment, and sustainability objectives are mutually reinforcing—
accelerating system-wide transformation in airfield lighting infrastructure. (see
Figure 6 below).
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SASBE

Figure 6. Reinforcing feedback loop involving EE-01 (energy efficiency) in LED airfield lighting systems.
Source: Authors’ own work

A complex balancing loop (as shown in Figure 7) is initiated at EE-02 (Reduction of Energy
Consumption) and propagates through a sequence of causally connected variables, forming a
regulatory feedback cycle: EE-02 — EE-01 — EI-02 - 0S-01 - IR-01 - SR-01 — TI-01 —
NI-03 — IR-03 — IR-02 — NI-01 — SR-02 — EE-02. In this loop, reducing energy
consumption enhances EE-01 (Energy Efficiency), which, in turn, positively influences EI-02
(Environmental Sustainability) by lowering emissions and reducing energy waste. Improved
environmental performance strengthens OS-01 (Operational Safety Improvement) by
providing more dependable, consistent lighting. This leads to improved IR-01 (Lighting
Performance), which in turn fosters stronger SR-01 (Compliance with Safety Regulations) and
supports the implementation of TI-01 (Smart Control Systems), marking a progressive phase
in system development. However, the loop introduces balancing effects through three negative
causal links. The adoption of intelligent systems (TI-01) exposes NI-03 (Technical
Limitations), which diminishes IR-03 (Lighting Flexibility) and negatively affects IR-02
(Durability of LED Lights). This decline in durability triggers NI-01 (High Initial Investment
Cost), further reducing SR-02 (Regulatory Incentives), and ultimately looping back to
constrain EE-02. Despite initial advancements, these counteracting forces, technological
inflexibility and financial strain, introduce self-regulation into the system, slowing further
gains. The presence of this balancing loop reflects the non-linear complexity of LED airfield
lighting transitions, revealing how seemingly positive embedded systemic constraints can
moderate momentum. Such insights are critical for guiding strategic interventions that address
bottlenecks and ensure sustained progress.

The inclusion of both loop types within the CLD illustrates the complex, non-linear nature
of infrastructure transitions. By modelling both reinforcing and balancing behaviours, the
diagram provides valuable insight into the leverage points, bottlenecks, and interdependencies
shaping LED lighting implementation in airfield environments. These findings provide a
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Figure 7. Balancing feedback loop involving EE-02 (reduction of energy consumption) in LED airfield
lighting systems. Source: Authors’ own work

systems-level perspective that extends beyond isolated technical benefits, enabling decision-
makers to identify pathways toward more sustainable and resilient aviation infrastructure.
To complement the qualitative discussion of loop dynamics, a quantitative loop count was
conducted using Vensim’s loop analysis function. Table 8 below presents the total number of
loops in which each factor participated, distinguishing between reinforcing and balancing loop

Table 8. Top factors comparison

Degree Degree of

Factor  of centrality Factor ~ Number  CLD Factor SLR SLR
code centrality  rank Rank code of loops  rank code frequency  rank
EE-01 20 1.00 1 EE-01 263 1 EE-01 36 1
EE-02 15 0.75 2 SR-01 232 2 EE-02 30 2
IR-02 13 0.65 3 IR-02 215 3 IR-02 29 3
IR-01 12 0.60 4 IR-01 190 4 IR-01 23 4
CE-01 9 0.45 5 EE-02 189 5 EI-02 19 5
TI-01 8 0.40 6 TI-01 164 6 IR-03 17 6
IR-03 7 0.35 7 IR-03 150 7 CE-01 13 7
0S-01 6 0.30 8 EI-01 91 8 EI-01 12 8
EI-02 6 0.30 NI-03 83 9 0s-03 12 9
NI-03 6 0.30 NI-01 75 10 SR-01 11 10
0S-03 6 0.30

Source(s): Authors’ own work
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SASBE types. This analysis highlights the systemic significance of each variable by revealing its
centrality and behavioural tendency within the feedback architecture.

