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The lighting retrofit method is adopted as one of the solutions to reduce lighting energy consumption

and improve lighting quality in existing buildings. Lighting controls and energy-efficient light sources

are used to achieve the goals of the lighting retrofit. Nowadays, Light-Emitting Diodes (LEDs) are

replacing traditional lighting technology owing to their high efficiency and longevity. One of the

advantages of LEDs is the controllability function, which allows users to set the light level according

to their preferences. This saves more energy and satisfies users’ lighting needs. However, over time,

the performance of lighting retrofit projects deteriorates subject to failure of the retrofitted lights.

Therefore, to maintain the performance of lighting retrofit projects, maintenance must be planned and

performed.

The impacts of the users’ lighting level requirements on LEDs’ life characteristics and lighting system

performance are investigated by using lighting controls. Light and occupancy sensors adjust artificial

light to the light level required by users and detect the presence of users in the zones, respectively.

Light sensors measure the average illuminance in the zones. The measured illuminance is compared to



the users’ set illuminance; if the measured illuminance is higher than the users’ set illuminance, lamps

are dimmed to meet users’ lighting preference, when the measured illuminance is less than the users’

set illuminance, lamps in the zone are replaced by new ones. The dimming level in each zone at each

sampling interval is used to estimate the operating junction temperature, thereafter the degradation

rate and luminous flux are calculated. Light levels at workspace are modelled using the lumen method.

This model helps to quantify energy savings and predict when lamps will fail to deliver the required

light levels. In existing studies, users’ lighting level requirements are neglected when investigating

the lifetime of the lighting system; however, users’ profile and driving schemes affect the operating

conditions of a lighting system. From the simulation results, it is noted that lumen output degradation

increases when the user’s set illuminance is above the illuminance required under normal operating

conditions and decreases when the user’s set illuminance is below the illuminance required under

normal operating conditions. Increased lumen output degradation shortens the lifetime of LEDs and

reduces energy savings, while decreased lumen output degradation extends the lifetime and increases

energy savings.

Generally, lighting retrofit projects contain a large lighting population; investigating when each lamp

will fail can be time-consuming and costly. In this research, a mathematical model is formulated to

model LEDs’ failure by analysing the statistical properties of the lumen degradation rates. Based on

the statistical properties of the degradation rates, the cumulative probability of failure distribution

and the survival function are modelled. The formulated survival function is incorporated into the

lighting maintenance optimization problem to balance energy savings and maintenance costs. A case

study carried out shows that, in 10 years, the optimal lighting maintenance plan would save up to

59% of lighting energy consumption with acceptable maintenance costs. It is found that the proposed

maintenance plan is more cost-effective than full maintenance. It is concluded that lumen degradation

failure should be considered when investigating the performance of lighting retrofit projects, as this

may not only affect energy savings but also reduce the level of illumination, which can cause visual

discomfort.

The initial investment costs of LEDs are still a barrier to the implementation of LED lighting systems

in residential buildings. Energy-efficiency projects often face hurdles to access capital investments

because decision-makers and funders do not have enough information about operational savings the

project can provide and specific financial requirements applied to efficiency investment. In this research,

an optimization model is formulated to give decision-makers and funders detailed information about



the performance and operational savings that a LED lighting retrofit project can offer and its economic

viability. The lumen degradation failure model developed is used to monitor and estimate the energy

savings, and the optimal maintenance plan is scheduled to replace failed lamps. In the existing studies,

the economic analysis of the lighting retrofit projects is assessed based on lighting population decay

due to burnout failure while in this research economic analysis is assessed by considering the lumen

degradation failure. The case study results show that the substitution of halogen light bulbs with

LED light bulbs could save up to 291.4 GWh of energy consumption, and reduce 273.92×103 tons

of CO2 emissions over 10-year period. The optimization model formulated is effective to help the

decision-makers and funders to quantify the savings and assess the economic viability of the LED

lighting retroïňĄt project. This optimization model can help the decision-makers and funders to make

an informed decision.



ACKNOWLEDGEMENT

I would like to thank my supervisor, Prof. Xiaohua Xia and co-supervisor Dr Xianming Ye for their

continuous support, motivation, guidance, and encouragement throughout this work.

Very special gratitude goes to my mother and siblings for their support and encouragement throughout

my studies. This accomplishment would not have been possible without them.

I would like to acknowledge the financial support I received from the Organization for Women in

Science for the Developing World (OWSD), Swedish international development cooperation agency

(Sida), and the University of Pretoria.

I thank all who in one way or another contributed to the completion of this thesis.



LIST OF ABBREVIATIONS

AC Alternative current

CDM Clean development mechanism

CFLs Compact fluorescent lamps

CIBSE Chartered Institution of Building Services Engineers

CICS Constant illuminance control strategy

CM Corrective maintenance

CRI Colour-rendering index

CT Colour temperature

DHCS Daylight harvesting control strategy

EE Energy-efficient

FEMP Federal energy management program

GHG Greenhouse gas

HID High-pressure gas discharge

HPL High-performance lamps

IEA International energy agency

IES Illuminating Engineering Society

IPMVP International performance measurement and verification protocol

IR Infrared radiation

LED Light-Emitting Diode

LLF Light loss factor

MH Metal-halide

MIDACO Mixed Integer Distributed Ant Colony Optimization

MTBF Mean time between failures

M&V Measurement and verification

PELP Polish Efficient Lighting Project

PM Preventive maintenance

SCIP Solving constraint integer program

UGR Unified glare rating

UF Utilization factor

UP University of Pretoria



TABLE OF CONTENTS

CHAPTER 1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 BACKGROUND . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 RESEARCH MOTIVATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 RESEARCH OBJECTIVES AND SCOPE . . . . . . . . . . . . . . . . . . . . . . . 4

1.4 RESEARCH OUTPUTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4.1 Journal papers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4.2 Conference papers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.5 RESEARCH CONTRIBUTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.6 THESIS OVERVIEW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

CHAPTER 2 LITERATURE REVIEW . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1 CHAPTER OVERVIEW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 BASIC LIGHTING TERMINOLOGY . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2.1 Lighting quantity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2.2 Lighting quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3 ARTIFICIAL LIGHT SOURCE . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3.1 Electric lights classification . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3.2 Characteristics of electric lights . . . . . . . . . . . . . . . . . . . . . . . . 14

2.4 LIGHTING SYSTEM DESIGN . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.5 LIGHTING RETROFITTING . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.5.1 Lighting retrofitting strategies . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.5.2 Lighting retrofitting savings determination . . . . . . . . . . . . . . . . . . . 22

2.5.3 Existing studies conducted on lighting retrofitting . . . . . . . . . . . . . . . 24

2.6 ELECTRIC LIGHTS FAILURE MODES AND MODELLING . . . . . . . . . . . . 26

2.6.1 Electric lights failure modes . . . . . . . . . . . . . . . . . . . . . . . . . . 26



2.6.2 Electric light failure modelling . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.7 LIGHTING SYSTEM MAINTENANCE . . . . . . . . . . . . . . . . . . . . . . . 34

2.7.1 Maintenance approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.7.2 Maintenance processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.7.3 Maintenance policies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.7.4 Maintenance optimization . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.8 CHAPTER SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

CHAPTER 3 ENERGY-MAINTENANCE OPTIMIZATION FOR RETROFITTED

LIGHTING . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.1 CHAPTER OVERVIEW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.2 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.3 PROBLEM FORMULATION AND MODELLING . . . . . . . . . . . . . . . . . . 44

3.3.1 Problem formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.3.2 Luminous flux degradation modelling . . . . . . . . . . . . . . . . . . . . . 44

3.4 OPTIMIZATION PROBLEM FORMULATION . . . . . . . . . . . . . . . . . . . . 46

3.4.1 Design variable . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.4.2 Objective function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.4.3 Constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.4.4 Solution methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.5 CASE STUDY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.6 SIMULATION RESULTS AND DISCUSSION . . . . . . . . . . . . . . . . . . . . 50

3.6.1 Results analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.6.2 Scenario 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.6.3 Scenario 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.6.4 Scenario 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.6.5 Scenario 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.7 CHAPTER SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

CHAPTER 4 OPTIMAL MAINTENANCE PLAN . . . . . . . . . . . . . . . . . . . 58

4.1 CHAPTER OVERVIEW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.2 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.3 PROBLEM FORMULATION AND MODELLING . . . . . . . . . . . . . . . . . . 59

4.3.1 Lumen degradation failure modelling . . . . . . . . . . . . . . . . . . . . . 60



4.4 OPTIMIZATION FORMULATION . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.4.1 Design variables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.4.2 Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.4.3 Constraint . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.4.4 Solution methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.5 CASE STUDY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.6 SIMULATION RESULTS AND DISCUSSION . . . . . . . . . . . . . . . . . . . . 70

4.6.1 No maintenance scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.6.2 Full maintenance scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.6.3 Optimal maintenance scenario . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.6.4 Sensitivity analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.7 CHAPTER SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

CHAPTER 5 OPTIMIZATION MODEL FOR ENERGY SAVINGS & ECONOMIC

ANALYSIS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.1 CHAPTER OVERVIEW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.2 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5.3 PROBLEM MODELLING . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.4 OPTIMIZATION PROBLEM FORMULATION . . . . . . . . . . . . . . . . . . . . 81

5.4.1 Design variable . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.4.2 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.4.3 Constraint . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.4.4 Solution methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.5 CASE STUDY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.6 SIMULATION RESULTS ANALYSIS AND DISCUSSION . . . . . . . . . . . . . 84

5.6.1 Cost assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.6.2 Benefit assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.6.3 Economic viability assessment . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.6.4 Sensitivity analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.6.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5.7 CHAPTER SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

CHAPTER 6 CONCLUSION AND FUTURE WORK . . . . . . . . . . . . . . . . . 93

6.1 CONCLUSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93



6.2 FUTURE WORK . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97



LIST OF TABLES

2.1 Light colour temperatures and their associated light appearance and applications. . . 15

2.2 Comparison of electric light sources characteristics. . . . . . . . . . . . . . . . . . . 17

2.3 CIBSE illumination level recommendations for office and residential buildings. . . . 19

2.4 Alternative EE lighting lamps to standard and halogen incandescent lamps. . . . . . 21

2.5 Alternative EE lighting lamp to fluorescent lamp. . . . . . . . . . . . . . . . . . . . 21

2.6 Some of research conducted on lighting retrofitting. . . . . . . . . . . . . . . . . . . 25

2.7 Different studies conducted on lumen degradation and lifetime estimation of LEDs. . 33

2.8 Summary of maintenance policies for single-unit and multi-unit systems. . . . . . . . 37

2.9 Some of research conducted on maintenance optimization. . . . . . . . . . . . . . . 40

3.1 Simulation parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.2 Project key performance factors analysis over the evaluation period. . . . . . . . . . 55

4.1 Lumen degradation rates of test units over the evaluation period of 7 000 h. . . . . . 62

4.2 Tested distributions using goodness fit tests. . . . . . . . . . . . . . . . . . . . . . . 64

4.3 Case study information. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.4 Solver parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.5 Project key performance factor analysis under full and optimal maintenance. . . . . . 73

4.6 Sensitivity analysis of the optimization parameters. . . . . . . . . . . . . . . . . . . 76

5.1 Solver parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.2 Economic analysis of LED lighting retrofit project. . . . . . . . . . . . . . . . . . . 88

5.3 Sensitivity analysis based on weighting coefficient choice. . . . . . . . . . . . . . . 90

5.4 Energy savings and economic analysis of LED lighting retrofit project under different

maintenance plans. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91



LIST OF FIGURES

2.1 Topics covered in the literature study. . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Electric lights classification. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3 Working principle of an LED. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.4 LED light bulb components. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.5 Power triangle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.6 Lighting system design process. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.7 Lighting retrofitting strategies for existing buildings. . . . . . . . . . . . . . . . . . 20

2.8 Failure modes of electric lights. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.9 Lumen maintenance using (2.18) under different degradation rates; β1 = 1.708×

10−5,β2 = 1.269×10−5,β3 = 0.908×10−5. . . . . . . . . . . . . . . . . . . . . . . 30

2.10 Maintenance process steps. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.11 Maintenance optimization model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.1 Office under study. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.2 Luminous flux and illuminance degradation over time in Scenario 1. . . . . . . . . . 52

3.3 Illuminance level in workstations in Scenario 2. . . . . . . . . . . . . . . . . . . . . 53

3.4 Energy savings in each workstation under Scenario 3. . . . . . . . . . . . . . . . . . 54

3.5 Optimal number of lamps replaced under Scenario 4. . . . . . . . . . . . . . . . . . 55

3.6 Dimming level in each workstation under Scenario 4. . . . . . . . . . . . . . . . . . 56

3.7 Dimming level and number of lamps replaced in Z4 under Scenario 4. . . . . . . . . 56

4.1 Surviving lamp population under no maintenance and threshold surviving lamps. . . 71

4.2 Optimal number of lamps to be replaced and surviving population. . . . . . . . . . . 73

4.3 Energy savings under no maintenance, full maintenance, and optimal maintenance

scenarios. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74



5.1 Optimal number of failed lamps to be replaced and surviving population. . . . . . . . 86

5.2 Energy savings under optimal maintenance vs. without maintenance. . . . . . . . . . 87

5.3 Replacements in Chapter 4 vs. replacements in Chapter 5. . . . . . . . . . . . . . . 92



CHAPTER 1 INTRODUCTION

1.1 BACKGROUND

Global warming is a key aspect of climate change. Currently, climate change is the greatest threat

the world is facing. The main cause of global warming is the burning of fossil fuels such as coal and

oil, which produces greenhouse gases (GHGs). In many countries, electricity used in buildings is

mainly produced by coal-fired power stations. According to the South African energy sector report

[1], 59% of the electricity used in South Africa comes from coal. Over the last decade, energy

consumption in buildings has increased considerably, which increased GHG emissions. In South

Africa, energy consumption in the residential sector increased from 16% in 1993 to 27% in 2015

[1]. One of the solutions to reduce GHGs released during the combustion of fossil fuels is to reduce

electricity consumption in buildings. Heating, ventilation, air-conditioning, and lighting consume the

highest portion of the electricity used in commercial and residential buildings [2, 3]. Therefore, these

areas offer significant opportunities for improvement in building energy efficiency.

One of the solutions for lighting energy efficiency improvement is retrofitting. Retrofitting refers to

the modification and refurbishment of the existing system to improve energy efficiency. From the

lighting point of view, retrofit is referred to as an upgrade of light fixtures or lamps to increase lighting

quality with less energy consumption. To achieve these goals, two main approaches are used: (1)

supply the required light using less energy, and (2) supply light only when and where it is needed. The

first approach is achieved by using energy-efficient (EE) light sources [4], and the second approach is

achieved by using lighting controls such as motion sensors, occupancy sensors, and dimmers [5]. EE

light sources are characterized by high luminous efficacy and a long lifetime. Currently, LEDs are the

most EE lighting technology with luminous efficacy between 20 - 150 lm/W, and a lifetime ranging

between 15 000 - 100 000 hours [6].



CHAPTER 1 INTRODUCTION

The performance of retrofit projects may degrade owing to the failure of the retrofitted items [7].

For the EE lighting retrofit project, the performance is generally deteriorated by two main failures:

burnout/catastrophic failure and degradation failure. Degradation failure, also called wear-out failure,

is caused by increased wearing and ageing of the material. The most common degradations in electric

lights are lumen degradation and colour shift [8]. The causes of lumen degradation differ from one

lighting technology to another. The main cause of lumen degradation in LEDs is the heat generated at

the LED junction [9]. If LEDs are not supplied with an appropriate heat-sink to dissipate the generated

heat (during operation) away from the system, the junction temperature will rise. Higher junction

temperature can increase the degradation rate of the LED. Because of the longevity of LEDs, burnout

failure is negligible and lumen degradation is used as the key factor in defining the lifetime of LEDs

[10, 11]. To maintain the performance of retrofit projects, maintenance is necessary.

Maintenance is defined as all work (e.g., cleaning, repairs, replacement, etc.) undertaken or required to

maintain an item or system in good and workable production conditions. Based on when (before or after

failure) the maintenance is performed, maintenance can be classified into two main categories [12];

corrective maintenance (CM), and preventive maintenance (PM). CM is performed after a failure has

occurred, while PM is performed before a failure has occurred. Unlike CM, PM is performed according

to a schedule. Based on the aforementioned lamp failure modes, in a lighting system CM is carried out

once the lamp has burnt out, and PM can be scheduled either based on usage of the lamp (e.g., every 1

000 h, 10 000 h, etc.), time-based (e.g., every week, every month, every year, etc.), or condition-based

(e.g., lumen degradation and illumination level). PM enhances the efficiency of equipment, keeping

them running more efficiently. However, the implementation of the PM can be time-consuming and

costly because of the tasks performed, such as continuous monitoring of the working condition of the

item. Therefore, the effective PM should be prioritized to balance maintenance costs and benefits. In

order to balance maintenance costs and benefits, an optimization approach should be applied.

From a maintenance perspective, optimization is about finding an optimum solution that meets the

objective-specific conditions. Optimization covers four main processes, including modelling the system

function, identifying the design variables, setting an objective, and obtaining a solution from the model.

The first step in designing a maintenance optimization problem is to determine the objective of the

problem to be solved. The design variables are the parameters to be determined to achieve the best

solution under given constraints. Depending on the available information about the states of factors

influencing the system, the maintenance optimization models are classified into three categories [13];
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certainty, risk, and uncertainty. The certainty model uses graphs to present optimal solutions [14]. In

the risk model, the states of the influencing factors are known. Based on current information on the

states of the influencing factors, future possible conditions can be predicted to determine the suitable

optimal plan [15]. For the uncertainty model, future conditions and their corresponding probabilities

are not known [16].

1.2 RESEARCH MOTIVATION

LEDs have gained attention in lighting retrofit projects during the past few years mostly because

of their longevity and high efficiency. One of the main advantages of LEDs is the controllability

function. The brightness of LEDs can be dimmed up to 10% of light output. This allows users to set

the light level at their preferences. Enabling users to control the light level at their workspaces not

only saves more energy, but also improves user’s visual comfort by reducing eye strain and fatigue,

and improving concentration. However, the lumen output of LED lights degrades over time and may

be inadequate to provide the required illumination level to carry out a task safely, which may lead

to visual discomfort. Literature studies [17, 18, 19] have shown that lumen output degradation and

the lifetime of LEDs are highly affected by the junction temperature, and the junction temperature

depends largely on the driving current. High junction temperature accelerates lumen degradation

and reduces life characteristics. Since dimming the brightness of lights results in low driving current

and junction temperature, dimming may increase the life characteristics of LEDs. In existing studies,

lumen degradation and the lifetime of LEDs were analysed under several specific conditions, including

constant driving current and junction temperature. However, driving current and junction temperature

may vary depending on the user profiles and driving schemes. For this reason, further investigation is

necessary to identify the impact of users’ lighting level requirements on both LEDs’ life characteristics

and lighting system performance overall.

In lighting retrofit projects, retrofitted lights fail over time mainly owing to burnout and lumen

degradation failures. These failures result in a reduced illumination level and lower project savings

if proper maintenance is not performed. It is, therefore, necessary to plan and execute effective

maintenance to maintain the performance of lighting retrofit projects. Previous studies investigated the

lighting maintenance plan by modelling the lamp population decay due to burnout failure. It is noticed

that lumen degradation failure is not considered in the existing lighting maintenance plans. Lumen
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degradation should not be overlooked, because it results in a reduced illumination level, which can

cause visual discomfort.

Although LEDs would save significant lighting energy consumption and reduce carbon dioxide

emissions, the implementation of LEDs in residential and commercial buildings is still at a low

level, especially in developing countries. The question then is, why has this technology not been taken

advantage of? Literature studies have shown that the implementation of energy-efficiency projects

often faces hurdles to access capital investments because decision-makers and funders do not have

enough information about the actual energy and cost savings from the project. Therefore, studies that

can help decision-makers and funders to quantify and monitor the performance and analyse economic

viability are necessary to promote the implementation of LED lighting retrofit projects.

1.3 RESEARCH OBJECTIVES AND SCOPE

The main objectives of this research are:

i. to investigate the impact of users’ lighting level requirements on LEDs’ life characteristics and

lighting system performance;

ii. to model the LED lamp failure based on lumen degradation;

iii. to design an optimal lighting maintenance plan that takes into account the lumen degradation

failure;

iv. to formulate an optimization model that can help decision-makers and funders to obtain detailed

information about the performance and operational savings that an EE lighting retrofit project

can provide.

The lumen degradation model is formulated to estimate energy savings accurately and enhance the

lighting quality of EE lighting retrofit projects. An optimal maintenance plan is formulated to optimize

the performance and maintenance costs of EE lighting retrofit projects. An optimization model is

formulated to help decision-makers and funders quantify the savings and assess the economic viability

of the EE lighting retrofit project. This will help decision-makers and funders to make an informed

decision about the implementation of EE lighting retrofit projects.
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The research hypotheses are; (1) when lumen degradation is monitored, lamps can be replaced

before the lumen output reaches the human eye’s lumen degradation threshold. This can improve the

productivity and concentration of users by minimizing eye strain and level of fatigue problems due to

an inadequate illumination level, and maintain the energy savings, (2) the lighting system performance

is enhanced when maintenance is carried out, and building owners/managers benefit economically

when maintenance is scheduled, (3) when decision-makers and funders have enough information about

the energy efficiency performance and operational savings of energy efficiency projects, they can

encourage and promote the implementation of these.

This research focuses on users’ illumination level requirements, lumen degradation failure, light-

ing maintenance optimization problem, and economic analysis of an EE lighting retrofit project to

understand the following matters better:

• impact of variation of driving current and operating junction temperature on the LED-based

lighting system performance and lifetime;

• impact of lumen degradation on the performance of EE lighting retrofit projects;

• ways in which a lighting maintenance plan can be formulated into an optimization problem;

• the economic viability of EE lighting retrofit projects.

In this research, an academic office and residential buildings are studied. In the academic office, an

LED lighting system is retrofitted with a lighting control system to save more energy and maintain the

user’s illumination requirement at a constant level. For residential buildings, LED light bulbs replace

halogen bulbs to reduce lighting energy consumption and improve lighting quality. Residential and

office buildings are chosen as the case studies in this research because they are among the highest

consumers of lighting energy.

1.4 RESEARCH OUTPUTS

1.4.1 Journal papers

A. Ikuzwe, X. Xia, and X. Ye. Optimization model for energy savings and economic analysis of LED

lighting retrofit projects. Under Review.
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A. Ikuzwe, X. Xia, and X. Ye. Maintenance optimization incorporating lumen degradation failure for

energy-efficient lighting retrofit projects. Applied Energy 267 (2020): 115003.

A. Ikuzwe, X. Ye, and X. Xia. Energy-maintenance optimization for retrofitted lighting sys-

tem incorporating luminous flux degradation to enhance visual comfort. Applied Energy 261

(2020):114379.

1.4.2 Conference papers

A. Ikuzwe, X. Xia, X. Ye. Optimal maintenance plan with lumen degradation failure for energy-

efficient lighting retrofit projects. 11th International Conference on Applied Energy (ICAE), Aug. 12-15,

2019, Västerås, Sweden.

1.5 RESEARCH CONTRIBUTION

The contributions of this research are as follows:

• The formulation of the luminous flux degradation model, which takes into account users’ lighting

level requirements. This model helps to estimate the luminous flux degradation following the

users’ set light levels.

• The formulation of LEDs lumen degradation failure model based on statistical properties of

lumen degradation rates.

• The formulation of the energy-maintenance optimal model, which takes into account luminous

flux degradation. This model maximizes energy savings and minimizes maintenance costs. With

this model, it is possible to predict when maintenance should be performed, how many times

and how many lamps need to be replaced during maintenance. By considering luminous flux

degradation, the formulated maintenance plan maintains the illumination level adequate to carry

out tasks safely, which avoids visual discomfort.

• An optimization model for EE lighting retrofit projects, which takes lighting system performance

degradation, savings, and economic issues into account, is developed to promote the imple-

mentation of LED lighting retrofit projects. This model gives decision-makers and funders

detailed information about the energy efficiency performance and operational savings that a
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LED lighting project can provide, and the specific financial requirements applied to investments

in efficiency. In the existing studies, the performance degradation of the EE lighting system

and the optimization problem are not considered to help decision-makers and funders make an

informed decision.

1.6 THESIS OVERVIEW

This thesis is organized as follows:

Chapter 2 provides the background and literature review on artificial light sources and lighting systems.

Existing artificial light sources are reviewed, and their failure modes and modelling are discussed. EE

lighting system design, retrofit, and maintenance are reviewed and discussed.

Chapter 3 studies an energy-maintenance optimization model that considers luminous flux degradation.

In this chapter, the lumen degradation of LED lights is modelled based on the variation in the operating

junction temperature due to the users’ lighting level requirements, and the optimization model is

formulated to maximize energy savings and minimize maintenance costs while maintaining users’

lighting requirements.

Chapter 4 presents an optimal lighting maintenance plan based on lumen degradation failure. The

lumen degradation failure is modelled based on the statistical properties of degradation rates. By using

the Kaplan-Meier method, the formulated lumen degradation failure is used to model the surviving

population. The surviving population model is used to design an optimal lighting maintenance plan,

which maximizes energy savings and minimizes maintenance costs.

Chapter 5 presents an optimization problem that can help decision-makers and funders to make an

informed decision about the implementation of EE lighting retrofit projects. Energy savings are

monitored and quantified. Lighting population degradation is modelled and optimal maintenance is

scheduled to maintain project performance. Net-present value and payback period are used to analyse

the project’s economic viability.
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Chapter 6 provides the summary and conclusion of the work done and offers suggestions for future

work.
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CHAPTER 2 LITERATURE REVIEW

2.1 CHAPTER OVERVIEW

This chapter covers the background and literature review of lighting systems. Topics covered in this

chapter include the existing lighting technologies, lighting system design, lighting retrofitting, electric

lights failure modes and modelling, and lighting maintenance. These are detailed in Figure 2.1.

Literature

study

1. Basic lighting

terminology

3. Lighting systems

design6. Lighting system

maintenance

5. Electric lights

failure modes 

and modeling 

4. Lighting

retrofitting

2. Artificial light

sources

Traditional light 

sources

Energy-efficient light 

sources

Strategies

Energy efficiency

Lighting controls

Catastrophic 

failure

Wear-out/degradation

failure

Approaches

Processes

Policies

Optimization

Radiometric

Photometric

Figure 2.1. Topics covered in the literature study.

2.2 BASIC LIGHTING TERMINOLOGY

Lighting is referred to as the use of electric lights and daylight to achieve a practical effect. This

research focuses on lighting using artificial light sources (electric light sources). Lighting using

artificial light sources can be classified based on how electric light fixtures distribute light. This

classification includes [20]:
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i.) Task lighting

Task lighting is lighting that illuminates a particular area in a given space and facilitates the

execution of a task.

ii.) Accent lighting

Accent lighting also referred to as highlighting, focuses light on a certain zone or object. It is

usually used to showcase works of art or other attention-demanding activities such as concert-

stage lighting.

iii.) General lighting

General lighting illuminates a general area to provide uniform illuminance over the space.

For general lighting applications, lighting is assessed using two main criteria, quantity and quality.

These are further discussed in the next subsections.

2.2.1 Lighting quantity

Lighting quantity is a measure of light available at a surface or in a room. The following measures are

used to measure the lighting quantity [21]:

i. Luminous flux (φ ) is the quantity of light emitted by a light source. It is measured in lumen (lm).

ii. Illuminance (E) is the quantity of luminous flux falling on a surface. It is measured in lux (lx ).

Illuminance is mathematically expressed as

E =
φ

Area (m2)
. (2.1)

iii. Luminance (L) measures the luminous intensity per unit area of light travelling in a given direc-

tion. The unit of luminance is candela per square meter (cd/m2). Luminance is mathematically

expressed as

L =
I

AL cosε
, (2.2)

where AL cosε is the visible area of the light source.
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2.2.2 Lighting quality

The lighting quality is assessed through factors such as glare and uniformity. These factors are

discussed in the subsequent subsections.

2.2.2.1 Glare

Glare is a visual discomfort caused by difficulty seeing in the presence of bright light. Glare is classified

into two categories; direct glare and reflected glare. Direct glare is generally caused by luminaires

without glare control and very bright surfaces, and reflected glare can be caused by reflective surfaces,

incorrect luminaire arrangement, or incorrect workstation position [21]. The main effects of glare on

users are fatigue or eye strain, and loss of concentration.

2.2.2.2 Light uniformity

Light uniformity is a measure of how uniform or even the light levels are in an area. Light uniformity

is calculated as the ratio between minimum to average lux, or minimum to maximum lux.

Lighting uniformity =
Emin

Eaverage
or

Emin

Emax
. (2.3)

The EN12464 standard [22] requires a certain task to be provided with a certain uniformity of lighting.

For general lighting applications, the illuminance uniformity ranges between 0.4 and 0.6.

2.3 ARTIFICIAL LIGHT SOURCE

Artificial light sources are referred to as electric light devices that produce visible light from electric

currents. To fully comprehend different types of electric light sources, the subsequent subsections

discuss existing electric lights.
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2.3.1 Electric lights classification

Depending on light production, electric lights are classified into three categories: (1) incandescence;

(2) gas-discharge; and (3) electro-luminescence. The composition of each classification is depicted in

Figure 2.2.

Semiconductor light sources 

High-intensity gas discharge 

Low-intensity  gas discharge

Standard incandescent 

Halogen incandescent 

Figure 2.2. Electric lights classification.

2.3.1.1 Incandescent lamps

Incandescent lamps use incandescence to produce light. Incandescent lamps are grouped into three

categories: (1) standard incandescent (least efficient), (2) halogen lamps (more EE than standard ones),

and (3) reflector lamps (used mainly for floodlighting, spotlighting, and down-lighting applications for

both indoor and outdoor applications). Compared to other existing lamps, incandescent lamps are the

most inefficient lamps; 90% of the electric energy goes to heat and only 10% produces visible light.

They have a very short lifetime (between 1 000 h and 4 000 h), low efficacy, and high operating cost.

Incandescent lamps are resistive loads and do not draw any reactive power [23], thus their power factor

(Pf) is close to 1. The luminous efficacy of incandescent lamps ranges between 9 lm/W and 12.6 lm/W.

In different countries, regulations have been developed and adopted to phase out incandescent bulbs in

favour of EE lighting alternatives.
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2.3.1.2 Gas-discharge lamps

Gas-discharge lamps are the type of electric lights that produce light by creating an electrical discharge

between two electrodes inside the transparent tube filled with ionized gas [24]. Gas discharge lamps

do not work by simply connecting them directly to the main circuit. Operating a gas discharge lamp

is only possible in combination with control gear. Modern control gear has integrated functions that

ignite the lamp and limit the amount of current in the electrical circuit by means of a driver. There are

two main types of gas-discharge lamps [25]:

• High-intensity gas discharge (HID) lamps: Concerning HID lamps, three concepts can be

identified, which are high-performance lamps (HPL) that are based on mercury; sodium (SON)

lamps that are based on sodium; and metal-halide (MH) lamps. In the HID lamp, the light

is generated via direct radiation from the gas discharge. The quality of light depends on the

element used. SON lamps typically radiate yellowish light and are mainly used for functional

outdoor lighting. HPL and MH lamps produce white light. Because of poor energy efficacy,

HPL lamps are to be banned in the coming years. MH lamps, especially the ceramic type, are

very popular, as they combine high energy efficacy with perfect colour performance.

• Low-intensity gas discharge lamps: The two most well-known types of low-pressure discharge

lamps are fluorescent lamps and compact fluorescent lamps (CFLs). In a fluorescent lamp, a

tube is filled with a small amount of mercury gas. These lamps typically generate ultra-violet

radiation and some blueish light. By applying a phosphor layer the ultra-violet radiation is

converted to visible light. The luminous flux of fluorescent lamps depends on their operating

conditions and ambient temperature.

2.3.1.3 Electroluminescent lamps

Electroluminescent lamps emit light when an electric current is passed through them, or when subjected

to a strong electric field. The most commonly known electroluminescent lamps are LEDs. LEDs are

diodes. A diode has a P-N junction across which charge carriers such as electrons and holes pass when

current flows through the diode. When forward-biased, the electrons from the N region flow to the P

region and the holes from the P region towards the N region. Some of the electrons recombine with the

holes at the junction and their energy is radiated outward. The type of material and process of creating
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N-type and P-type determine the colour of the photon as well as the efficiency and other performance

characteristics of LEDs. Figure 2.3 shows the working principle of an LED.

P-type N-type

Free electronHole

+ -

Light

Figure 2.3. Working principle of an LED.

LEDs are used in different areas including mobile appliances, computer monitors, and general illu-

mination (indoors and outdoors). Compared to traditional lighting, LEDs offer different advantages,

including high efficiency, good physical robustness and compactness, a long lifetime (15 000 h - 100

000 h), high luminous efficacy, and being easily dimmable.

LEDs are equipped with electrical circuits or drivers that supply current to light the LEDs based on

the required brightness to prevent damaging it. LEDs that typically require an external driver include

cove lights, down-lights, and tape lights, which are usually used for commercial, outdoor, or roadway

lighting applications. External LED drivers are grouped into two types [26]: constant-current drivers

(regulate output to provide constant current) and constant-voltage drivers (regulate output to provide

constant voltage). Figure 2.4 shows the LED light bulb components.

2.3.2 Characteristics of electric lights

Electric lights are characterized by five main factors, namely lumen efficacy, colour temperature,

lifetime, CRI, and Pf.

(i) Luminous efficacy

Luminous efficacy (η) is defined as the ratio of lumen output (φlight ouput) to the power required
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Figure 2.4. LED light bulb components.

by a lamp (Pinput). η is given in lumens per watt (lm/W).

η =
φlight ouput

Pinput
. (2.4)

(ii) Colour temperature

Colour temperature (CT) describes the light appearance provided by a light bulb. It is measured

in degrees Kelvin (K). The three primary types of colour temperature for the light source as

presented in Table 2.1 are soft white, bright white/cool white, and daylight. The higher the

degrees, the whiter the colour temperature.

Table 2.1. Light colour temperatures and their associated light appearance and applications.

Colour temperature Light appearance Application

Up to 3 300 K Soft/warm white Bedrooms and living rooms

3 300 - 5 300 K Bright/cool white Kitchens, bathrooms or gar-

ages

From 5 300 K Daylight Bathrooms, kitchens and

basements
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(iii) Lifetime

The lifetime (L f ) of an electric light source is defined as the time of use before the electric light

fails. It is measured in hours.

(iv) Power factor

The Pf is technically defined as the power used (Wattage) compared to the total power supplied by

the utility (Volt-ampere)1. The Pf determines how efficiently an electrical or electronic product

utilizes its power. The range of Pf is a decimal between 0 and 1. Utilities use the Pf when

evaluating lighting products. Generally, power means the product of voltage and current (V × I),

but in an alternative current (AC) circuit, except for a pure resistive circuit (e.g. incandescent

bulbs and heating elements), there is usually a phase difference between voltage and current,

thus V I does not give real power or true power in the circuit. This phase can take two basic

forms 2: (1) the current can lag behind the voltage when an inductive load is used, or (2) the

current can lead when a capacitive load is used. An electrical circuit containing a dominantly

resistive load has a Pf of almost 1 and the Pf of inductive and capacitive loads is less than 1.

The relation between active power/real power (a power that is consumed or utilized in an AC

circuit ), reactive power (a power that is constantly oscillating between load and source) and

apparent power (the combination of reactive power and active power) is shown in Figure 2.5

using a power triangle.

Real power (W)
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Figure 2.5. Power triangle.