The causal loop analysis table highlights the relative influence of each factor within the
system’s feedback structure by quantifying its appearances in both reinforcing and balancing
loops. EE-01 (Energy Efficiency) emerges as the most dominant factor, appearing in 263
loops, 207 of which are reinforcing, indicating its pivotal role in amplifying system-wide
performance improvements. Similarly, SR-01 (Safety Regulation Compliance) and IR-02
(Durability of LED Lights) demonstrate strong reinforcing characteristics, underscoring the
critical importance of regulatory alignment and technical robustness to sustain the benefits of
LED lighting. Conversely, NI-01 (High Initial Investment Cost) and SR-02 (Regulatory
Incentives) appear exclusively in balancing loops, each contributing to 75 balancing structures
but participating in none of the reinforcing ones. This unique profile suggests that these two
factors act as primary stabilisers in the system, introducing resistance to rapid transformation
by constraining financial and policy-driven momentum. Their presence effectively tempers
the reinforcing loops, ensuring that growth does not outpace feasibility or compliance, and
underscores the need to address cost- and incentive-related barriers in future implementation
strategies.

4.8 Top factor triangulation and final ranking

The Top 10 Factors Comparison in Table 8 summarises the most influential elements across
three analytical dimensions—Degree of Centrality, Causal Loop Dominance, and SLR
Frequency. This triangulated approach offers a multidimensional view of factor significance,
highlighting not only frequently cited variables but also those that play pivotal roles within the
system dynamics of LED airfield lighting.

EE-01 (Energy Efficiency) consistently ranks first across all three dimensions—centrality
(1.00), loop frequency (263), and SLR frequency (36)—affirming its status as the system’s
most influential driver. EE-01 is directly linked to both environmental sustainability and
economic viability, making it a foundational element in LED adoption pathways. EE-02
(Reduction of Energy Consumption) and IR-02 (Durability of LED Lights) also rank within
the top three across loop participation and SLR frequency. EE-02 quantifies the energy-
efficiency outcome, while IR-02 underpins long-term reliability and reduced maintenance
frequency. Together, these factors form the core of sustainable lighting transitions’
performance. IR-01 (High-Performance Light Output) and TI-01 (Smart Control and
Adaptability) are highly relevant to the system. IR-01 supports safe aircraft operations under
variable conditions, while TI-01 facilitates automation and adaptability. The relatively low
SLR rank of TI-01 compared to its loop dominance suggests it is gaining traction in practice
but is less explored in academic discourse.

SR-01 (Regulatory Compliance) is a notable outlier. Despite being second in loop
participation (232), it ranks low in both centrality and literature frequency. This indicates its
critical, often implicit, role in stabilising transitions through policy and procedural
enforcement, especially in balancing feedback loops. CE-01 (Reduced Maintenance Costs)
and IR-03 (Light Control Flexibility) are moderately ranked but highly valued by experts. CE-
01 directly affects return-on-investment considerations, while IR-03 becomes vital during
operational adjustments and adverse weather conditions. EI-02 (Environmental Friendliness)
and NI-03 (Technical Limitations) illustrate differing dimensions of influence: the former is
frequently cited in the literature but is systematically less dominant, while the latter
participates in multiple loops despite limited academic visibility. Crucially, some factors
emerged exclusively from only one analytical method. OS-01 (Operational Safety
Improvement) appears solely in the centrality top 10 (rank 8), suggesting that practitioners
recognise it as structurally significant, even if it is less central in the literature or in dynamic
systems. Conversely, NI-01 (High Initial Cost) ranked 10th only in CLD frequency, indicating
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its role in system feedback loops, particularly as a financial barrier in balancing loops, yet not Smart and

prominent in network connectivity or conceptual emphasis. Sustainable Built
To further refine the prioritisation of impactful elements within the LED airfield lighting Environment

system, the top factors are categorised into three critical levels based on their cumulative

influence across the Pareto analysis, Degree of Centrality, Causal Loop Analysis, and SLR

frequency.

(1) Atthe most critical level (Level 1), EE-01 (Energy Efficiency) stands out distinctly. It
ranks highest across all analytical dimensions and exhibits the strongest systemic
connectivity and feedback participation. This suggests that enhancing energy
efficiency is crucial to improving the overall performance, sustainability, and cost-
effectiveness of airfield lighting systems.