From the power triangle the Pf and apparent power (power supply by the utility) can be calculated

as

P f = cosϕ =
Pr
Ps

, (2.5)

1https://www.nottingham.ac.uk/etc/pdfs/PowerFactor.pdf
2http://www.eaton.com/ecm/groups/public/ 40pub/40electrical/documents/content/sa02607001e.pdf
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Ps =
Pr
P f

, (2.6)

where Pr is the reactive power (in kW ), Ps is the power supply by the utility (in kVAR), and P f

is the Pf.

The Pf of CFLs and LEDs vary depending on the type of ballast and driver load (inductive or

capacitive) used. The Pf was not an issue in the days when all bulbs were resistive incandescent

since they naturally had a Pf close to 1. However, when CFL and LED-based lighting fixtures

replace incandescent and halogen ones, the Pf is taken into consideration. A comparative analysis

of electric light source characteristics is presented in Table 2.2.

Table 2.2. Comparison of electric light sources characteristics.

Electric

light source

η CT L f CRI Pf

Standard in-

candescent

9-12.6 lm/W 3 200 K 1 000-2 000 h > 95 1

Halogen 16-24 lm/W 3 200 K 1 000-4 000 h >95 1

Fluorescent 50-70 lm/W 2 700-5 000 K 6 000-15 000 h >80 0.5-0.9

CFL 50-100

lm/W

2 700-5 000 K 8 000-20 000 h >80 0.5-0.9

LEDs >70 lm/W 2 700-5 000 K 15 000 -100 000 h 65-95 0.55-

0.98

2.4 LIGHTING SYSTEM DESIGN

Lighting system design is a strategic approach to achieve an ideal illumination level with minimum

operating costs. The lighting system design process is presented in Figure 2.6. The figure highlights

the important steps required in the design of the electrical lighting system and each step is further

explained.

Step 1 : Identify the lighting requirements

The first step in lighting design is to identify what the lighting installation is intended to achieve.
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Identify the lighting requirements

Determine the lighting method 

Calculate the lighting parameters

Figure 2.6. Lighting system design process.

This includes the required illuminance, mood of the space, direction of light, and interaction

with daylight. There are international recommendations that specify the light level required to

provide good visual comfort for various tasks and locations. Table 2.3 presents the Chartered

Institution of Building Services Engineers (CIBSE) illuminance level recommendations for

office and residential buildings.

Step 2 : Determine the method of lighting to be used

How the light is to be delivered should be taken into account. Light can be recessed, surface-

mounted, direct, indirect, or up-lighting.

Step 3 : Select the electric light source

After selecting the method of lighting, the most appropriate lights and luminaires can be chosen.

When choosing the light source, attributes such as light output, wattage, efficacy, lifetime, and

colour characteristics should be analysed.

Step 4 : Calculate lighting parameters

Parameters such as illuminance level and the number of required lamps are calculated to meet

the initial requirements. Methods such as three-dimensional modelling and manual calculation

methods can be used to calculate lighting parameters. The three-dimensional modelling method
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Table 2.3. CIBSE illumination level recommendations for office and residential buildings.

Office Recommended

illumination

level

Residential Recommended

illumination

level

General 500 lux Toilets 100 lux

Computer worksta-

tions

300-500 lux Bathrooms 150 lux

Filing rooms 300 lux Bed-head 100 lux

Print rooms 300 lux Desk 150 lux

Drawing office 500 lux Kitchen 200 lux

Drawing boards 750 lux Dining 150 lux

estimates the lighting parameters using lighting calculation computer programs such as DIALux,

AGi32, Relux, DL-Light, etc. In contrast to the three-dimensional modelling method, the manual

calculation method uses mainly the lumen method 3 to calculate the lighting parameters. The

lumen method determines the average light level in open areas or rooms. By using the lumen

method, the average illumination level and number of lamps required in a given room to provide

the required illumination level are mathematically expressed as

Eav =
φ0×n×LLF×UF

Ar
, (2.7)

n =
Ar×Eav

φ0×LLF×UF
, (2.8)

where Eav is the average illuminance (in lx) in the room, n is the number of lamps required, φ0

is the initial bare lamp flux (in lm), LLF is the light loss factor, UF is the utilization factor, and

Ar is the area of the room (in m2).

Step 5 : Determine the control system

The efficiency of a lighting system is also affected by the control system chosen. Consideration

should be taken of how switches can be selected and used efficiently, and the possibility of using

light controls.

3http://personal.cityu.edu.hk/ bsapplec/lumen.htm
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2.5 LIGHTING RETROFITTING

Retrofitting is referred to as the modification of a system to improve energy efficiency [27]. From the

lighting point of view, retrofitting is the practice of upgrading the existing light fixtures or lamps to

reduce energy consumption and increase lighting quality. Figure 2.7 presents the main strategies used

to achieve lighting retrofitting goals.

Existing building
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 EE

light sources
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Figure 2.7. Lighting retrofitting strategies for existing buildings.

2.5.1 Lighting retrofitting strategies

To achieve the goals of lighting retrofitting projects, different strategies exist, depending on building

characteristics, projects budget, and usage patterns. The most commonly used lighting retrofitting

strategies are energy efficiency and lighting control strategies.
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2.5.1.1 Energy efficiency strategy

An energy efficiency strategy uses the approach of providing the right amount of light using less energy.

To achieve this, inefficient lights are replaced by EE lights. In the last decades, incandescent lamps and

linear fluorescent lamps such as standard T8 lamps were the dominant light source in most residential

and office buildings because they were one of the most efficient light sources with a decent lifespan

available on the market. Nowadays, these light sources are outdated and need to be replaced. Tables

2.4 and 2.5 present the alternative EE lights to incandescent lamps and standard T8 fluorescent tubes,

respectively.

Table 2.4. Alternative EE lighting lamps to standard and halogen incandescent lamps.

Traditional lighting EE lighting alternatives

Standard incan-

descent

Halogen CFL LED bulb Lumen range

12 - 15 W - - 1 W -

25 W 25 W 5 - 6 W 4 W 210 lm

30 W 30 W 7 - 9 W 5 W 280 lm

40 W 35 - 40 W 9 - 13 W 7 - 9 W 380 - 450 lm

60 W 45 - 50 W 13 - 15 W 10 W 500 - 800 lm

75 W 60 W 18 - 23 W 12 W 1100 lm

100 W 70 W 25 - 30 W 15 W 1500 lm

150 W - 30 - 52 W 25 W 2600 lm

Table 2.5. Alternative EE lighting lamp to fluorescent lamp.

Fluorescent tube LED tube Lumen range

70 W 24 W 1900 - 3000 lm

58 W 22 W 1600 - 2800 lm

35 W 18 W 1200 - 2600 lm

20 W 9 W 800 - 1600 lm
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2.5.1.2 Lighting control strategy

While an energy efficiency strategy provides the right amount of light using less energy, lighting

controls are used to distribute the exact illumination level required. Depending on their application,

lighting control strategies can be divided into four main categories [28, 29, 30]:

(i) Predicted occupancy control strategy (POCS)

A POCS generates energy savings by reducing the operating hours of lighting installation.

Lights are turned on/off according to a pre-set daily time. Schedules generally change daily in

accordance with the occupancy of the building. By automatically switching off lights at a pre-set

time, the system helps to prevent lights from being lit when the building is not occupied. The

POCS is mainly applied in situations where building occupancy patterns can be predicted.

(ii) Real occupancy control strategy (ROCS)

For the ROCS, the system switches the lights on when the room is occupied and off when is not

occupied. The ROCS is used when occupancy is not predictable.

(iii) Constant illuminance control strategy (CICS)

The CICS considers the degradation of the lumen output over time. At the design stage, the

lighting system is oversized by introducing the maintenance factor. The CICS uses light sensors

to measure the light level within a space. If the light level is higher than the required level, the

lighting system’s controller reduces the lumen output of the lights. If the lumen output is not

able to provide the required light level, the lights are replaced by new ones.

(iv) Daylight harvesting control strategy (DHCS)

The DHCS is used in areas where daylight is accessible. The DHCS harvests daylight to reduce

lighting energy usage. If the daylight is enough to meet the required light level, the lighting

system’s controller switches off the lights. If the daylight is not enough to meet the required

light level, the lighting system’s controller dims the lights to compensate for the daylight.

2.5.2 Lighting retrofitting savings determination

After implementing the lighting retrofit project it is necessary to determine savings to validate the

project’s cost-effectiveness. The energy savings achieved by lighting retrofitting are generally verified

by using the measurement and verification (M&V) approach. The M&V method quantifies the energy
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consumption before and after an energy efficiency measure is implemented to verify and report the

energy savings achieved. Several existing protocols provide useful information on M&V. The most

common protocols are the International Performance Measurement and Verification Protocols (IPMVP)

volume 1, Federal Energy Management Program (FEMP) M&V guidelines version 2.2, and ASHARE

guideline 14 [31]. Both the IPMVP and FEMP guidelines were developed by the US Department

of Energy. The FEMP M&V guidelines version 2.2 was developed based on the IPMVP targeting

the modifications in government buildings. These protocols primarily present the same approaches,

which are calibrated simulation, the entire site, and retrofit isolation (more details on the approaches

can be found in [31]). The IPMVP provides a more general approach and structure, and ASHARE

complements the IPMVP in being more technical. The IPMVP defines energy savings as [31]

Energy savings = (Baseline energy use)− (Post-installation energy use), (2.9)

where the baseline defines the scenario before the retrofit and the post-installation period is referred to

as the scenario after the retrofit. The main M&V activities for lighting retrofit projects are discussed in

the following subsections.

2.5.2.1 M&V activities for lighting retrofit projects

The following are the main M&V activities carried out during lighting retrofitting projects:

(i) Site selection and set-up

When assessing lighting system performance, the test site should provide stable conditions

before and after the retrofit, and the lighting system should be in a stable operating condition

before and after the retrofit. Conditions such as a change in occupants, occupant tasks and

schedules, should be carefully considered or an alternate site should be chosen.

(ii) Instrumentation

Consistent and accurate instruments are important for energy use measurement. Highly accurate

measurement instruments are recommended to achieve accurate energy data.

(iii) Energy use measurement

The measurement of energy use involves the installation of energy-monitoring equipment.

Energy use measurement can be accomplished by using two methods: (1) measuring the entire

power circuit system that serves the entire project area (total circuit measurement method), and

(2) measuring a sample of representative space types, fixtures, or individual circuits within the
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project area (sampling measurement method). The first method measures the energy consumption

of the complete project without relying on estimates from a few example spaces to generate a

project total, while the second method involves measuring the energy use of a representative

sample of the spaces in a project and using these data to extrapolate to the energy use of the

entire project or the potential energy use in future projects.

(iv) Light level measurement

To ensure the effectiveness of the lighting retrofit project for users, the illumination level should

be monitored. The following protocols are applicable to ensure accurate and representative

light level data: i) only the light being provided by the lights being tested is measured; ii)

measurements are recorded at a typical office desk height (0.76 m) for indoor tasks and on the

ground or floor surface for outdoor tasks; iii) the same calibrated lux meters are used to minimize

the differences in accuracy and internal meter spectrum correction characteristics; iv) temporary

obstructions such as materials and furniture are moved before taking measurements, and v)

measurements are scheduled and taken after sunset to avoid daylight disturbance.

2.5.3 Existing studies conducted on lighting retrofitting

Various studies have been conducted to develop effective lighting retrofit plans and quantify the benefits

of lighting retrofit projects. Reported studies on retrofits focused mainly on analysing energy savings,

operational costs, and visual comfort. Table 2.6 presents some of the studies conducted on lighting

retrofitting. Retrofitting strategies, the case study used, and the analysis metric are given in detail in

this table.
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Table 2.6. Some of research conducted on lighting retrofitting.

Retrofitting strategy Application Analysis metric Reference

Lighting controls Academic building Energy consumption [5]

Lighting controls Office building Lighting cooling and total

electrical energy consumption

[32]

EE lighting Hotels Energy consumption [33]

Lighting controls Office building Visual comfort and lighting

energy consumption

[34]

EE lighting Academic office Energy consumption and light

level

[35]

EE lighting General lighting Equivalent annual costs [4]

EE lighting Academic building Energy saving, life cycle cost

analysis and payback period

[36]

EE lighting and lighting

controls

Academic building Electrical demand and visual

comfort

[37]

Lighting controls Office buildings Electrical lighting consump-

tion

[28]

EE lighting and lighting

controls

Restaurant Energy, environmental, and

cost issue

[38]

Lighting controls Office building Energy savings [39]

Lighting controls Office building Energy savings [40]

Lighting controls Office building Energy savings [41]

EE lighting Residential build-

ing

Energy saving, cost-benefit

analysis, and emission reduc-

tion

[42]

Lighting controls Office building Electricity consumption and

illumination level

[43]

Lighting controls Commercial build-

ing

Energy and cost savings [44]
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2.6 ELECTRIC LIGHTS FAILURE MODES AND MODELLING

2.6.1 Electric lights failure modes

The failure mode is referred to as how an item failure occurs. In the lighting system, failure is declared

when a lighting system is unable to meet the design requirements. The most common failure modes

of electric lights, as shown in Figure 2.8, are a catastrophic failure, also called burnout failure and

degradation failure.

Electric lights 

failure mode

Catastrophic 

failure
Degradation failure

Light goes off Lumen 

degradation
Color shift

Figure 2.8. Failure modes of electric lights.

2.6.1.1 Burnout failure mode

Burnout/catastrophic failure mode in electric lights is mainly due to faulty materials, deviations in the

manufacturing process, or improper handling and operation by the customer [45]. When catastrophic

failure happens, the light suddenly goes off.

2.6.1.2 Degradation failure mode

Degradation or wear-out failure mode is based on increased wearing and ageing of the material [46].

The wearing-out process is measurable and referred to as degradation. The most common degradations

for electric lights are light output degradation, also called lumen degradation and colour shift.
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Lumen degradation

Lumen degradation is referred to as the natural decrease of light output, which happens as the lamp

functions over time. The rate and causes of lumen degradation differ from one lighting technology to

another. For LEDs, light output degradation depends on different factors, including the LED package

and the system materials, and operating conditions such as temperature and driving current [47]. The

degradation mechanism is accelerated when LEDs are operated at higher junction temperature than

required. Because of their longevity, catastrophic failure is not significant in LEDs. ASSIST defined

the lifetime of LEDs as the expected operating hours until the light output has depreciated to 50% of

the initial level (for display applications) or 70% (for general lighting application) at room temperature

[48].

Colour shift

Degradation failure can also occur in the form of a colour shift. Colour shift is referred to as a change

of the original colour. The colour shift occurs in traditional lighting technology as well as in LEDs

but has gained more attention related to LEDs owing to their longevity. The colour shift in LEDs is

mainly influenced by junction temperature. The colour shift can be a temporary failure due to operating

conditions or a permanent failure due to physical changes in LED packages [49]. Currently, there

is no agreement on acceptable levels of colour shift (more details on colour shift can be found in

[8, 49, 50].

2.6.2 Electric light failure modelling

Electric light failures are modelled based on failure modes. Based on the aforementioned failure

modes, electric light failure models are grouped into two main categories: burnout failure models and

degradation failure models.
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2.6.2.1 Burnout failure modelling

Different models have been developed to predict the surviving population based on burnout failure,

including:

(i) Exponential decay model

This model quantifies growth or decay at a rate proportional to the population size [51], such as

dN(t)
dt

= kN(t), (2.10)

where N(t) is the population size surviving at time t. Model (2.10) is described as the law of

natural growth if k > 0, and as the law of natural decay if k < 0. The solution to (2.10) is an

exponential function given as

N(t) = N(0) ekt , (2.11)

where N(0) is the size of the initial population.

(ii) Linear population model

A linear population model is suggested in the AMS-II.J CDM guideline [52]. The linear

population model is given as

N(t) =


N(0)− t×H× 100−y

100×L , for t×H < L,

0, for t×H ≥ L,
(2.12)

where L is the average lifetime of lamps (h), H is the number of operating hours per year (h),

and y is the percentage of surviving population at the end of the average lifetime.

(iii) Regression analysis model

The regression analysis model has been proposed to fit the Polish Efficient Lighting Project

(PELP) data [53]. The regression analysis model is expressed as

N(t) =
1

1+ et−L . (2.13)

Model (2.13) is similar to the logistic population model proposed by Verhulst [54], given as

N(t) =
1

1+ e−t . (2.14)

(iv) Improved model of (2.13)

Carstens et al. [55, 56] proposed an improved model of the model (2.13) given as

N(t) =
1

c+ ebt−L , (2.15)
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where c and b are the initial value and slope parameters, respectively. The discrete dynamic

form of (2.15) is given as

N(t +1) = bcN(t)2−bN(t)+N(t). (2.16)

2.6.2.2 Degradation failure modelling

1. Lumen degradation

Different models have been developed to calculate and predict the lifetime of LEDs based on light

output degradation. These models are mainly derived from two methods, the TM-21 method and

the accelerated test method. The TM-21 method is recommended by the Illuminating Engineering

Society (IES) for predicting the lumen degradation of LEDs based on data collected according

to the LM-80 standard. LM-80 is the approved method for measuring lumen maintenance (a

measurement used to evaluate the decrease in light output of a lamp that occurs over time) of

LED packages, arrays, and modules at various temperatures [57]. The TM-21 method has been

adopted by most top LED tier manufacturers, including Philips and Osram. The accelerated test

method is based on testing the lumen degradation and the useful lifetime of an LED light source

by subjecting LED to operating conditions above its normal service parameters.

(a) TM-21 method

This method is implemented as follows:

∗ Selecting the sample size: In the TM-21 method, the sample size required for mod-

elling is estimated based on the LM-80-08 testing standard. In this standard, the

minimum sample size recommended is 20 to project six times of test duration, and 10

to 19 samples to project 5.5 times the test duration.

∗ Luminous flux data collection: After selecting the sample size, the luminous flux

of sample tests are collected at intervals of 1 000 hours for a test duration of 6 000

hours. Collected data are normalized to 1 at time zero test point, and the normalized

measured data are averaged.

∗ Curve-fit: The non-linear least square (NLS) method is used to fit the averaged

measured data. The results indicated that the lumen degradation data followed the
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exponential curve as

φ(t) = α exp
(
−β t

)
, (2.17)

where φ(t) is the luminous flux (in lm) at time t, α is the initial luminous flux (in lm),

and β is the degradation rate.

∗ Projecting lumen maintenance life: Lumen maintenance life (L f ) is defined as the

elapsed operating time (in hours) at which the specified percentage of lumen depreci-

ation (lumen maintenance) is reached. L f is expressed as

L f =

ln
[

100×α

Lp

]
−β

, (2.18)

where Lp is the maintained percentage of the initial lumen output. Figure 2.9 depicts

the lumen maintenance of LUXEON LED Lumileds Philips of initial lumen output of

80 lm under different lumen degradation rates.
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Figure 2.9. Lumen maintenance using (2.18) under different degradation rates; β1 = 1.708×

10−5,β2 = 1.269×10−5,β3 = 0.908×10−5.

For the TM-21 method, tested units are characterized by the same degradation rate β .

This means the variance of each test unit is not considered. This may result in insufficient

reliability information about the products. In this regard, different stochastic models have
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been developed to predict the time to failure of samples by considering their variances. In

stochastic models, the degradation rate of each test unit is calculated and the statistical

properties of degradation rates are analysed to determine the time to failure. Distributions

such as two-parameter Weibull, two-parameter exponential, and two-parameter log-normal

[58] have been used to calculate the time to failure of LEDs. Stochastic models follow

TM-21 procedures except that the degradation rate of each unit is estimated instead of

using the average.

For stochastic models, the cumulative probability of failure distribution is used to estimate

time to failure. The cumulative probability of failure distribution F(t) is expressed as

F(t) = P[ε ≤ t], (2.19)

where ε is the lifetime of a LED (hours of use before LED fails). By using (2.18), ε can be

expressed as

ε =
ln
[
Lp
]

−β
; (2.20)

substituting (2.20) in (2.19)

F(t) = P

[
ln
(
Lp
)

−β
≤ t

]
. (2.21)

(b) Accelerated test method

LEDs have a long lifetime (15 000 h - 100 000 h); it is not practical to gather data over the

whole lifetime. For this reason, an accelerated test method is used to predict LED lumen

degradation and lifetime. In the accelerated test method, the lifetime obtained under stress

conditions is multiplied by the acceleration factor to obtain an estimated lifetime under

nominal operating conditions. Lifetime under normal operating conditions is expressed as

ε = ε
′A f , (2.22)

where ε ′ is the lifetime under stress (in hours), and A f is the acceleration factor.

Lumen degradation is mainly accelerated by operating and environmental conditions such

as temperature, forward current, and humidity. In the literature, acceleration factor models

have been formulated based on temperature, forward current and humidity.

The acceleration factor for temperature stress conditions is expressed using the Arrhenius

model as [18]

A f = e
−Eact

kb

(
1

T1
− 1

T0

)
, (2.23)

Department of Electrical, Electronic and Computer Engineering
University of Pretoria

31



CHAPTER 2 LITERATURE REVIEW

where A f is the acceleration factor, kb is the Boltzmann constant (8.617385 ×10−5 eV/K),

Eact is the activation energy (in eV), and T1 and T0 are the operating temperatures (in K)

under excess and normal conditions, respectively.

For forward current and temperature stress conditions, the acceleration factor is expressed

as [59]

A f =

(
I0

I1

)−ζ

e
−Eact

kb

[
1

T1
− 1

T0

]
, (2.24)

where ζ is a coefficient of the luminous flux effect over the device lifetime, and I0 and I1

are the forward currents (in A) under normal and stress conditions, respectively.

For temperature and humidity stress conditions, the acceleration factor is expressed using

the Peck model as [60]

A f =

(
H0

H1

)m

e
−Eact

kb

[
1

T1
− 1

T0

]
, (2.25)

where H0 and H1 are the relative humidity (in percentage) under normal and stress condi-

tions, respectively.

2. Colour shift

The colour shift over time is complex; to date no standards for projecting colour shift have been

formulated. The direction of colour shift can vary over time, which creates uncertainty not only

in the direction of the shift, but also in magnitude. IES has formed a team working on developing

a standard for projecting long-term chromaticity shifts, which will be called TM-31 [61].

2.6.2.3 Existing studies conducted on lighting failure modelling

Burnout models discussed in Subsection 2.6.2.1 have been applied in different studies. Model (2.12)

has been applied in [62] for optimal sampling design for the purpose of M&V. Model (2.16) has

been applied in studies [63, 64] to design a maintenance plan for EE lighting retrofit projects, and in

reference [65], it is used in the formulation of optimal M&V metering plans for EE lighting retrofit

projects.

In the literature, degradation failure models are developed based on lumen degradation, especially for

LED lighting systems. Table 2.7 presents different studies that developed models to predict lumen

degradation and the lifetime of LEDs.
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Table 2.7. Different studies conducted on lumen degradation and lifetime estimation of LEDs.

Basis method

for model

Model Analysis factor Reference Year

TM-21

Particle filtering Lifetime [66] 2017

Statistical model

(Log-normal and

Weibull)

Lifetime [67] 2017

Thermal modelling

and temperature

measurement

Junction temperat-

ure and lumen de-

gradation

[17] 2016

General degrada-

tion path model

Reliability [58] 2012

Accelerated test

method

Accelerated aging

test

Lumen degradation [68] 2018

Multi-stress based

predictive model

Lifetime [60] 2017

Electrothermal

characteristic based

model

Lifetime [59] 2016

Exponential decay

and Arrhenius

Lumen degradation [18] 2016

Step-stress acceler-

ated test

Lifetime [69] 2015

Wiener process Lumen degradation [70] 2014

Temperature and

humidity experi-

mental model

Lumen degradation [71] 2013

Inverse power law Lifetime [72] 2012
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2.7 LIGHTING SYSTEM MAINTENANCE

Maintenance is referred to as all work (cleaning, repairs, and replacement, etc.) undertaken or required

to maintain an item or a system in good and workable production conditions [73]. After identifying a

failure, maintenance is necessary to maintain the performance of the equipment/system.

2.7.1 Maintenance approaches

Depending on when maintenance is performed (before or after failure), maintenance activities are

grouped into two categories [74]: reactive maintenance/corrective maintenance (CM), and preventive

maintenance (PM).

2.7.1.1 Corrective maintenance

CM is the maintenance carried out after an item has failed. During CM, the faulty item or component

is repaired or replaced to restore its intended function. CM is done randomly because failure cannot be

known a priori. Some of the disadvantages of CM are unpredictability, having to stop operations, and

higher long-term costs.

2.7.1.2 Preventive maintenance

PM is the maintenance performed regularly to maintain the item or system in satisfactory operating

condition. PM is performed while the item is still working to prevent it from failing unexpectedly.

Unlike CM, PM is performed on schedule. PM prolongs the lifetime of equipment, reduces capital re-

placements and improves the efficiency and the performance of equipment by increasing uptime.

2.7.2 Maintenance processes

Maintenance is generally carried out using six steps, as shown in Figure 2.10.

For lighting systems, these steps are defined as follows:
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Define function      

and 

performance

Identify failure 

mode

Select 

maintenance 

approach

Figure 2.10. Maintenance process steps.

Step 1: Define function and performance

The functions of a lighting system need to be defined. These functions determine the operation

of the system under specified working conditions.

Step 2: Define functional failure

Failure is declared when a lighting system is unable to meet design requirements.

Step 3: Identify the failure mode

The typical failure modes of electric lights, as discussed in Section 2.6.1, are catastrophic failure

and degradation failure modes.

Step 4: Determine the effects and consequences of failure

This step determines what will happen if a catastrophic or degradation failure occurs. The effects

of the failure on the users, environment, and operational costs are assessed.

Step 5: Select the maintenance approach

Depending on the failure mode identified, the maintenance approach needed to mitigate func-

tional failures can be chosen.

Step 6: Implement and refine the maintenance plan

The maintenance approach selected in Step 5 is implemented and the results are analysed to

determine if the lighting system needs to be reviewed to ensure its effectiveness.

2.7.3 Maintenance policies

Based on CM and PM, different policies have been developed to identify an effective maintenance

plan. Different policies for single-unit and multi-unit systems are detailed in reference [75].

For single-unit applications, five main policies developed are:
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• Age-dependent PM policy

For the age-dependent PM policy, PM is scheduled at a fixed age and CM is performed at failure.

• Periodic PM policy

For a periodic PM policy, PM is set at fixed time intervals regardless of the failure history of the

unit, and repairs are carried out in case of failure.

• Failure-limiting policy

For the failure limit policy, PM is carried out once the failure rate of a unit attains the predeter-

mined failure level.

• Sequential PM policy

For the sequential PM policy, PM is carried out at uneven time intervals. Over time, the time

intervals become progressively shorter owing to more frequent maintenance with age.

• Repair-limiting policy

For the repair-limiting policy, a failed unit is repaired or replaced depending on the predetermined

limit criterion. For example, if the repair cost is considered as a failure criterion, the unit is

repaired if the repair cost is less than the set repair cost limit, and this is called a repair cost-

limiting policy.

For a multi-unit system, there is a dependency on the multi-component system. The dependency can

either be economic dependence or failure dependence. The failure of one sub-system may affect one

or more other sub-systems. The following maintenance policies have been developed for multi-unit

systems:

• Group maintenance policy

Under the group maintenance policy, components that must be replaced in the event of failure

are identified. These categories may be established based on the component’s stochastic failure.

• Opportunistic maintenance policy

Under the opportunistic maintenance policy, if maintenance is planned for a certain unit, in the

process of performing maintenance of the targeted unit, the maintenance of other units whose

maintenance time imminent is carried out at the same time. This results in a reduction in the

time and cost of managing maintenance resources. Table 2.8 presents a summary of maintenance

policies for single-unit and multi-unit systems.

Department of Electrical, Electronic and Computer Engineering
University of Pretoria

36



CHAPTER 2 LITERATURE REVIEW

Table 2.8. Summary of maintenance policies for single-unit and multi-unit systems.

System Policy Planning hori-

zon

Action Reference

Single-unit

Age-dependent PM Fixed age Repair and replace-

ment

[76, 77]

Periodic PM Periodic time Repair and replace-

ment

[78, 79,

80]

Failure limit Finite or infinite Repair [81, 82,

83]

Sequential PM Finite Repair and replace-

ment

[84, 85]

Repair limit PM Infinite Repair and replace-

ment

[86, 87]

Multi-unit
Group maintenance Fixed age and

when failure oc-

curred

Repair and replace-

ment

[88, 89,

90]

Opportunistic main-

tenance

Fixed age and at

failure

Repair and replace-

ment

[91, 92,

93]

For the lighting system, the CM is carried out to replace the burned-out lamps while the PM actions

include a routine cleaning of lamps and luminaire, inspections and repair, and replacement are carried

out to maintain the efficiency of a lighting system. The periodic PM policy is the most practical and

applied most frequently as it does not involve uneven maintenance intervals, nor needs to record on the

use and age of the unit. Periodic PM is performed by replacing failed lamps at a certain maintenance

level.

2.7.4 Maintenance optimization

Two main questions are asked to compile an effective maintenance plan. The first question is what type

of maintenance policy should be considered, and the second question is when to perform the chosen

Department of Electrical, Electronic and Computer Engineering
University of Pretoria

37



CHAPTER 2 LITERATURE REVIEW

maintenance to achieve the best results. The first question can be answered after identifying the failure

mode of the item and determining the activities needed to restore its intended functions. The answer

to the second question depends on factors such as the financial cost and benefits of maintenance. In

general, maintenance costs money in terms of material and wages. A survey conducted by Robertson

and Jones [94] indicated that the maintenance budget ranged from 2% to 90% of the total system

operating budget, with the average being 20.8%. Balance is needed between maintenance benefits and

costs, and this is where optimization comes in. Optimization is defined as a method used to solve the

conflicts of a decision situation so that the decision variables take the best possible values [12]. The

main processes of optimization are discussed in the following subsection.

2.7.4.1 Optimization process

Optimization covers four main processes:

i. Setting objective

The first step in designing a maintenance optimization problem is to determine the objective of

the problem.

ii. Identify design variable

Design variables are the parameters that need to be determined to achieve the best optimal

solution under given constraints.

iii. Modelling

A model is a description of a system using mathematical concepts and language. The purpose of

modelling a system is the development of a scientific understanding of the behaviour of a system

under various conditions. [95].

iv. Obtaining solution from models

Mathematical models are mainly solved using two methods: an analytical method and a nu-

merical method. The analytical method uses exact theorems to present formulas. In many

maintenance problems, the analytical method is impracticable owing to problem complexity.

Depending on the available information about the states of factors influencing the system, the main-

tenance optimization model can be classified into three main categories [13]: certainty, risk, and
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uncertainty. Figure 2.11 presents the classification of the maintenance optimization model based on

the degree of certainty.

Maintenance optimization 

model

Certainty Risk Uncertainty

Graphical Mathematical

Simulation

Artificial intelligence

Heuristic

Criticality

Multi-criteria

Figure 2.11. Maintenance optimization model.

The certainty model uses a graph or figure to denote an optimal maintenance solution [96, 14]. In the

risk model, the states of the influencing factors are known. Based on current information on the states

of the influencing factors, future possible conditions can be predicted and can determine a suitable

optimal plan. Typical models under the risk model are mathematical models, simulation, and artificial

intelligence [97, 98, 99]. Under the uncertainty model, future conditions and their corresponding

probabilities are not known. Thus, to accomplish optimization, relevant information usually needs

to be ascertained based on judgment and utilization through subjective probabilities. Typical models

under uncertainty are heuristic, criticality, and multi-criteria models [100, 101, 102].

2.7.4.2 Existing studies conducted on maintenance optimization

Various studies have been conducted on the maintenance optimization of different systems and items.

Table 2.9 presents some of the research conducted on maintenance optimization.
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Table 2.9. Some of research conducted on maintenance optimization.

Reference System Objective Criteria considered

[103] Power system Optimal maintenance

strategy

Risk index

[104] Offshore wind tur-

bine components

Minimize maintenance

cost

Age threshold of components

and failure rate

[105] Office building Maximize energy sav-

ings and internal rate of

return

Failure, payback period, and

energy savings

[63] Lighting system Maximize cost benefit ra-

tio

Energy savings, maintenance

cost, and failure

[106] Unit of chemical

plant

Optimal maintenance al-

ternative

Risk of equipment failure and

cost maintenance

[107] Companies Minimize equipment

downtime

Failure

[108] Factories Minimize the make-span

of the jobs

Reliability

[109] Infrastructure Minimize the life cycle

cost

Reliability

[110] Rolling element

bearings and pump

station

Optimum maintenance Failure

[111] Oil companies Optimum maintenance

strategy

Non-monetary factors

[112] A non-repairable

single compon-

ent and multi-

component repair-

able systems

Minimizing the expected

total system cost

Deterioration
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CHAPTER 2 LITERATURE REVIEW

2.8 CHAPTER SUMMARY

In this chapter, the background and a literature review on lighting systems design, lighting retrofitting,

electric lights failure modes and modelling, and lighting system maintenance are covered. In reported

literature on lighting maintenance, periodic preventive maintenance based on replacing failed lamps

at a certain maintenance level is the most often applied. The lighting maintenance plan developed

in the existing studies focused on burnout failure. However, before lamps burn out, their luminous

flux gradually decreases over time. This means before lamps burn out, the illumination level may

be inadequate to carry out a task safely, which may lead to visual discomfort. Existing studies have

revealed that the primary causes of luminous flux degradation of LEDs are the driving current and

operating junction temperature. However, the LED degradation models presented in the literature are

usually performed under several specific conditions including constant driving current and temperature,

while the driving current depends on the user profiles and driving schemes. This research focuses on

the luminous flux degradation of LEDs caused by the variation of the operating junction temperature

owing to the users’ lighting level requirements, and lighting maintenance optimization problems that

take into account the lumen degradation.
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CHAPTER 3 ENERGY-MAINTENANCE

OPTIMIZATION FOR RETROFITTED

LIGHTING SYSTEM INCORPORATING

LUMINOUS FLUX DEGRADATION TO

ENHANCE VISUAL COMFORT

3.1 CHAPTER OVERVIEW

This chapter is based on our published work [113], entitled "Energy-maintenance optimization for

retrofitted lighting systems incorporating luminous flux degradation to enhance visual comfort".

Energy-maintenance optimization that considers luminous flux degradation is studied. The lumen

degradation of LED lights is modelled based on the variation in operating junction temperature due

to the users’ lighting level requirements. The optimization model is formulated to maximize energy

savings and minimize maintenance costs. To minimize maintenance costs and maximize energy savings,

the number of lamps to be replaced and the brightness dimming level are chosen as the design variables

of the optimization problem. To test the effectiveness of the proposed optimal energy-maintenance

plan, an existing academic open-plan office at the University of Pretoria (UP) is used as the case study.

The optimization problem is solved using the Solving Constraint Integer Program (SCIP) available in

the MATLAB interface OPTI toolbox.
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3.2 INTRODUCTION

Visual comfort is generally evaluated through lighting quality and quantity characteristics. The

degradation of luminous flux affects the lighting quantity and uniformity more strongly. When the

luminous flux decreases, the illumination level at the workspace decreases and the uniformity increases.

For computer workstations, CIBSE recommends an illumination level between 300 and 500 lux, and

uniformity between 0.6 and 0.4. ASSIST has declared 70% lumen degradation as the threshold at

which the human eye can detect a reduction in light output, and recommends a 70% lumen degradation

threshold to determine the useful life of LEDs for general lighting applications. The existing solution to

maintain an adequate illumination level for an LED-based lighting system is to replace LEDs before the

lumen output goes below 70% of the initial lumen output. In this chapter, maintenance (replacement

of the LEDs) is designed based on lumen degradation and users’ lighting level requirements.