(2) Thecritical level (Level 2) comprises EE-02 (Reduction of Energy Consumption), IR-
02 (Durability of LED Lights), and IR-01 (High-Performance Light Output). These
factors are consistently in the top quartile in each analysis. Their presence signifies
that improving LED durability, optimising power usage, and achieving higher light
performance are pivotal for long-term operational reliability and energy sustainability.

(3) Finally, the important level (Level 3) includes CE-01 (Reduced Maintenance Costs),
TI-01 (Smart Control and Adaptability), and IR-03 (Flexibility of Light Control).
While these do not dominate all rankings, they substantially influence system
dynamics and the literature’s relevance. Their inclusion supports cost reduction and
adaptability through smart control, maintenance efficiency, and better operational
lighting strategies.

This tiered categorisation helps guide targeted decision-making and informs the development
of focused intervention strategies, ensuring that both core and supporting factors are addressed
in system design and policy formulation.

4.9 Insights from industry consultations

To complement the findings of the systematic literature review and enhance system-level
understanding, five semi-structured interviews were conducted with professionals actively
involved in airfield lighting design, maintenance, and infrastructure projects, primarily within
New Zealand and Australia. The interviews aimed to:

(1) Validate and triangulate the sustainability and safety factors identified in the literature,

(2) Uncover localised implementation challenges specific to the New Zealand context,
and

(3) Inform the causal loop diagram (CLD) by mapping interdependencies and real-world
feedback dynamics often absent from published research.

The interview protocol was thematically structured, derived from two primary research
questions from the paper and the 33 influencing factors identified during the SLR’s thematic
coding stage. Each question was designed to explore practical relevance, implementation
experience, systemic relationships, and evolving industry trends. The sample questions
included:

(1) What are the effects of LED airfield lighting on sustainability and safety on a global
scale?

(2) How does LED airfield lighting affect sustainability and safety in New Zealand?

(3) What do you think about the role of energy efficiency in adopting LED airfield
lighting systems?
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SASBE (4) What is your experience with smart technologies like IoT or AI being integrated with
LED airfield lighting to improve operational efficiency?

(5) What are the negative impacts or disadvantages of LED airfield lighting based on your
experience?

(6) What future trends do you foresee in adopting LED airfield lighting, and how can the
aviation industry prepare for these advancements?

This ensured that expert feedback was both aligned with the research themes and rich in
practical detail, providing insight into perceived trade-offs, system behaviour, and localised
concerns.

4.9.1 Consensus and validation. All five experts consistently affirmed the sustainability
benefits of LED airfield lighting, particularly in terms of energy and maintenance efficiency.
Reported energy savings ranged from 60% to 70%, with the added benefit of reduced
maintenance exposure and safer working conditions. One expert (IE-02) shared: “LED
systems significantly reduce exposure to live runways and hazardous conditions for workers,
as they require far less maintenance than traditional halogen lights.” Another commented (IE-
05): “In Auckland Airport, we’ve seen major energy savings, but more importantly, our
technicians aren’t out there as often—less exposure means better safety”. These insights
reinforced the systemic importance of factors such as EE-01 (Energy Efficiency), EE-02
(Reduction of Energy Consumption), and IR-02 (Durability), which ranked highest across all
three analytical dimensions in the study.

4.9.2 Contradictions between literature and consultation insights. Notable divergences
between academic discourse and practitioner experience also emerged. For instance, TI-01
(Smart Control and Adaptability) was described as an increasingly important consideration by
several experts (IE-01, IE-02, IE-03): “Smart systems like adaptive brightness control and IoT-
based monitoring are going to be game-changers—especially for larger airports with complex
schedules.” However, such topics were comparatively underexplored in the academic
literature. On the other hand, specific concerns, such as NI-09 (Sleep Cycle Disruption) and
NI-10 (Skyglow Pollution), which were mentioned in global studies, were perceived by the
interviewees as less relevant or outdated. As one (IE-04) noted, “We don't really deal with
skyglow in our operational environment—it’s just not a major issue here.”