Various LED luminous flux degradation models discussed in the literature revealed that the driving

current and the operating junction temperature are the major factors that increase or decrease the

luminous flux degradation of LEDs. The LED luminous flux degradation models presented in the

literature were performed under several specific conditions, including constant driving current and tem-

perature. However, the junction temperature can vary depending on users’ lighting level requirements

and driving schemes. In this chapter, the luminous flux degradation model of LEDs is formulated based

on the variation in the operating junction temperature due to the users’ lighting level requirements. The

proposed luminous flux degradation model is then used to develop an optimal lighting maintenance

plan, which optimizes the lighting system’s performance and maintenance costs.

The major contributions of this chapter are as follows:

• The formulation of a luminous flux degradation model that takes into account users’ lighting

level requirements. This model helps to estimate the luminous flux degradation accurately,

following the users’ set light levels.

• The formulation of an energy-maintenance optimal model that takes into account luminous flux

degradation. This model maximizes energy savings and minimizes maintenance costs. With this

model, it is possible to predict when maintenance should be performed, how many times and

lamps need to be replaced during maintenance.
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3.3 PROBLEM FORMULATION AND MODELLING

3.3.1 Problem formulation

We consider an LED lighting system in a typical open-plan office, as depicted in Figure 3.1. The office

is divided into six workstations (S1, S2, S3, S4, S5, and S6) with an equal number of electric light

sources. A lighting control system equipped with light sensors to adjust artificial light to the light level

required by users and occupancy sensors to detect the presence of users in the zones is installed in this

office. The average illuminance in each zone is measured in the center of the zone at the height of the

desk (0.76 m from the floor). In this office, users in each zone set illuminance levels according to their

own lighting level preferences. At the beginning of the installation, LEDs in each zone are dimmed to

satisfy the users’ set illuminance level, but as time goes by, the luminous flux of LEDs degrade and

the targeted illuminance levels in zones may not be satisfied. In order to maintain the users’ lighting

level requirements, maintenance is necessary. However, the maintenance of lighting devices adds

extra investment. The aim of this study is to develop a maintenance plan that optimizes both lighting

system performance and maintenance costs. In this chapter, an optimal energy-maintenance plan that

optimizes both lighting system performance and maintenance costs while satisfying users’ lighting

level requirements is developed. To develop an effective lighting maintenance plan, luminous flux

degradation is modelled.

3.3.2 Luminous flux degradation modelling

Luminous flux degradation is the main factor used to predict the lifetime of LED lights. The degradation

rate is significantly affected by operating and environmental conditions. Thus, the variation in operating

conditions may affect the useful lifetime of LEDs. To understand the impact of operating conditions, it

is necessary to model the luminous flux degradation. In this chapter, the luminous flux degradation

is modelled based on the variation in operating junction temperature due to users’ lighting level

requirements.

LEDs located in the same workstation are controlled together. Let di( j) denote the dimming level of

lamps in workstation i at time j, di( j) ∈ [0,1], and di( j) = 1 for full brightness, and di( j) = 0 when
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Figure 3.1. Office under study.

lamps are off, i = 1,2, · · ·S, j = 1,2, · · · ,K. User’s set illuminance level in workstation i is denoted as

Eset,i. Eset,i is constant over the evaluation period.

The measured light level in workstation i at time j is calculated using lumen method as

Ei( j) =
n×φi( j)×di( j)×U f ×M f

A
, i = 1,2, · · · ,S, j = 1,2, · · · ,K, (3.1)

where Ei( j) is the light level (in lux) in workstation i at time j, n is the number of LED lights in each

workstation, φi( j) is the luminous flux (in lm) of each LED light in workstation i at time j, U f is the

utilization factor, M f is the maintenance factor, and A is the area (in m2) of each workstation.

Through luminous flux degradation experimental measurements carried out by IES [10], it was found

that the luminous flux degradation of LEDs followed the exponential curve. By using the exponential

model φi( j) is calculated as

φi( j) = φ0 e−βi( j)t j , (3.2)

where φ0 is the initial luminous flux (in lm), t j is the operating hours (in h), and βi( j) is the degradation

rate of lights in the workstation i at time j.

The degradation rate of lights in the workstations varies with the variation in operating junction
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temperature. The relationship between the degradation rate and operating junction temperature is

expressed using the Arrhenius model [18] as

βi( j) = a e

(
−Eact

kbTm,i( j)

)
, (3.3)

where a is the Arrhenius pre-exponential factor, kb is the Boltzmann constant (8.617385 ×10−5 eV/K),

Eact is the activation energy (in eV), and Tm,i is the operating junction temperature (in K).

From the thermal model developed in reference [19], the junction temperature can be expressed

as

Tm,i( j) = Ta +Pheat,i( j)×Rth, (3.4)

where Ta is the ambient temperature (in K), Pheat,i( j) is the electricity converted into heat (in W ) as in

(3.5), and Rth is the thermal resistance (in K/W ).

Pheat,i( j) = kh× IF ×VF ×di( j), (3.5)

where IF and VF are the driving current and forward voltage, respectively, and kh is the heat coeffi-

cient.

The formulated luminous flux degradation model is used to develop an optimal energy-maintenance

plan. The optimization problem is formulated in the following section.

3.4 OPTIMIZATION PROBLEM FORMULATION

The luminous flux degradation model is incorporated in the optimization problem to satisfy users’ light-

ing level requirements while optimizing the energy savings and maintenance costs. The optimization

problem is formulated in the subsections below.

3.4.1 Design variable

The design variables are referred to as the parameters that have to be determined to achieve the best

performance under given constraints. In this optimization problem, the dimming level and the number

of lamps to be replaced are the parameters to be determined to optimize both energy savings and

maintenance costs.
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Assume mi( j) is the number of lights to be replaced in workstation i at time j. For i = 1,2, · · · ,S, and

t = 1,2, · · · ,K. Let di =
[
di(1),di(2), · · · ,di(K)

]
, mi =

[
mi(1),mi(2), · · · ,mi(K)

]
, D=

[
d1,d2, · · · ,dS

]
,

and M =
[
m1,m2, · · · ,mS

]
. The set of design variables of the energy-maintenance problem over the

evaluation period is given as

X =
[
D,M

]T
. (3.6)

di( j) are continuous values bound between 0 (off) and 1 (full brightness), and mi( j) are integer values

bound between 0 (no replacement) and n (full replacement).
0≤ di( j)≤ 1,

0≤ mi( j)≤ n.
(3.7)

3.4.2 Objective function

The objectives of the energy-maintenance optimization problem are to maximize energy savings and

minimize maintenance costs, which can be formulated into an optimization problem as
min −ES,

min Mc.

(3.8)

By using the weighted sum method [114], the optimization problem (3.8) can be expressed as single

optimization problem as

min J =−w1ES+w2Mc, (3.9)

where w1 and w2 are the weighting coefficients in range [0,1], and w1+w2 = 1. Weighting coefficients

are chosen based on the importance given to the attached objective. The higher the weighting coefficient,

the more importance is given to the attached objective.

To normalize the objective function (3.9), maximum values of energy savings (ES) and maintenance

costs (Mc) are used.

min J =−w1
ES
ES

+w2
Mc

Mc
. (3.10)

The energy savings (ES) are referred to as lighting energy saved by installing a lighting control system.

It is the difference between lighting energy consumed before and after the installation of a lighting

control system.

ES = ECb−ECa, (3.11)
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where ECb is the lighting energy used (in kWh) before the installation of lighting control system, and

ECa is the lighting energy used (in kWh) after the installation of lighting control system. ECb and ECa

are expressed as

ECb = Pr×n× ts,b×K, (3.12)

ECa =
S

∑
i=1

K

∑
j=1

Pr×n×di( j)× ts,i, (3.13)

where ts,b is the fixed operating hours before the installation of the lighting control system, and ts,i is

the controlled operating hours after the installation of the lighting control system in each sampling

interval in workstation i.

The maintenance cost Mc is referred to as the money spent on buying new lighting devices and the

replacement of failed lamps with new ones. Mc is expressed as

Mc =
S

∑
i=1

K

∑
j=1

(Up +Lc)×mi( j), (3.14)

where Up is the unit price (R1) of a light device, and Lc is the labour cost to replace the light device

(R). Up and Lc are considered constant over the evaluation period.

3.4.3 Constraints

The objective function (3.10) is constrained by the illuminance level required by users, targeted energy

savings, and maintenance budget limits.

(i.) Users’ lighting level requirement

The CIBSE recommends (see Table 2.3), a light level between 300 and 500 lux for computer

workstations. The users in workstations can set any light level between 300 lx and 500 lx. The

average measured illuminance should be equal to the users’ set illuminance level.

Ei( j) = Eset,i. (3.15)

Equation (3.1) can also be expressed as

Ei( j) =
Θi( j)×di( j)×U f ×M f

A
, (3.16)

where Θi( j) is the total luminous flux (in lm) of lights in workstation i at time j. Θi( j) is

calculated as

Θi( j+1) =
L

∑
l=1

φ
l
i ( j) e−βi

(
Tm,i( j)

)
ts,i +mi( j)φ0 e−βi

(
Tm,i( j)

)
ts,i , (3.17)

1Rand(R): South African currency (1 Rand = 0.070USD), as on 04 July 2019
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where L = n−mi( j) , and φ l
i ( j) is the luminous flux of non-replaced lamp l at time ( j). φ l

i ( j)

is calculated using (3.2). Failed lamps are replaced by the same type of lamps with the same

initial luminous flux and rated power.

(ii.) Energy savings

One of the main purposes of installing a lighting control system is to save more energy, but over

time the energy savings decrease owing to luminous flux degradation and building managers

have the targeted energy savings they want to achieve over the evaluation period. The energy

savings constraint is given as

ESi( j)≥Φ , (3.18)

where Φ is the targeted energy savings (in kWh). Φ is the percentage of energy consumption

before the installation of the lighting control system.

(iii.) Maintenance cost limit

The maintenance cost at each sampling interval is set to be less than the cumulative energy

saving costs. ( j

∑
k=1

ESi(k)×ET
)
− (Up +Lc)×mi( j)≥ 0, (3.19)

where ET is the electricity tariff (in R/kWh). ET is considered constant at each sampling

interval.

3.4.4 Solution methodology

The optimization problem (3.6) - (3.19) is formulated as a mixed-integer programming (MIP), and

is solved using the Constraint Integer Program (SCIP). SCIP is available in OPTimization Interface

(OPTI) Toolbox2 in MATLAB. SCIP is reported to be the fastest non-commercial MIP solver. The

solver offers a solution to problems of the form:

min f (X) ,

2https://www.inverseproblem.co.nz/OPTI/index.php/Solvers/SCIP
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subject to:



AX ≤ b inequality linear constraint

AeqX = beq equality linear constraint

C(X)≤ d inequality nonlinear constraint

Ceq(X) = deq equality nonlinear constraint

lb ≤ X ≤ ub variables bounds

xi ∈ Z

xi ∈ 0,1.

The performance of the solver is given by the case study discussed in the following section.

3.5 CASE STUDY

A lighting system in an open-plan office of a length of 15 m, a width of 10 m, and a height of 2.8

m (shown in Figure 3.1) is used as a case study. The office is equipped with an LED light system

composed of 36 Philips LED tubes of 1200 mm, 20 W, 4000 K, and 2650 lm each. Each workstation

is equipped with six LED tubes. A light sensor is installed in each workstation to adjust the lumen

output to the light level required by users, and the occupancy sensor is installed to detect occupancy in

each workstation. S1 and S4 are occupied 12 hours/day, S2 and S5 are occupied 10 hours/day, and S3

and S6 are occupied 7 hours/day. Users’ light level is set at 300 in S1, S2, and S3, and at 500 lux in S4,

S5, and S6.

3.6 SIMULATION RESULTS AND DISCUSSION

3.6.1 Results analysis

Simulation results are analysed under four scenarios: Scenario 1 presents the baseline; Scenario 2

presents the case where the maintenance is performed based on the IES LM-80-08 standard of LEDs

failure; Scenario 3 presents a full maintenance plan, and Scenario 4 presents the optimal maintenance

plan. All scenarios are simulated using MATLAB R2016b.
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The data used in the simulations to validate the formulated models are presented in Table 3.1. The LED

lights parameters (kb,kh and Rth) are obtained from the Philips manufacturing data sheet, the LED

lighting system design parameters (U f and M f ) are obtained from the reference [115], n is calculated

using the lumen method, the A of the zones is measured using a measuring tape, the characteristics of

the LED lights (Pr and φ0) are measured using the integrating sphere in the laboratory, operating hours

(ts,1, ts,2, ts,3, ts,4, ts,5, ts,6, and ts,b) are obtained from a monitoring survey conducted, and parameters (Φ ,

w1, and w2) are chosen based on the project developer’s preferences.

Table 3.1. Simulation parameters.

Parameter Value Unit Parameter Value Unit

kb 8.617385×10−5 eV/ K ts,1 = ts,4 264 h

kh 0.75 ts,2 = ts,5 220 h

Rth 2 ◦C/W ts,3 = ts,6 154 h

U f 0.9 ts,b 528 h

M f 0.9 Φ 0.3ECB kWh

n 6 w1 0.5

A 22.5 m2 w2 0.5

Z 6 Lc 10 R

Pr 20 W α 170 R

φ0 2650 lm ET 0.95 R

3.6.2 Scenario 1

In the baseline scenario, the lighting system in the case study is analysed without lighting control

system and maintenance. LED lights operate at their full brightness in all workstations. Illumination

levels in all workstations and lighting energy consumption are calculated at each sampling interval

using (3.1) and (3.12), respectively. Results show that the illumination level degrades over time in all

workstations. The illumination level in the workstations decreases from 570 lux in the first month

of operation to 343 lux at the end of the evaluation period. Figure 3.2 shows the degradation of

luminous flux and illuminance levels over time. Lighting energy consumption per month is 380.16
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kWh, and 45.61 MWh over the evaluation period. Lighting energy cost over the evaluation period is R

43 338.
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Figure 3.2. Luminous flux and illuminance degradation over time in Scenario 1.

3.6.3 Scenario 2

In this scenario, LED lights operate at their full brightness in all workstations and maintenance is

performed based on the IES LM-80-08 standard. In the IES LM-80-08 standard, LEDs are declared

to fail if the lumen output is less than 70% of the initial lumen output. Results show that lights

in all workstations will be replaced after operating 84 months. Figure 3.3 shows the light level in

workstations. It is noticed that illuminance decreases with time and increases when maintenance is

performed. Energy consumption and maintenance costs over the evaluation period are 45.61 MWh and

R 6 480, respectively.
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Figure 3.3. Illuminance level in workstations in Scenario 2.

3.6.4 Scenario 3

In this scenario, full maintenance is applied to maintain users’ light level requirements. Full mainten-

ance is referred to as the maintenance by which all lamps will be replaced by new ones once lamps

in the workstation are not able to satisfy users’ light level requirements. The light sensor installed

in each workstation adjusts the lumen output to the light level required by users, and the occupancy

sensor switches on when the workstation is occupied and off when is not occupied. Lamps in the

workstation are dimmed when the measured light level is higher than the required level, and lamps are

replaced when the measured light level is less than the required level. Results show that maintenance

will not be performed in S1, S2, and S3, because lamps in these workstations satisfy users’ light level

requirements over the evaluation period. In S4, S5, and S6 lamps will be replaced every 44, 56, and

68 months, respectively. Figure 3.4 presents energy savings in each workstation over time. Energy

savings over the evaluation period in S1, S2, S3, S4, S5, and S6 are 5.5 MWh, 5.97 MWh, 6.54 MWh,

4.13 MWh, 4.6 MWh, and 5.2 MWh, respectively. In this scenario, 31.94 MWh are saved. Failed

lamps are replaced at a cost of R 5 400.
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Figure 3.4. Energy savings in each workstation under Scenario 3.

3.6.5 Scenario 4

In this scenario, the proposed maintenance plan is applied to the lighting system in the case study.

As discussed in Subsection 3.4.4, to obtain the optimal solution the optimization problem is solved

using the SCIP solver. The objectives are treated as equal, thus the weighting coefficients are equal

(i.e. ω1 = ω2 = 0.5). At each sampling interval, the solver determines the optimal dimming level and

the number of lamps to be replaced in each workstation. The optimal number of lamps to be replaced

and the dimming levels in each workstation are shown in Figures 3.5 and 3.6, respectively. Results

show that the first replacement of three lamps occurs after 36 months in S4. The user-set illuminance

level and lights’ daily usage affect the optimal solution significantly. Workstations with high user-set

illuminance levels and more operating hours are maintained more often than others. For example, S4,

and S5 are maintained three times each, while maintenance is not carried out in S1, S2, and S3. The

lights in S1, S2, and S3 are not maintained over the evaluation period; their luminous flux decreases

but still meets the user-set illuminance level. From Figure 3.7, it is noted that the higher the number of

replacements, the lower the dimming level. Results show that the optimal number of replacements and

dimming levels can vary with the weighting coefficients. For example, for w1 = 0.5, and w2 = 0.5, 21

lights are replaced over the evaluation period, while for w1 = 0.7, and w2 = 0.3, 24 lights are replaced
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over the evaluation period. Results show that 31.27 MWh of the lighting energy consumption can be

saved in this scenario at a maintenance cost of R 3 780. Table 3.2 presents and compares the project

key performance factors under the scenarios analysed.
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Figure 3.5. Optimal number of lamps replaced under Scenario 4.

Table 3.2. Project key performance factors analysis over the evaluation period.