4.9.3 Diverging perspectives among experts. While support for the LED transition was
universal, differing views emerged on issues such as the adoption of Al-integrated systems.
Experts (IE-01, IE-04) advocated for future-ready technologies, stating that “Al predictive
maintenance will be essential in the next decade—it’ll help us move from reactive to proactive
models.” However, other (IE-03) expressed caution, citing cost and regional capability gaps:
“You can’t expect smaller airports with limited staff to suddenly jump into AI—it’s still too
complex and expensive.” Differences also appeared in perceptions of NI-08 (Blue-light and
Glare Risks). While one expert (IE-04) dismissed it as minor—*“it’s all tunable now”—another
(IE-02) stressed the need for improved regulation: “We need clearer standards on spectral
output to avoid long-term exposure risks for workers”.

Overall, expert opinions strongly support the seven prioritised factors in this study: EE-01
(Level 1), EE-02, IR-02, IR-01 (Level 2), CE-01, TI-01, and IR-03 (Level 3). This underlines
their practical relevance and alignment with real-world airport lighting operations and
decision-making frameworks.

5. Discussion

This section explores the top five prioritised factors identified through SLR frequency, degree
of centrality, and causal loop analysis. Each subsection elaborates on the factor’s importance,
drawing on evidence from the literature and the practical implications discussed by the
contributing authors.
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5.1 Energy efficiency (EE-01) Smart and
Energy Efficiency (EE-01) was the most influential factor identified in this study, ranking Sustainable Built
highest in degree of centrality, number of causal loops, and literature frequency. Its dominant Environment
position reflects the critical role that energy efficiency plays in both the technical and strategic
performance of airfield lighting systems. Airports operate in high-stakes environments where
lighting systems must provide consistent illumination, often around the clock. Improving
energy efficiency not only reduces operational energy demand but also supports long-term
goals in cost reduction, carbon footprint mitigation, and infrastructure sustainability.

Industry feedback aligned closely with the literature. For instance, Pagden et al. (2020)
found that LED lamps offer up to 5 times greater energy efficiency than traditional lighting, a
finding echoed by several stakeholders who cited this improvement as a key driver of LED
retrofits. Experts further highlighted the reliability of LEDs under varying temperatures—a
point supported by Fryc et al. (2021), who noted performance gains in colder environments,
typical in airports located in temperate or alpine regions. Dou et al. (2021) emphasised how
energy policies in many countries accelerate LED adoption, a trend recognised by
interviewees who mentioned regulatory pressure to reduce emissions and report
environmental performance. Technological developments were also cited by both experts
and authors, such as Lisovenko et al. (2020), who projected luminous efficiency reaching
150 Im/W. Similarly, Lv et al. (2024) observed that government-led transitions to LEDs reduce
energy use in urban infrastructure, a trend now occurring in airport systems.

In the context of airfield lighting, energy efficiency serves as a foundational design goal
rather than just a performance enhancement. From another perspective, its influence extends
beyond power reduction, enabling better thermal management, longer component lifespans,
and greater alignment with sustainability frameworks such as ICAO’s environmental goals. As
airfields face rising energy costs and increasing pressure to decarbonise, EE-01 becomes the
most critical factor and a clear enabler of future-ready, resilient airport lighting infrastructure.

5.2 Reduction of energy consumption (EE-02)

Reduction of Energy Consumption (EE-02) was identified as a Level 2 critical factor in this
study, reflecting its strong systemic influence and practical relevance in airfield lighting
operations. Although slightly lower in ranking than EE-01, this factor remains central to
sustainability-driven decision-making, particularly in large-scale, high-demand infrastructure,
such as airports. Expert interviews reinforced this importance, with multiple practitioners
noting that reducing overall energy consumption is often the first justification for management
when proposing a shift from conventional lighting to LEDs. Several experts also pointed out
that energy consumption data is increasingly used in airport performance reports and
environmental audits, directly tying this factor to cost management and compliance.

Azis (2021) emphasised that lighting contributes to nearly 20% of total electricity
consumption in industrialised nations and that LED systems have become the most viable
solution across all major applications. Mlynczak (2024) highlighted long-term financial
savings resulting from reduced power use, which aligns with experts’ feedback that energy
savings are typically realised within the first few years of installation. In the aviation sector,
Sreenath et al. (2021) noted that the adoption of LED technology has become standard practice
among airports seeking to implement energy-saving initiatives. Goudjil et al. (2023) also
recognised that LED lighting systems, when paired with intelligent control mechanisms, can
significantly reduce building-level lighting loads—an approach that experts confirmed is
gaining traction in newer airport terminal projects. Barbara et al. (2024) further noted that
energy consumption reduction remains one of the most impactful strategies for lowering
operational costs.

In the context of airfield lighting, reducing energy consumption is more than just an
economic win. It enables excellent system stability, reduces thermal stress on components, and
supports carbon-reduction targets. One expert noted that as electricity prices rise, even modest
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SASBE reductions in kilowatt-hour usage translate into substantial annual savings for airport
authorities. From a systems perspective, EE-02 also contributes to positive feedback loops that
affect budgeting, maintenance planning, and policy compliance. Therefore, reducing energy
consumption is not merely an outcome of efficiency improvements; it is a core objective that
strengthens the long-term viability of modern airfield lighting systems.

5.3 Durability of LED lighting (IR-02)

The durability of LED Lighting (IR-02) was categorised as a Level 2 factor in this study,
reflecting its significant role in both the long-term reliability and cost-efficiency of airfield
lighting systems. While energy-related factors, such as EE-01 and EE-02, take precedence in
overall system impact, durability remains a significant concern for airport operators,
especially those managing infrastructure exposed to continuous use, vibration, extreme
weather, and stringent safety standards. Expert interviews underscored that durability is often
cited as a key justification in procurement, with reduced maintenance as one of the most
compelling outcomes of LED adoption. Several practitioners noted that frequent lamp failures
in older systems used to disrupt airside operations, especially at night or during adverse
weather, are issues that modern LED systems are actively helping to eliminate.

The literature strongly supports these insights. Chlebek (2019) highlighted the extended
service life of LED lights compared to conventional systems. Bloudicek et al. (2024)
emphasised that LED technology reduces energy usage by up to 80% and significantly
improves the lifespan of airfield lighting fixtures. Ahmed et al. (2022) echoed this, noting that
the long life span, high CRI, and tunable CCT make LEDs an ideal replacement for high-
pressure sodium (HPS) lamps in demanding environments. Halima et al. (2022) further stated
that the global rise of LED technology is primarily driven by its combined benefits of energy
efficiency and long operating life. This view is echoed by Damerdash et al. (2021), who cited
LEDs’ superior lifetime as a primary reason for transitioning away from traditional lighting
sources.

From a systems perspective, increased durability creates several reinforcing feedback loops
in airfield operations. Fewer failures mean fewer emergency maintenance tasks, reduced
labour costs, lower downtime, and improved safety, all of which feed back into smoother
operations and more predictable budgeting. One airfield electrical supervisor interviewed
mentioned that with older halogen or HPS lamps, teams were often dispatched weekly for
replacements. In contrast, maintenance intervals have stretched to over a year with LEDs. This
dramatic change has also made it easier for airports to comply with strict safety regulations
without inflating operational expenditure. In this light, IR-02 is not just a technical benefit but a
strategic asset that enhances the resilience and efficiency of airfield infrastructure over its
lifecycle.

5.4 High-performance light output (IR-01)

High-Performance Light Output (IR-01) was identified as a Level 2 factor in this study,
highlighting its critical role in ensuring consistent visual performance across airfield lighting
systems. In high-risk environments, such as runways and taxiways, even slight deviations in
luminous output can compromise pilot visibility and operational safety. Experts interviewed
for this research consistently emphasised the importance of stable, uniform illumination,
especially during low-visibility conditions such as fog, rain, or nighttime landings. One airport
lighting specialist noted that older systems often produced uneven brightness or gradual
dimming over time, requiring frequent recalibration or manual inspections—challenges that
LED upgrades have significantly reduced.