Performance factor Scenario

1

Scenario

2

Scenario

3

Scenario

4

Energy consumption

(MWh)

45.61 45.61 13.67 14.34

Energy savings (MWh) 0 0 31.94 31.27

Maintenance cost (R) 0 6 480 5 400 3 780

Energy cost (R) 43,338 43 338 12 987 13 623

Total R 43 338 R 49 818 R 18 387 R 17 403
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Figure 3.6. Dimming level in each workstation under Scenario 4.
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Figure 3.7. Dimming level and number of lamps replaced in Z4 under Scenario 4.
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3.7 CHAPTER SUMMARY

In this chapter, an energy-maintenance optimization model is formulated to minimize lighting energy

use and maximize maintenance cost, while satisfying users’ illumination level requirements. The results

of the case study demonstrated the effectiveness of the proposed energy-maintenance optimization

model. From the case study results, it is concluded that to save more energy, lighting controls should

be included in EE lighting retrofit projects; maintenance should be planned to maintain users’ lighting

level requirements, and optimal maintenance is the most cost-effective maintenance compared to full

maintenance and lumen threshold-based maintenance.
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CHAPTER 4 OPTIMAL MAINTENANCE PLAN

INCORPORATING LUMEN

DEGRADATION FAILURE FOR

LIGHTING RETROFITTING

PROJECTS

4.1 CHAPTER OVERVIEW

This chapter continues in the line of Chapter 3 by considering large-scale lighting retrofit projects. In

large-scale lighting retrofit projects, monitoring when each lamp will fail can be time-consuming and

costly. In this work, the degradation failure model is developed by analysing the statistical properties of

sample lumen degradation rates. This model considers the variations in lumen degradation rates which

may be caused by manufacturing materials and processes, or different handling conditions. By using

the Kaplan-Meier method, the formulated lumen degradation failure is used to model the surviving

population. Thereafter the surviving population model is used to design an optimal lighting maintenance

plan, which maximizes energy savings and minimizes maintenance costs. The effectiveness of the

formulated maintenance plan is demonstrated by an actual residential LED lighting retrofit project

implemented in South Africa. The work done in this chapter is published in [116].

4.2 INTRODUCTION

Generally, lighting retrofit projects contain a large lighting population. Over time, the lighting

population decreases owing to either burnout failure or lumen degradation failure. These failures lead
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to a reduction in the illumination level and energy savings if proper maintenance is not performed.

For EE lighting retrofit projects registered under incentive programs such as Clean Development

Mechanism (CDM), to maintain the performance of the implemented project, a penalty factor to the

energy savings is introduced. This entails that for the project to earn the annual energy savings rebate,

the surviving population should be greater than 50% of the initial population. In consideration of

lumen degradation, the ASSIST recommends a 70% lumen (30% degradation from the initial lumen

output) threshold to determine the useful life of LEDs for general lighting applications. Therefore,

for LED-based lighting retrofit projects, a 70% lumen degradation criterion should be considered to

maintain both the illumination level and energy savings, since the burnout failure is not significant, in

view of the longevity of LEDs.

The main contribution of this chapter is the formulation of optimal lighting maintenance that takes

into account lumen degradation failure based on the statistical properties of the lumen degradation

rates.

4.3 PROBLEM FORMULATION AND MODELLING

The project developers implemented an LED-based lighting retrofit project and registered the project

under an incentive program to earn an energy saving rebate. For this project to earn an annual rebate,

the surviving population had to be greater than 70% of the initial population. At the installation

stage, all the installed lamps operate properly, but as time goes by the number of lamps working

properly reduces owing to lumen degradation failure. To maintain the project performance and earn

an energy saving rebate, maintenance is needed. However, maintenance activities are very costly and

time-consuming when a large lamp population is involved. This chapter, therefore, aims to propose an

optimal lighting maintenance plan that maximizes energy savings and minimizes maintenance costs,

while taking into account the lumen degradation failure.

For the formulation of the lighting maintenance optimization problem, lamp lumen degradation failure

is modelled.
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4.3.1 Lumen degradation failure modelling

LED lamp failure based on lumen degradation is modelled to predict the surviving population in

LED-based lighting retrofit projects. The lumen degradation of LEDs is calculated using exponential

decay model as

φ(t) = φ(0)e−β t , (4.1)

where φ(t) is the luminous flux (in lm) at time t, φ(0) is the initial luminous flux (in lm), and β is the

degradation rate.

The failure rate may vary among LEDs owing to variations in lumen degradation, and the lumen

degradation rate may vary among LEDs because of variations in materials, different manufacturing

processes, or different handling conditions. For this reason, in this study LEDs’ failure is modelled by

analysing the statistical properties of the lumen degradation rates. The modelling process is detailed as

follows:

i) Lumen measurement

Currently, there is no universal standard for measuring the photo-metric properties of LEDs.

The Illumination Engineers Society (IES) released documents (IES LM-80-08 and IES LM-IES

TM-21-11) describing standards for testing LEDs [117]. These standards appear to be the front-

runners in becoming the benchmark standards in testing photo-metric properties and have been

adopted by most top-tier manufacturers such as Osram and Philips. Because of their longevity,

up to now, there have been no actual measurement data of lumen degradation of LEDs over

their complete lifetime. In this study, the data used to model lumen degradation failure have

been obtained from the Illuminating Engineering Society of North America (IESNA) LM-80

test report of Philips Lumileds [57]. In this report, lumen degradation of 25 LUXEON Rebel,

Lumileds Philips lamps are tested in compliance with the LM-80-08 standard. Luminous flux

data of tested units are collected every 1 000 hours over an evaluation period of 7 000 hours. All

collected luminous flux data are normalized to 1 at the original test point. Sample test units are

tested in homogeneous operating and environmental conditions. A lumen degradation threshold

(Lpth) of 70% (commonly used in general lighting applications) is considered. When the lumen

degradation of a unit at any time t is below Lpth, the unit is deemed as failed.

ii) Estimation of degradation rates and statistical property analysis
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The degradation rate of each test unit is estimated using regression analysis. Regression analysis

examines the relationship between time and lumen degradation. Each test unit is represented by

time and lumen degradation data points, (t1,Lp1), · · · ,(tK ,LpK). The model function of each

unit is given as

Lpi = f (t,βi), i = 1,2, · · · ,n, t = 1,2, · · · ,K, (4.2)

where Lpi and βi are the lumen measurement and degradation rate of the ith unit, respectively. It

is found that the test units data are characterized by exponential models with the coefficient of

determination (R2) between 0.97 and 0.99. The estimated degradation rates for each unit are

given in Table 4.1.

To analyse the statistical properties of the degradation rates, the probability distribution fitting

is used to determine the statistical distribution that best fits the degradation rates. There are

different distribution fitting programs, including EasyFit, Matlab, Excel, ExpertFit, and R. In

this study, EasyFit1 is used. Kolmogorov Smirnov, Anderson Darling, and Chi-Squared tests

are used to test the best fit. Table 4.2 presents different tested distributions and their statistics.

The distribution fits are tested at a 95% confidence level. Results show that the degradation

rates fit 40 distributions out of 57 fitted distributions. It is found that the Generalized Extreme

Value (GEV) distribution is the best fit, and this is used to estimate the cumulative probability of

failure distribution.

iii) Model prediction

The probability that a brand new LED will fail at or before a specified time is represented by a

cumulative distribution function F(t). F(t) is expressed as [118]

F(t) = P[ε ≤ t], (4.3)

where ε is the lifetime of LED (hours of use before LED fails). Assuming β of the LED is

known and Lpth is set, ε can be expressed as [119]

ε =
ln
[
Lpth

]
−β

. (4.4)

Substituting (4.4) in (4.3) one obtains

F(t) = P

[
ln
(
Lpth

)
−β

≤ t

]
. (4.5)

1http://www.mathwave.com/easyfit-distribution-fitting.html
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Table 4.1. Lumen degradation rates of test units over the evaluation period of 7 000 h.

Test unit β Test unit β

1 0.1382×10−4 14 0.0908×10−4

2 0.1211×10−4 15 0.1609×10−4

3 0.1346×10−4 16 0.1008×10−4

4 0.1274×10−4 17 0.1097×10−4

5 0.1001×10−4 18 0.1287×10−4

6 0.1177×10−4 19 0.1462×10−4

7 0.1192×10−4 20 0.0902×10−4

8 0.1142×10−4 21 0.1312×10−4

9 0.1368×10−4 22 0.1015×10−4

10 0.1142×10−4 23 0.1508×10−4

11 0.1428×10−4 24 0.1053×10−4

12 0.1269×10−4 25 0.1206×10−4

13 0.1386×10−4

βi follows the GEV distribution with shape parameter ι , location parameter ν , and scale para-

meter κ . β ∼ GEV (ι ,ν ,κ), the GEV cumulative distribution is given as [120]

F(t) = P
[

ln
(
Lpth

)
−β

≤ t

]
= exp

[
−

(
1−

( ln
(

Lpth

)
−t − ι

ν

)
×κ

) 1
κ
]
. (4.6)

After modelling the failed proportions F(t), the surviving population is estimated using the

Kaplan-Meier method [121] as

N(t +1) = N(t)
t

∏
j=1

(
1− d( j)

N( j)

)
, (4.7)

where d( j) = N( j−1)F( j) is the number of LEDs failed at time j (with luminous flux below

the threshold).

iv) Model parameter estimation

Parameter estimation methods including the mixed-method [122], maximum likelihood method

[120], and probability weighted moment (PWM) method [123] have been used to estimate GEV
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distribution parameters. Reference [123] shows that maximum-likehood estimators are unstable

for a small sample and recommends the PWM estimators. The PWM estimators are equivalent to

L-moment estimators [124]. By using the L-moment estimators, the GEV distribution parameters

are given as [124]

ι̂ = λ̂1−
ν̂

κ̂

(
1−Γ(1+ κ̂)

)
, (4.8)

ν̂ =
λ̂2κ̂

(1−2−κ̂)Γ(1+ κ̂)
, (4.9)

κ̂ = 7.8590c+2.9554c2, c =
2

3+ τ̂
−
(

ln2
ln3

)
, (4.10)

where τ̂ = λ̂3/λ̂2, and Γ(·) is the complete gamma function. Parameters λ̂1, λ̂2,and λ̂3 are given

as [125]

λ̂1 = b0, (4.11)

λ̂2 = 2b1−b0, (4.12)

λ̂3 = 6b2−6b1 +b0, (4.13)

and b0,b1,b2 are unbiased estimators calculated using (4.14) [126]

br =
1
n

n

∑
j=1

[
( j−1)( j−2) · · ·( j− r)
(n−1)(n−2) · · ·(n− r)

Lpn− j+1:n

]
, r = 0,1,2. (4.14)

In practice, the parameters ι ,ν , and κ may not be known accurately beforehand. Based on

lumen degradation data available at each time t, the failed proportions can be expressed as

F(t) = f (t, ιt ,νt ,κt), (4.15)

where ιt , νt , and κt can be determined at each time interval using (4.14).

v) Applicability of the model

The models (4.6) and (4.7) are applicable to LUXEON rebel LEDs operating under normal

indoor conditions. In this study, these models are used to develop an optimal maintenance plan

of the LUXEON-based LED lighting retrofit project in residential buildings.

Department of Electrical, Electronic and Computer Engineering
University of Pretoria

63



CHAPTER 4 OPTIMAL MAINTENANCE PLAN

Table 4.2. Tested distributions using goodness fit tests.

Kolmogorov Smirnov Anderson Darling Chi-Squared
N0 Distribution Statistic Rank Statistic Rank Statistic Rank
1 Beta 0,13345 37 4,2804 42 N/A -

2 Burr 0,07417 6 0,14771 6 0,40447 10

3 Burr (4P) 0,72372 53 15,225 52 0,08885 5

4 Cauchy Reject

5 Dagum 0,0989 27 0,27946 27 0,91312 16

6 Dagum (4P) Reject

7 Erlang 0,10107 28 0,21429 19 1,1869 33

8 Erlang (4P) 0,10167 29 0,21717 20 1,2339 34

9 Error 0,065 3 0,11954 3 0,05274 4

10 Error function Reject

11 Exponential Reject

12 Exponential

(2P)

Reject

13 Fatigue life 0,09586 25 0,22367 21 1,1334 29

14 Fatigue life (3P) 0,07848 11 0,15991 9 0,38145 9

15 Frechet 0,15555 41 0,80594 35 1,9925 37

16 Frechet (3P) 0,11238 31 0,37649 30 0,86061 13

17 Gamma 0,0868 16 0,1815 14 1,0919 21

18 Gamma (3P) 0,08357 15 0,17538 11 1,1005 22

19 Gen. Extreme

Value

0,06181 1 0,11934 2 0,02251 1

20 Gen. Gamma 0,08757 18 0,19079 16 1,1054 24

21 Gen. Gamma

(4P)

0,17954 42 4,7381 45 N/A -

22 Gen. Logistic 0,07572 8 0,17576 12 0,89488 15

23 Gen. Pareto 0,09732 26 Reject

24 Gumbel Max 0,13582 38 0,69617 34 1,1247 27

25 Gumbel Min 0,12555 35 0,50988 31 1,1048 23

26 Hypersecant 0,09581 24 0,33599 28 2,0534 38

27 Inv. Gaussian 0,09461 21 0,24275 25 1,1103 25
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Kolmogorov Smirnov Anderson Darling Chi-Squared
N0 Distribution Statistic Rank Statistic Rank Statistic Rank
28 Inv. Gaussian

(3P)

0,13287 36 1,0899 36 1,4291 35

29 Johnson SB 0,06181 1 0,11954 3 0,04739 3

30 Kumaraswamy 0,14292 39 4,365 44 N/A -

31 Laplace 0,11644 32 0,54984 32 1,8644 36

32 Levy Reject

33 Levy (2P) Reject

34 Log-Logistic 0,12391 34 0,34163 29 0,86605 14

35 Log-Logistic

(3P)

0,07821 10 0,18234 15 0,91584 17

36 Log-Pearson 3 0,07743 9 0,15157 7 0,34299 7

37 Logistic 0,08736 17 0,23458 24 1,0031 19

38 Lognormal 0,09577 23 0,22402 22 1,1293 28

39 Lognormal (3P) 0,08127 14 0,17376 10 1,1136 26

40 Nakagami 0,07875 12 0,15949 8 0,36317 8

41 Normal 0,07244 5 0,13822 5 0,03183 2

42 Pareto Reject

43 Pareto 2 Reject

44 Pearson 5 0,10372 30 0,26755 26 1,0735 20

45 Pearson 5 (3P) 0,09124 19 0,19634 17 1,1607 32

46 Pearson 6 0,09168 20 0,20607 18 1,1498 30

47 Pearson 6 (4P) Reject

48 Pert Reject

49 Power function 0,118 33 Reject 1 18

50 Rayleigh Reject

51 Rayleigh (2P) 0,15047 40 0,64834 33 0,57672 12

52 Reciprocal Reject

53 Rice Reject

54 Uniform Reject

55 Wakeby 0,06932 4 0,11185 1 0,13297 6

56 Weibull 0,07419 7 0,23448 23 0,54344 11

57 Weibull (3P) 0,08051 13 0,1758 13 1,1583 31
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4.4 OPTIMIZATION FORMULATION

The maintenance plan considering lumen degradation failure is developed into an optimization problem.

The number of replacements is optimized to maximize energy savings and minimize maintenance cost.

The optimization problem is formulated in the subsections below.

4.4.1 Design variables

Let u( j) denote the number of failed lamps to be replaced at time j. The design variable of the

maintenance problem within the evaluation period J is given as

X =

[
u(1),u(2), · · · ,u(J)

]T

. (4.16)

The design variables are integers bound between 0 and the initial lighting population.

Lb = [0, · · · ,0]TJ×1, Ub = [N(0), · · · ,N(0)]TJ×1, (4.17)

where Lb and Ub are the lower and upper bounds of the design variables.

4.4.2 Objective

The objective of designing an optimal lighting maintenance plan is to maximize energy savings and

minimize maintenance cost. 
min −Θ

min Mc

(4.18)

where Θ and Mc are the energy savings (in kWh) and maintenance cost (in R) over the evaluation

period, respectively. The weighted sum method [114] is used to integrate objective functions (4.18)

into one objective function. This approach gives the project developers advantage of determining the

weights in order to achieve their desired performance.

min W =−α1Θ+α2Mc , (4.19)

where α1and α2 are the weighting coefficients, which are in range [0,1], and α1+α2 = 1. To normalize

the objective function (4.19), the maximum values of energy savings (Θ) and maintenance cost (Mc)
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are used, and the objective function (4.19) is re-written as

min W =−α1
Θ

Θ
+α2

Mc

Mc
. (4.20)

Θ is expressed as the product of energy saving per retrofitted lamps and the number of surviving

lamps.

Θ =
J

∑
j=1

ES×N( j) , (4.21)

where ES is the energy savings (in kWh) per retrofit unit. The ES is determined using an M&V

approach [127].

By considering maintenance, the surviving population is expressed as

N( j+1) = N( j)
j

∏
t=1

(
1− d(t)

N(t)

)
+u( j), (4.22)

Time j = 0, is regarded as the installation stage, and the surviving population at j = 0 is equal to the

initial installed lighting population N(0). The failed lamps will be replaced by the same type of lamps,

which will not change the population degradation distribution. The maintenance cost of replacing the

failed lamps by new ones is given as

Mc =
J

∑
j=1

(
σ0 +Lc

)
×u( j), (4.23)

where σ0 is the price (in R) of each bulb , and Lc is the labour cost (in R) to replace a bulb. The

labour cost is calculated as minutes to change a bulb (average of eight minutes is used) divided by

60 minutes in an hour times hourly rate for lighting maintenance (this value is obtained from South

African labour costs data 2008 - 2016). The hourly rate for lighting maintenance used is for indoor

lighting applications. Thus, the unit labour cost considered is for indoor lighting applications.

4.4.3 Constraint

In order to earn the annual savings rebate the number of surviving lamps should be greater than or

equal to 70% of the initial population.

N( j)≥ 0.7×N(0) , (4.24)

and N( j) should not be higher than the initial population

N(t)≤ N(0) . (4.25)
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The maintenance budget limit constraint (4.26) indicates that the maintenance cost over the evaluation

period should not exceed the initial investment ζ .
J

∑
j=1

(
σ0 +Lc

)
×u( j)≤ ζ . (4.26)

ζ is expressed as

ζ =
(
σ0 +Lc

)
×N(0). (4.27)

4.4.4 Solution methodology

The lighting optimization problem is formulated as an integer programming problem, and is solved

using the Mixed Integer Distributed Ant Colony Optimization (MIDACO) solver, which is a numerical

high-performance solver for single and multi-objective optimization problems. The MIDACO solver

can be applied to continuous, discrete/integer, and mixed-integer problems. It is available for several

programming languages including MATLAB, Octave, and Python [128]. In this study, it is used in

MATLAB R2017b.