Academic literature supports these practical observations. Gerke (2019) noted that one of
the key drivers behind LED adoption is its ability to feature functions such as dimming,
directional control, and consistent output. Rézowicz et al. (2022) highlighted technical
strengths, including a high colour rendering index (CRI), a broad correlated colour
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temperature (CCT) range, and resistance to mechanical stress—all crucial for maintaining Smart and
illumination stability in demanding environments, such as airfields. Velasquez et al. (2024)  Sustainable Built
noted that LEDs not only improve energy performance but also enhance the quality and Environment
uniformity of light distribution. Valetti et al. (2023) observed that LED systems meet
photometric performance standards while reducing over-illumination, thereby optimising
lighting conditions. Collin et al. (2020) further highlighted the versatility of LED lighting
across sectors, driven by its reliable control of light output and high-quality illumination.

From a systems dynamics viewpoint, luminous intensity stability contributes to smoother
operations and reduced human intervention. Consistent light levels support safer aircraft
movements, lower the risk of pilot misinterpretation, and minimise airside incidents.
Moreover, the reduced need for visual inspections or manual adjustments leads to indirect
savings in labour and operational planning. Experts also indicated that pilot feedback post-
LED installation has been notably positive, with more apparent runway edges and better
contrast perception. In this regard, IR-01 is not just about brightness; it is about delivering
dependable, precise lighting that enhances safety and efficiency, making it a vital part of
modern airfield lighting strategy.

5.5 Supporting factors in system optimisation

While not ranked as highly as the core drivers, Level 3 factors—CE-01 (Reduction of
Maintenance Costs), TI-01 (Smart Control and Adaptability), and IR-03 (Flexibility in Light
Control) play important supporting roles in the overall optimisation of airfield lighting
systems. These factors contribute indirectly to performance, sustainability, and operational
resilience by enhancing system longevity, adaptability, and user control.

Both literature and expert interviews highlighted CE-01 as a practical outcome of LED
implementation. Chao et al. (2021) noted that LED systems lower electricity costs and reduce
carbon emissions, creating dual benefits. Ly Duc et al. (2024) emphasised that LED lifespans
can reach 50,000 hours—dramatically longer than those of traditional lamps—Ieading to
fewer replacements and reduced maintenance labour. This was echoed by Pagden et al. (2020),
who stressed the cost-effectiveness of LEDs due to minimal maintenance requirements.
Experts agreed that these savings accumulate over time and are often used to justify initial
capital expenditures in airfield lighting upgrade proposals.

TI-01 reflects the growing need for dynamic lighting systems that adapt to operational
demands. Experts have noted that modern runways benefit from adaptive controls that respond
to changing weather conditions and flight schedules. Lisovenko et al. (2020) suggested that
programmable electronic control of LED modules enables precise adjustment of lighting
parameters, enhancing both safety and energy efficiency. Valetti et al. (2023) reinforced this by
showing that advanced lighting controls improve overall sustainability when integrated with
airport infrastructure. Although current airfields may not fully exploit these systems, expert
feedback suggests a growing interest in smart lighting strategies, particularly in new terminals
or airport expansions.

IR-03, meanwhile, addresses the flexibility and precision of LED light output. Experts
emphasised the operational benefits of instant on/off functionality and precise brightness
control, particularly during emergency or low-traffic conditions. Kvach (2022) outlined the
advantages of LED, including vibration resistance, high colour rendering, and low power
consumption. Ly Duc et al. (2024) described multiple dimming and control options, including
remote programming and gradual brightness adjustment. These features enable lighting
systems to respond flexibly to varying operational needs while supporting pilot visibility under
different lighting scenarios.

These Level 3 factors collectively strengthen the broader value proposition of LED airfield
lighting. While not as central as energy efficiency or durability, they enhance system
adaptability, reduce lifecycle costs, and support the transition toward smarter, more resilient
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SASBE airport infrastructure. As technology matures and integrated systems become more common,
these factors will likely increase influence and impact.

5.6 Summary of key insights and research question outcomes

This study identified and evaluated the key factors influencing the sustainability and safety
outcomes of LED airfield lighting using a combination of system dynamics, expert interviews,
and a literature review. The most critical factor, EE-01: Energy Efficiency, directly addresses
the first research question by demonstrating how LED systems reduce power demand while
maintaining lighting performance, contributing to lower greenhouse gas emissions and
aligning with global sustainability goals. Closely linked to EE-02, the reduction of Energy
Consumption was found to further strengthen environmental outcomes, especially in large-
scale airport operations, where lighting accounts for a substantial portion of energy use. These
energy-focused factors also indirectly support safety by ensuring consistent illumination and
reducing the risk of system failures.

The next tier of critical factors, such as IR-02: Durability of LED Lights and IR-01: High-
Performance Light Output, underscores how LED lighting contributes to a safer working
environment. Expert insights revealed that durability reduces the frequency of high-risk
maintenance activities on runways and taxiways. At the same time, stable luminous intensity
improves visual conditions for pilots and ground crews, minimising the chance of human error
or visibility-related incidents. These findings address the research question, highlighting that
transitioning to LED airfield lighting offers dual benefits: enhancing sustainability through
reduced resource use and improving safety through technological reliability.

In addressing the second research question, expert feedback from New Zealand
practitioners indicated that these global impacts are also evident locally. Airports
nationwide have begun to realise the cost-saving and performance benefits of LED retrofits,
particularly regarding reduced maintenance cycles and improved lighting quality in variable
weather conditions. However, the pace of adoption of smart control and adaptability (TI-01)
remains slower than that of global leaders, mainly due to regulatory and funding challenges.
Nonetheless, the top-ranked factors in this study—especially energy efficiency, consumption
reduction, and durability—have already started to reshape lighting strategies at New Zealand
airports, supporting a long-term shift toward more sustainable and safer airfield operations.

This integrated understanding underscores the value of LED airfield lighting as both a
technological upgrade and a systemic intervention for sustainable, safe airport infrastructure.
The following section consolidates these findings and offers conclusions and
recommendations.

5.7 Global vs New Zealand contextual insights

While the prioritised factors in this study align with broader international literature, the expert
interviews conducted within New Zealand reveal several contextual distinctions that inform
both the interpretation and application of the findings. For example, energy efficiency (EE-01)
and durability (IR-02) emerged as top priorities across both global and local domains.
However, New Zealand experts placed particular emphasis on the practical benefits of reduced
maintenance demands and enhanced system robustness, especially given the country’s
dispersed regional airport network and exposure to highly variable weather conditions. In
contrast, technological integration (TI-01), including adaptive control systems and IoT-based
lighting automation, has been widely discussed in the international literature as a future
enabler of operational efficiency. Larger airports, such as Auckland Airport, state that LED
lighting offers significant benefits (Airport, 2025a). However, in New Zealand, LED lighting
uptake remains limited in smaller airports due to regulatory ambiguity, a lack of targeted
incentives, and constrained capital investment. The review indicates that while the upfront
investment in LED technology may be 30% higher than for traditional lighting, the long-term
benefits yield substantial savings. Over a typical 10-year lifespan, airports can expect to reduce

Downloaded from http://www.emerald.com/sasbe/article-pdf/doi/10.1108/SASBE-10-2025-0598/11196670/sasbe-10-2025-0598en.pdf by guest on 21 January 2026



energy costs by approximately 26% and maintenance expenses by around 20%. However, the Smart and
2025 Auckland Airport states that 600 new LED runway lights were installed along the 3.6 km  Sustainable Built
runway, using up to 70% less energy and lasting 15 times longer (75,000 h) than halogen Environment
lighting, with bulbs lasting longer (Airport, 2025a). The report claims this initiative will save a
substantial cost, potentially thousands of dollars. Also, the LED initiative would support
ongoing Auckland metrics, such as reductions in indirect Co2 emissions and in renewable and
non-renewable energy (Airport, 2025b).