MIDACO offers solutions to problems of the form [128]:

minimize f (x,y) ,

subject to:



gh(x,y) = 0, h = 1, · · · ,me ∈ N,

gh(x,y)≥ 0, h = me +1, · · · ,m ∈ N,

xl ≤ x≤ xu,

yl ≤ y≤ yu,

(4.28)

where f (x,y) is the objective function to be minimized and gh(x,y) represents the vector of equality

and inequality constraints. x and y are the continuous and discrete decision variables, respectively. xl

and yl represent the lower bounds, and xu and yu represent the upper bounds of the decision variables x

and y.

4.5 CASE STUDY

The formulated model is used to plan effective strategic maintenance for lighting retrofit projects. In

South Africa, Eskom2 in its program of residential mass roll-out (RMR) encourages project developers

2A South African electricity public utility
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to implement EE lighting retrofit projects [129]. In one of the sub-RMR projects, LED light bulbs

are replacing halogen light bulbs in households in different provinces of South Africa. LEDs that are

installed have the equivalent lumen output to the replaced halogen. LUXEON-based LED light bulbs

with a rated power of 10 W and lumen output of 800 lm are considered to replace halogen light bulbs

of the rated power of 50 W and lumen output of 800 lm. The lighting retrofit project is evaluated for a

duration of K = 10 years, with a sampling interval of 1 year. The case study key information is given

in Table 4.3.

The EE lighting retrofit projects contain a large lighting population, thus installing a light meter to

each light bulb is not feasible because of the high cost of light meters. The simple random sampling

approach is used to determine the required sample lights for a given population to achieve some

confidence and precision. The sample size (n) for the lighting population is calculated as [130]

n =
z2CV 2

p2 , (4.29)

where z is the z-score, p is the relative precision, and a CV is the standard deviation of the sampling

records divided by the mean.

The CDM guidelines of 90% of the confidence interval and 10% of relative precision, and the CV

of 0.5 are applied in the calculation. To ensure accurate and representative luminous flux data, the

following protocols are applied to measure the luminous flux: i) only the light provided by the lamp

being tested is measured; ii) luminous flux measurements are recorded at a typical office desk height

(0.76 m); iii) the same type of calibrated lux meters are used; iv) adjacent electric lights are switched

off during measurement, and v) measurements are scheduled and taken every day after sunset to avoid

daylight disturbance. The luminous flux collected at each sampling interval is normalized to the initial

luminous flux.
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Table 4.3. Case study information.

Parameter Existing lights

(halogen)

LED light bulb

Power 50 W 10 W

Light output 800 lm 800 lm

Lifetime 1 500 h 15 000 - 40 000 h

Operating

hours/day

10 h 10 h

Initial population 207 693 207 693

Unit price R 35 R 50

Replacement

cost/bulb

- R 7

4.6 SIMULATION RESULTS AND DISCUSSION

To assess the effectiveness of the maintenance plan developed, the no maintenance and full maintenance

scenarios are simulated for comparison purposes.

4.6.1 No maintenance scenario

In the no maintenance scenario, the lighting project in Section 4.5 is implemented without maintenance.

The number of failed and surviving lamps is estimated at each sampling interval using (4.6) and (4.7),

respectively. As shown in Figure 4.1, the number of surviving lamps decreases over time and reaches

the minimum number (70% of N(0)) required for an adequate illumination level after operating for 21

860 hours. The total energy savings over 10 years are 177.9×103 MWh.
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Figure 4.1. Surviving lamp population under no maintenance and threshold surviving lamps.

4.6.2 Full maintenance scenario

Full maintenance refers to maintenance under which all lamps will be replaced by new ones once the

number of surviving lamps has reached 70% of N(0). All lamps will be replaced after every 21 860

hours of operation. Full maintenance will be performed once over the evaluation period. The total

energy savings under full maintenance are 297.6×103 MWh, and the cost of full maintenance is R11

838 501.

4.6.3 Optimal maintenance scenario

In this scenario, the proposed maintenance plan is applied to the lighting retrofit project in the case

study. The optimization problem is solved using the MIDACO solver. The parameters used in the

solver are given in Table 4.4. The objectives are treated as equal, thus the weighting coefficients are

equal (i.e. ω1 = ω2 = 0.5). At each sampling interval, the luminous flux collected is normalized to the

initial luminous flux and used to calculate (4.14), then distribution parameters and the number of failed
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lamps are calculated. The energy savings and surviving population are calculated using (4.21) and

(4.22), respectively. Results show that the first replacement of 7 996 lamps will happen at 18 250 hours,

and 143 456 failed lamps will be replaced over the evaluation period. The optimal number of lamps to

be replaced and the surviving population at each sampling interval are shown in Figure 4.2. The total

energy savings under the optimal maintenance plan are 282.2×103 MWh, and the maintenance cost is

R 8 176 992.

Compared to the no maintenance scenario, the optimal maintenance plan increases energy savings

by 59%. A full maintenance plan produces more energy savings than the optimal maintenance plan

because more failed lamps are replaced, but at higher maintenance cost. Figure 4.3 compares energy

savings under the no maintenance, full maintenance, and optimal maintenance scenarios. Both the full

maintenance and optimal maintenance plans maintain lumen degradation within the threshold. Table

4.5 presents and compares the project key performance factors under the full maintenance and optimal

maintenance plans. It is observed that the optimal maintenance plan is more cost-effective (with R 78.3

per MWh saved) than a full maintenance plan. The ratio between the maintenance cost and additional

energy savings is calculated to indicate the cost-effectiveness of different maintenance plans.

Table 4.4. Solver parameters.

Parameter name Value

problem.o (number of objectives) 1

problem.n (number of variables) 10

problem.ni (number of integer vari-

ables)

10

problem.m (number of constraints in

total)

21

problem.me (number of equality con-

straints)

0

problem.xl (lower bound) 0×ones(1,problem.n)

problem.xu (upper bound) N(0)×ones(1,problem.n)
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Figure 4.2. Optimal number of lamps to be replaced and surviving population.

Table 4.5. Project key performance factor analysis under full and optimal maintenance.

Factor Full maintenance

(FM)

Optimal mainten-

ance (OM)

Energy savings (MWh) 297.6×103 282.2×103

Number of replaced lamps 207 693 143 456

Maintenance cost (R) 11 838 501 8 176 992

Performance indicator

(R/MWh)

98.9 78.3

4.6.4 Sensitivity analysis

Uncertainties associated with parameters used in the optimization are discussed as follows:
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Figure 4.3. Energy savings under no maintenance, full maintenance, and optimal maintenance scen-

arios.

i) Weighting coefficients

The weighting coefficients are selected depending on the project developers’ preferences. The

higher the weighting coefficient, the more preference is given to the associated objective. Results

show that the optimal number of lamps to be replaced varies with the weighting coefficients.

For example, for ω1 = ω2 = 0.5, 143 456 failed lamps will be replaced, while for ω1 = 1, and

ω2 = 0, 166 154 failed lamps will be replaced.

ii) Daily light usage

In the case study, the daily light usage of 10 hours is considered, but the daily usage may increase

or decrease depending on users’ behaviour and occupancy patterns. Simulation results show

that the optimal number of lamps to be replaced is sensitive to the number of operating hours.

When the operating hours increase, the number of lamps to be replaced increases, and when the

operating hours decrease, the number of replacements decreases.

iii) Light price

The price of LED lights has dropped significantly over the past few years and the trend is

expected to continue owing to the rapid development of LED technology. Results show that the
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optimal number of lamps to be replaced is sensitive to the unit price of LED. When the unit

price of LEDs decreases, the number of lamps to be replaced increases.

iv) Lighting population size

In lighting retrofit projects, the initial population size differs from one project to another. Results

show that the optimal number of lamps to be replaced increases when the initial population

increases and decreases when the initial population decreases. For example, if the initial

population is increased by 25%, the number of lamps to be replaced increases to 173 302. Table

4.6 presents the sensitivity of the optimization parameters.
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Table 4.6. Sensitivity analysis of the optimization parameters.

Weighting coefficients Light daily usage Light price Initial population

Factor ω1 = ω2 =

0.5

ω1 = 1, ω2 =

0

10 h 4 h R 50 R 40 207,693 259,617

Energy sav-

ings (GWh)

282.2 287.4 282.2 286.3 282.2 283.7 282.2 191.6

Number of

replaced

lamps

143 456 166 154 143 456 0 143 456 145 231 143 456 173 302

Maintenance

cost (R)

8 176 992 9 470 778 8 176 992 0 8 176 992 6 825 857 8 176 992 9 878 214
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4.7 CHAPTER SUMMARY

This chapter is based on our published work [116]. An optimal maintenance plan for an LED lighting

retrofit project is studied in this chapter. A lumen degradation failure model is developed for LUXEON-

based LED lights. Based on the statistical properties of the degradation rates, the cumulative probability

of failure distribution and the survival function are modelled. The formulated survival function is

incorporated into the lighting maintenance optimization problem to balance energy savings and

maintenance costs. A case study carried out shows that, in 10 years, the optimal lighting maintenance

plan would save up to 59% of lighting energy consumption with acceptable maintenance costs. It is

found that the proposed maintenance plan is more cost-effective than full maintenance. It is concluded

that lumen degradation failure should be considered when investigating the performance of lighting

retrofit projects, as this may not only affect the energy savings, but also reduce the level of illumination,

which can cause visual discomfort.
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CHAPTER 5 OPTIMIZATION MODEL FOR ENERGY

SAVINGS AND ECONOMIC ANALYSIS

OF LED LIGHTING RETROFIT

PROJECTS

5.1 CHAPTER OVERVIEW

LEDs are the most EE lighting sources for a lighting retrofit, and different countries are investigating

how they can implement LEDs in buildings. However, the initial investment costs of LEDs are still

a barrier to implementation. EE projects often face hurdles to access capital investments because

decision-makers and funders do not have enough information about operational savings the project can

provide and specific financial requirements applied to efficiency investment. This work presents an

optimization model that can help decision-makers and funders to quantify energy savings and assess

the economic viability of LED lighting retrofit projects. Lighting population degradation is modelled

to monitor and quantify energy savings, and optimal maintenance is scheduled to maintain project

performance. The net present value and payback period are used to analyse the project’s economic

viability. The proposed optimization is adopted in an actual residential LED lighting retrofit project

implemented in South Africa to evaluate the effectiveness of the proposed model.

5.2 INTRODUCTION

Despite their significant energy savings, high efficacy, and longevity, the implementation of LED

lighting systems in households is still at a low level. This is mainly due to the high initial investment.

LED lighting retrofit projects often face hurdles to access capital investment because decision-makers
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and funders do not have credible information about the energy efficiency performance and actual

energy and cost savings that the energy efficiency project can provide. To promote the implementation

of LED lighting retrofit projects in residential buildings, an optimization model is formulated to give

decision-makers and funders detailed information on the performance and economic viability of LED

lighting retrofit projects. The optimization model is formulated to maximize energy savings and NPV

and minimize the payback period.

The main contribution of this study is that an optimization model for LED lighting retrofit projects,

which takes lighting system performance degradation, energy savings, and economic viability into

consideration, is formulated to help decision-makers and funders quantify energy savings and assess

the economic viability of LED lighting retrofit project. In the existing studies, the performance

degradation of the LED lighting system and the optimization problem are not considered to help

decision-makers and funders to make an informed decision. Weighting coefficients are introduced into

the optimization problem to allow the decision-makers to interface with the optimization and achieve

the desired performance. LED lighting population degradation due to lumen degradation failure and

maintenance costs, which are usually ignored in the existing studies are considered in this study to

estimate accurately energy savings and economic benefits over the evaluation period.

5.3 PROBLEM MODELLING

Energy savings over the evaluation period are modelled. The failure of the lamps, which results in a

reduction in energy savings, is characterized and the surviving population is modelled to estimate the

energy savings over the project’s evaluation period.

Energy savings are defined as the reduction in energy consumption achieved by replacing inefficient

lights with EE lights. In the lighting retrofitting project, the energy saving of each EE light is usually

quantified using an M&V approach [127].

The project is evaluated over a period [0,K], with a sampling interval t of 1 year. At the installation

stage, time t = 0, all installed EE lights are considered to function properly, and the energy savings are

expressed as

W (0) = ES×N(0), (5.1)
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where W (0) is the energy savings (in kWh) at the installation stage, ES is the energy saving per

retrofitted light (in kWh), and N(0) is the initial installed EE lighting population.

As time goes by, the lighting population decreases owing to the failure of installed lights. Thus, the

energy savings of lighting retrofit projects are calculated as the product of the number of surviving

lights (lights functioning properly) and the savings of each EE light. The total energy savings over the

evaluation period is given as

Wtotal =
K

∑
t=1

ES×N(t), (5.2)

where N(t) is the number of surviving lamps at time t.

The lighting population survival model is formulated using the Kaplan-Meier method [131].

S(t) =

(
1− d(1)

N(1)

)(
1− d(2)

N(2)

)
· · ·

(
1− d(t−1)

N(t−1)

)

=
t−1

∏
j=1

(
1− d( j)

N( j)

)
,

(5.3)

where d( j) is the number of lamps failed at time j. d( j) is given as

d( j) = N( j−1)F( j), (5.4)

where F( j) is the cumulative failure distribution function. At the installation stage, time t = 0, the

number of failed lamps d(0) = 0, and the Kaplan-Meier estimator of the survival function S(0) =

1.

As developed in the previous chapter, the cumulative failure distribution function is modelled based

on lumen degradation failure. The cumulative failure distribution function is estimated using GEV

distribution as it is found to be the best fit for the degradation rates of tested LUXEON Rebel, Lumileds

Philips.

F(t) = exp

[
−

(
1−

( ln
(

Lpth

)
−t − ι

ν

)
×κ

) 1
κ
]
, (5.5)

where Lpth is the lumen degradation threshold (30% degradation from the initial lumen output), and

ι ,ν and κ are the location, scale, and shape parameters, respectively. ι ,ν and κ are estimated using

the L-moment estimators [124].

By using the Kaplan-Meier estimator, the surviving population is expressed as

N(t +1) = N(t)×S(t). (5.6)
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By applying lamp replacement, the surviving population is expressed as

N(t +1) = N(t)S(t)+u(t), (5.7)

where u(t) is the number of failed lamps to be replaced. We assume the failed lamps will be replaced

by the same type of lamps, which will not change the population degradation distribution.

5.4 OPTIMIZATION PROBLEM FORMULATION

An optimization problem is developed to optimize the performance and economic benefits of the EE

lighting retrofit projects. The optimization problem is formulated in the subsections below.

5.4.1 Design variable

The number of lamps to be replaced is considered as the design variable of the optimization problem.

Let u(t) denote the number of lamps to be replaced at time t. For t = 1,2, · · · ,K, U the design variable

set that characterizes the optimization problem is given as

U =

[
u(1),u(2), · · · ,u(K)

]T

. (5.8)

The design variables are integers bound between 0 and the initial lighting population.

Lb = [0, · · · ,0]TK×1, and Ub = [N(0), · · · ,N(0)]TK×1, (5.9)

where Lb and Ub are the lower and upper bounds of the design variables, respectively.

5.4.2 Objectives

The objective of this study is to maximize the performance and promote the implementation of

EE lighting retrofit projects by analysing their economic viability. The optimization problem is

formulated to maximize energy savings and NPV, and minimize the discounted payback period. When

implementing energy efficiency projects, the costs involved and implementation time are one of the

major factors to be considered. That is why both NPV and payback period methods are used to evaluate

the economic feasibility and benefits of the studied project. NPV is used to reveal how profitable the

project will be, while the payback period is used to reveal how long the project will take to recoup the
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funds expended in an investment. 
min −Wtotal,

min −NPV,

min Tp.

(5.10)

The weighted sum method is used to translate the optimization problem (5.10) into a single objective

problem (5.11) for a subset of optimal solutions for decision making.

min J =−w1
Wtotal

W total
−w2

NPV
NPV

+w3
Tp

Tp
, (5.11)

where w1, w2, and w3 are the weighting coefficients, which are in range [0,1], and w1 +w2 +w3 = 1,

W total, NPV , and Tp are the maximum values of Wtotal, NPV, and Tp, respectively, used to normalize

the objective function (5.11).

5.4.2.1 Net present value

The NPV is used to determine the present value of an investment by the discounted sum of all cash

flows received from the project. NPV is used to analyse the profitability of the EE lighting retrofit

project.

NPV =
K

∑
t=1

Cin(t)
(1+ r)t − Iinv, (5.12)

where Cin(t) is calculated as the cash inflows (in R) minus the cash outflows (in R) at time t, r is the

discount rate, and Iinv is the initial investment (in R). Iinv is given as

Iinv = N(0)×σ , (5.13)

where σ is the unit retrofit price (including the procurement, delivery, removal of an old device and

installation of a new device).

The cash inflows are referred to as the money saved owing to energy and operational savings, while the

cash outflows are the money spent to maintain the performance of lighting project. Cin(t) is expressed

as

Cin(t) =Csavings(t)+Crebate(t)+Cm(t), (5.14)

where Csavings(t) is the cost savings (in R) obtained from energy savings, Cm(t) is the cost savings (in R)

from maintenance, and Crebate(t) is the energy saving rebate (in R). To encourage the implementation

of EE lighting projects, EE lighting projects are promoted under various incentives energy efficiency

programs. EE lighting retrofit projects registered under the incentive program receive an annual rebate
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over a certain period. Csavings(t), Crebate(t), and Cm(t) are given as

Csavings(t) = ES×N(t)× pe(t), (5.15)

Crebate(t) = ES×N(t)× re, (5.16)

Cm(t) =Cmbaseline(t)−u(t)×σ , (5.17)

where pe(t) is the price (in R) of the electricity at time t, re is the rebate incentive (in R/kWh), and

Cmbaseline(t) is the baseline maintenance cost (in R) at time t. It is assumed that the failed halogen lights

would have been replaced by the same types of new halogen lights to maintain its normal function if

the retrofitting of LEDs had not been implemented.