Furthermore, while international research increasingly focuses on carbon reporting,
lifecycle emissions, and ESG metrics, New Zealand stakeholders tend to prioritise operational
reliability, cost-effectiveness, and compliance with Civil Aviation Authority (CAA) standards.
This divergence suggests that although the global drivers of LED lighting adoption are broadly
relevant, the pathways, timelines, and implementation focus areas may differ considerably in
the New Zealand context. These insights underscore the importance of recognising regional
constraints and regulatory realities. By comparing global frameworks with local operational
practices, this study enhances its utility for New Zealand airport authorities, policymakers, and
engineering decision-makers, while reaffirming the universal value of the highest-ranked
factors such as EE-01 and IR-02.

6. Conclusion

This research examined the systemic impacts of LED airfield lighting on sustainability and
safety, with a specific focus on its relevance to New Zealand’s aviation infrastructure. By
integrating expert interviews, a systematic literature review, and systems thinking tools,
including Pareto analysis, degree of centrality metrics, and causal loop diagrams, the study
aimed to uncover how LED technology supports both environmental objectives and safe,
efficient airport operations. Grounded in a constructivist methodology, the research prioritised
the intersection between industry practice and academic insight.

6.1 Key findings

The findings reveal that LED lighting serves a dual function: it significantly improves energy
efficiency while enhancing visual reliability and operational safety in complex airfield
environments. The most influential factors, including EE-01: Energy Efficiency, EE-02:
Reduction of Energy Consumption, IR-02: Durability, IR-01: High-Performance Light
Output, and CE-01: Reduction of Maintenance Costs, highlight the wide-ranging benefits of
LED systems. These factors showed strong alignment between the global literature and expert
perspectives, confirming that energy-focused improvements also yield secondary benefits,
such as reduced maintenance exposure, fewer operational disruptions, and improved working
conditions for airside personnel.

6.2 Implications
The study highlights important practical implications for airport managers and policymakers.
For airport managers, prioritising the integration of LED lighting is crucial for sustainability
efforts. This transition not only provides environmental benefits by reducing energy
consumption and carbon emissions, but also offers economic advantages by lowering
electricity costs. Additionally, LED lighting improves visibility and operational efficiency
while reducing the need for frequent maintenance, thereby minimising potential safety risks.
Further, the implementation of smart lighting control systems can enhance airport operations.
These systems enable better lighting management based on real-time conditions, improving
safety for both passengers and staff. Overall, focusing on these strategies can significantly
enhance the functionality and sustainability of airport environments.

For policymakers, the findings underscore the critical need to promote LED adoption
actively through targeted strategies. This includes offering targeted financial incentives to
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SASBE encourage organisations to switch to LED lighting, establishing formal technical standards to
ensure quality and safety, and developing comprehensive regulatory frameworks to support
these initiatives. This approach is critical in regions like New Zealand, where there is a strong
emphasis on achieving national sustainability goals alongside infrastructure upgrades. By
backing these measures, policymakers can help airports enhance their operational efficiency
and environmental responsibility, thereby playing a significant role in meeting broader
ecological objectives.

The study also presents important theoretical implications that contribute to the existing
body of knowledge on sustainable airport management and technology adoption. Firstly, it
reinforces the concept of sustainable innovation by demonstrating how the factors and their
interrelationships affect LED lighting and smart control systems, which can serve as a model
for other industries seeking to enhance their environmental performance. This aligns with
theories of technological diffusion, emphasising the role of emerging technologies in
promoting sustainability. Additionally, the findings contribute to the broader understanding of
factors affecting LED lighting in airport operations. They highlight the interconnectedness of
factors and illustrate how they affect technology adoption. Solving them can lead to shared
benefits.

6.3 Limitations

The study acknowledges certain limitations. The literature review was restricted to English-
language publications from 2019 to 2024, potentially excluding earlier or regional
contributions. While rich in practical insight, the expert sample was limited in scale and
geographic diversity. Moreover, while the structural analysis helped clarify relationships
among influencing factors, further research using real-time data, simulation models, or
comparative airport case studies would offer more profound validation.

In summary, LED airfield lighting offers a robust, multidimensional opportunity to
advance sustainable, safe airport development. Future research should investigate life-cycle
impacts, recycling and disposal practices, and policy integration to inform evidence-based
decision-making across both developed and emerging aviation markets.
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