5.4.2.2 Discounted payback period

In this study, the discounted payback period is used as an indicator for the decision-makers to assess

the profitability and feasibility of the EE lighting retrofit project

Tp = m+
Ca

Cb
, (5.18)

where m is the last period with a negative discounted cumulative cash flow, Ca is the absolute value of

discounted cumulative cash flow (in R) at the end of the m month, and Cb is the discounted cash flow

(in R) during the period after m month.

5.4.3 Constraint

The objective function (5.11) is constrained by economic and physical constraints expressed in the

following equations:

0.7×N(0)≤ N(t)≤ N(0) , (5.19)
K

∑
t=1

u(t)×σ ≤ ψ , (5.20)

Iinv +
K

∑
t=1

u(t)×σ ≤ ρ, (5.21)

Tp ≤ Tp,e. (5.22)

The constraint (5.19) indicates that the EE lighting retrofit project registered under an incentive energy

efficiency program will earn energy savings rebates only if N(t) is greater than or equal to 70% of

the initial population. It is assumed that the decrease in lighting population is proportional to the

illumination level. Therefore, to maintain the illumination level within the human eye’s threshold, a

30% lumen degradation (commonly used in the general lighting application) is applied. Moreover, N(t)

Department of Electrical, Electronic and Computer Engineering
University of Pretoria

83



CHAPTER 5 OPTIMIZATION MODEL FOR ENERGY SAVINGS & ECONOMIC ANALYSIS

should not be higher than the initial population. Constraint (5.20) indicates that the maintenance cost

over the evaluation period should not exceed the allocated budget ψ for maintenance. The inequality

constraint (5.21) indicates that the total cost of the lighting retrofit project should be less than or equal

to the budget ρ allocated for retrofitting. The inequality constraint (5.22) indicates that the discounted

payback period should be less than or equal to the expected payback period Tp,e.

5.4.4 Solution methodology

The optimization problem (5.8)-(5.22) is solved using the MIDACO (explained in Chapter 4, section

4.4.4) solver in MATLAB2017b.

5.5 CASE STUDY

An actual residential EE lighting retrofit project implemented in South Africa (given in Chapter 4,

Section 4.5 ) is used as a case study to demonstrate the effectiveness of the formulated model. The

lighting retrofit project considered is evaluated for 10 years. The electricity price is considered to

increase by 8% during the evaluation period. The discount rate of 9% is considered in the calculation

of NPV.

5.6 SIMULATION RESULTS ANALYSIS AND DISCUSSION

The proposed model is applied to the lighting retrofit project in the case study to demonstrate its

effectiveness. As discussed in Subsection 5.4.4, to obtain the optimal solution, the optimization

problem is solved using the MIDACO solver. The parameters used in the solver are given in Table

5.1. Cost and benefit assessment, and economic viability are analyzed and discussed under w1 = 0.4,

w2 = 0.4, and w3 = 0.2. The sensitivity analysis is developed to examine the influence of optimization

parameters on the optimal results.
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Table 5.1. Solver parameters.

Parameter name Value

problem.o (number of objectives) 1

problem.n (number of variables) 10

problem.ni (number of integer vari-

ables)

10

problem.m (number of constraints in

total)

23

problem.me (number of equality con-

straints)

0

problem.xl (lower bound) 0×ones(1,problem.n)

problem.xu (upper bound) N(0)×ones(1,problem.n)

5.6.1 Cost assessment

The costs of implementing the case study lighting retrofit project are separated into two types of

costs: (1) investment-related costs, and (2) operational-related costs. The investment costs are the

costs of buying LED light bulbs, removal of halogen light bulbs, and installation of LED light bulbs.

Investment costs are calculated using (5.13), and the results show that an initial investment of R 11

838 501 is required to implement the case study lighting retrofit project. The operational costs are

referred to as the costs associated with maintaining the performance of the implemented lighting

project. Failed lamps are optimally replaced to optimize savings and economic benefits. Figure 5.1

shows the population degradation and the optimal number of failed lamps replaced. Results show that

165 699 failed lamps will be replaced over the evaluation period at R 9 444 843. The total costs to

implement and operate the case study lighting retrofit project over 10 years are R 21 283 344.
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Figure 5.1. Optimal number of failed lamps to be replaced and surviving population.

5.6.2 Benefit assessment

The benefits of EE lighting retrofit projects are obtained from savings for the reduced electricity

expenditure; the incentive from the EE program; and the reduction of maintenance cost. It is noticed

that over time the energy savings decrease due to the lamps’ failure. To maintain energy savings,

optimal maintenance is scheduled and carried out. Figure 5.2 shows and compares energy savings

without maintenance and when optimal maintenance is carried out. Energy savings of 291.4×103

MWh are obtained over the evaluation period. The cost savings obtained from the energy savings over

10 years are R 394 264 200. The benefits earned from the incentive energy efficiency programs are

also considered under energy saving rebates. Over 10 years the implemented lighting retrofit project

will earn energy saving rebates of R 160 270 000.

To maintain the performance of the baseline lighting system (halogen), failed halogen bulbs are

assumed to be replaced by the same type of new halogen bulbs. By considering the lifetime (1 500

hours) of halogen, full maintenance will be carried out 24 times at a cost of R 174 462 120 over the
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evaluation period. Owing to the long lifetime of LEDs and optimal maintenance planned, LED lighting

retrofit project will save R 165 017 277 from maintenance.

There is a connection between energy savings and emissions reduction. Different emissions are

released during coal-fired electricity generation. The common emission in the combustion of coal

is carbon dioxide (CO2) [132]. According to Eskom1, the CO2 emission factor of the grid is equal

to 0.94 t CO2 e/MWh [133]. Based on energy savings, the implemented lighting retrofit project will

reduce 273.92×103 tons of CO2 emissions in 10 years.
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Figure 5.2. Energy savings under optimal maintenance vs. without maintenance.

5.6.3 Economic viability assessment

An economic analysis of the EE lighting retrofit project is performed. Economic viability is one of the

key parameters for decision-makers and funders to accept or reject a project. The NPV and payback

period methods are used to analyze the economic viability of the implemented EE lighting project.

As shown in Table 5.2, the NPV of the project over 10 years is R R 453 452 000. According to the

1the South African’s electricity utility
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Table 5.2. Economic analysis of LED lighting retrofit project.

Year Cash Inflow

(R)

Cash outflow

(R)

Investment

(R)

NPV (R)

0 0 0 11 838 501 (11 838 501)

1 75 151 212 0 0 57 108 000

2 75 151 212 0 0 63 253 000

3 75 151 212 0 0 58 032 000

4 75 109 046 2 166 0 53 208 000

5 74 308 808 169 404 0 48 296 000

6 72 031 698 1 379 514 0 42 950 000

7 75 417 951 4 111 011 0 41 257 000

8 69 627 346 1 703 616 0 34 943 000

9 63 959 384 544 578 0 29 449 000

10 63 643 608 1 534 554 0 24 956 000

Total 719 551 477 9 444 843 11 838 501 453 452 000

NPV rule, positive NPV indicates that the project will be profitable and is worth pursuing. As per

the payback period, the time it will take the project to cover the costs of the investment is calculated.

The implemented lighting retrofit project will recover the money invested in it in 4 months, which is

promising.

5.6.4 Sensitivity analysis

The sensitivity analysis is developed to examine the influence of certain optimization parameters on

optimal results, more specifically from the weighting coefficients, maintenance budget, and lighting

population.

Department of Electrical, Electronic and Computer Engineering
University of Pretoria

88



CHAPTER 5 OPTIMIZATION MODEL FOR ENERGY SAVINGS & ECONOMIC ANALYSIS

5.6.4.1 Weighting coefficients

The weighting coefficients w1,w2, and w3 in the objective function (5.11) allow trade-off between the

objectives to be expressed. The project developers can vary the weighting coefficients according to their

preferences. The influence of variation in the weighting coefficients on the model results is investigated

by varying the weighting coefficients to w1 = 0.4,w2 = 0.4,w3 = 0.2, w1 = 0.8,w2 = 0.2,w3 = 0, and

w1 = 0.2,w2 = 0.6,w3 = 0.2. The simulation results are given in Table 5.3.

5.6.4.2 Retrofitting budget

The total budget of the lighting retrofit project covers the initial investment and maintenance budget

provided to implement and maintain the project over the evaluation period. The total retrofitting

budget may decrease in response to a fall in LED costs or may increase owing to the complexity of the

project and the difficulty of adopting LEDs. The effect of oscillations in the total budget is investigated

by varying the total budget to -20% and +20% concerning the basic value. The simulation results

indicate that energy savings vary to 337.03×103 MWh when the total budget increases by 20% and to

226.6×103 MWh when the total budget decreases by 20%.

5.6.4.3 Lighting population

The size (large or small) of the retrofitting project can affect the energy savings and economic benefits.

The influence of lighting population size is investigated in a sensitivity analysis by varying the

population size to - 40% and + 40% concerning the basic value. Simulation results show that energy

savings vary to 391.64×103 MWh when the lighting population increases by 40% and to 169.9×103

MWh when the lighting population decreases by 40%.

5.6.5 Discussion

Compared to the halogen lighting project, the initial investment of the LED lighting project is 63%

higher. To maintain the performance of lighting system maintenance is necessary for both LEDs and

halogen lights. For halogen lighting project, to maintain the performance of the lighting system, full
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Table 5.3. Sensitivity analysis based on weighting coefficient choice.

w1 =

0.4,w2 =

0.4,w3 = 0.2

w1 =

0.8,w2 =

0.2,w3 = 0

w1 =

0.2,w2 =

0.6,w3 = 0.2

Wtotal

(GWh)

291.4 291.63 291.13

NPV (R) 453 452 000 453 313 370 453 338 116

TP 4 months 4 months 4 months

maintenance will be carried out 24 times over the evaluation period. For LED lighting retrofit project,

failed lamps are optimally replaced. Owing to the long lifetime of LEDs and optimal maintenance

planned, LED lighting retrofit project maintenance cost is 94% less than the halogen maintenance cost.

Though the investment cost of LED lighting retrofit project is high, the operating costs are very low

compared to traditional lighting projects. Table 5.4, compares the energy savings, NPV and Payback

period of LED lighting retrofit project under no maintenance, full maintenance ( maintenance by which

all lamps will be replaced by new ones once the number of surviving lamps has reached 70% of N(0)),

and optimal maintenance (failed lamps are optimally replaced).

Energy savings delivered by the LED lighting system are monitored and quantified through the

surviving lighting population at each sampling interval. 75.5% of lighting energy consumption can be

saved through the implementation of the case study LED lighting retrofit project and consideration

of the optimization model developed. Energy saving rebates encourage investments in LED lighting

retrofit projects by contributing to repaying the cost of installing LED lights. LED lighting retrofit

projects not only reduce energy consumption but also reduce the emissions released during coal-fired

electricity generation.

According to the NPV and payback period results, the case study LED lighting retrofit project is

economically feasible and is worth pursuing. With the model formulated in this study, decision-makers

and funders can quantify energy savings and assess the economic viability of an LED lighting retrofit

project. Compares to the optimal maintenance plan developed in [63], the optimal maintenance plan

formulated in this study takes into account the illumination level through lighting population decay
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based on lumen degradation, which also contributes to maintaining people’s visual comfort in their

homes. However, it is still challenging to quantify the visual health impact economically in this

study.

Table 5.4. Energy savings and economic analysis of LED lighting retrofit project under different

maintenance plans.

Maintenance

plan

WTotal

(GWh)

NPV (R) Tp

No maintenance 177.9 195 895 000 4 months

Full mainten-

ance

297.6 451 915 719 4 months

Optimal main-

tenance

291.4 453 452 000 4 months

5.7 CHAPTER SUMMARY

The current chapter continues the line of Chapter 4 by completing an economic analysis. In this chapter,

an optimization model is developed to help decision-makers and funders to quantify energy savings

and assess the economic viability of LED lighting retrofit projects in residential buildings. The case

study results show that the substitution of halogen light bulbs with LED light bulbs could save up to

291.4 GWh of energy consumption, and reduce 273.92×103 tons of CO2 emissions over a 10-year

period. The optimization model formulated is effective to help decision-makers and funders to quantify

the savings and assess the economic viability of the LED lighting retrofit project. Figure 5.3 compares

the number of lamps to be replaced in Chapter 4 and Chapter 5.
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Figure 5.3. Replacements in Chapter 4 vs. replacements in Chapter 5.
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CHAPTER 6 CONCLUSION AND FUTURE

WORK

This thesis presents an energy savings and maintenance optimization of the EE lighting retrofit projects

incorporating lumen degradation. The work done in this thesis focused on four main points : (1)

investigating the impacts of users’ lighting level requirements on both LEDs’ life characteristics and

lighting system performance overall; (2) modelling LED lamps’ failure based on lumen degradation;

(3) developing an optimal lighting maintenance plan that takes into account lumen degradation failure;

and (4) developing an optimization model that can help decision-makers and funders obtain detailed

information about the performance and operational savings that an EE lighting retrofit project can

provide. An academic office and residential buildings were used as case studies to demonstrate the

effectiveness and advantages of this research.

6.1 CONCLUSION

The impact of users’ lighting level requirements on LEDs’ life characteristics and lighting system

performance is investigated by modelling the luminous flux degradation of LEDs. This degradation

can be increased or decreased by varying operating conditions such as driving current and elevated

temperatures. The driving current varies mainly depending on the users’ lighting level requirements.

The results showed that the users’ light level requirements affect the luminous flux degradation and

lifetime of LEDs significantly. Luminous flux degradation is increased when the user’s light level

requirements are above the light level required under normal operating conditions and is decreased

when the users’ light level requirements are below the light level required under normal operating

conditions. Increased luminous flux degradation shortens the lifetime of LEDs and decreased luminous

flux degradation extends the lifetime. It is also noticed that luminous flux degradation affects the
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energy savings of the EE lighting retrofit project considerably. Increased luminous flux degradation

decreases energy savings and decreased luminous flux degradation increases energy savings. It is

concluded that users’ lighting level requirements affect the life characteristics and lighting system

performance of a LED-based lighting system significantly.

Lumen degradation, entailing the natural decrease in light output that occurs as a lamp operates over

time, is modelled in this work. Before lamps burn out, the light output gradually decreases over time.

This means that before lamps burn out, the illumination level may be inadequate to carry out a task

safely. For LEDs, the burnout failure is not significant owing to their longevity. In this work, the

failure of LEDs is modelled based on lumen degradation, and the surviving population in LED-based

lighting retrofit projects is predicted. Lumen degradation failure is modelled by analysing the statistical

properties of the degradation rates of LEDs and different probability distributions are tested to find the

best distribution to fit the samples’ degradation rates. Kolmogorov Smirnov, Anderson Darling, and

Chi-Squared goodness fit tests are used to determine the best fit of samples’ degradation rates, and the

best fit distribution is used to calculate the cumulative probability of failure distribution and model the

lumen degradation failure. Thereafter, the lumen degradation failure model is used to characterize the

surviving population by using the Kaplan-Meier method. When lumen output degradation is modelled

and monitored, it helps to maintain users’ lighting level requirements and control lighting system

performance. It is concluded that lumen degradation failure should be considered when investigating

the performance of EE lighting retrofit projects, as this may not only affect the energy savings but also

reduce the level of illumination, which can cause visual discomfort.

A maintenance plan is developed to optimize the performance and maintenance costs of EE lighting

retrofit projects. The maintenance plan formulated considers the lumen degradation of retrofitted lights.

The optimization problem is formulated to maximize energy savings and minimize maintenance costs.

The optimization problem is solved using the MIDACO solver in MATLAB. The problem is solved

to find the optimal number of failed lamps to be replaced and to determine maintenance schedules.

The failed lamps are optimally replaced based on a minimum number of surviving lamps required to

maintain adequate illumination levels, energy savings, and maintenance budget limits.

Despite their significant energy savings, high efficacy, and long lifetime, the implementation of LED

lighting systems in households is still at a low level. This is mainly due to the high initial investment.

LED lighting retrofit projects often face hurdles to access capital investment because decision-makers
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and funders have poor information about the energy efficiency performance and operational savings that

LED lighting retrofit projects can provide, and the specific financial requirements applied to efficiency

investments. To promote the implementation of LED lighting retrofit projects in residential buildings,

an optimization model is formulated to give decision-makers and funders detailed information about the

performance and operational savings that EE lighting retrofit projects can provide, and their economic

viability. The optimization model is formulated to maximize energy savings and NPV, and minimize

the discounted payback period. According to the NPV and payback period results, the studied LED

lighting retrofit project is economically viable and is worth pursuing. Using the model formulated in

this work, decision-makers and funders can quantify energy savings and analyse the economic viability

of an LED lighting retrofit project. This will encourage and promote the implementation of LED

lighting retrofit projects.

The main contributions of this research can be summarized as follows:

1. The formulation of a luminous flux degradation model that takes into account users’ lighting

level requirements.

2. The formulation of a LED lumen degradation failure model based on the statistical properties of

lumen degradation rates.

3. The formulation of an energy-maintenance optimal model that takes into account luminous flux

degradation. This model maximizes energy savings and minimizes maintenance costs.

4. The development of an optimization model for EE lighting retrofit projects, which takes lighting

system performance degradation, savings, and economic benefits into consideration to promote

the implementation of LED lighting retrofit projects.

6.2 FUTURE WORK

This research can be improved by considering the following aspects:

1. The impact of daylight on lumen degradation and LEDs’ life characteristics should be investig-

ated, especially for buildings operating mostly during the day.

2. In this research lumen degradation failure is considered in developing an effective maintenance

plan; in future research, both lumen degradation and burnout failures could be considered.
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3. Maintenance plans in this research are developed under the periodic preventive maintenance

policy, but maintenance can also be developed under different policies including an age-

dependent preventive maintenance policy, failure limit policy, and sequential preventive main-

tenance policy.

4. Work carried out in this research can be expanded to other types of EE lighting retrofit projects.

And life cost parameters may be taken into consideration in future work.
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