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Abstract 

 

Energy is a vital component for the economic development and environmental sustainability 

of any country. Energy access and energy security are the biggest challenges for the energy 

decision-makers in today's fast developing world. These challenges are further magnified 

with the climate change concerns where the energy sector has the highest share in the total 

greenhouse gas emissions and there is a pressurized need for limiting these to minimize the 

adverse impacts on our economic systems, ecological networks and social relationships. 

Energy efficiency is an essential component of any energy strategy and it is identified as one 

of the most cost-effective ways to reduce the rapidly increasing energy demand, as well as, 

greenhouse gas emissions at the same time. Energy Efficiency is still gathering momentum in 

many countries where new policies are being framed to deploy energy-efficient technologies 

in almost all sectors of the economy. It is the right time to assess the existing energy 

efficiency policy gaps, as well as, the impact of energy-efficient technologies from a power 

quality perspective. The focus of this thesis is on two different aspects: (i) Energy-efficient 

technologies (For example, LED lighting technology) - Most of these technologies have 

power quality issues due to its non-linear characteristics and it needs to be minimized to 

ensure that customers are not disadvantaged by these technologies. (ii) Energy efficiency 

policy  A comparative assessment of  (top three 

renewable-rich OECD countries) energy efficiency policies and future recommendations. 
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Chapter 1. Introduction 

1.1. Background 

Energy is an important component for the economic growth of any country. We need energy 

for the economic growth, and when the economy grows there is a demand for more energy, 

which suggests a vital nexus between energy demand and economic growth. Following 

several decades of 

very high and it has become a concern from security, as well as, environmental perspective. 

Recently, the energy sector concerns have been increased due to environmental 

apprehensions nationally, as well as, internationally, and are being discussed in various 

intergovernmental forums regularly.  

In essence, the global energy sector is suffering through the energy trilemma i.e.  

 Energy access: Around 1.1 billion people worldwide still do not have access to 

electricity [1]- roughly the population of India still live without access of electricity. 

These populations are mostly concentrated in Africa and Asia. 

 Energy security: Reserve to Production Ratio of coal, oil and natural gas are 164, 40-

80 and 59 years respectively [2] which suggests that these important energy resources 

on which we relied for hundreds of years are not going to last long.  

 Environmental sustainability: Energy related carbon-dioxide emissions represent 

around 70% of global emissions. Global carbon-dioxide emissions are increasing at 

the rate of 1.2% per year [3] that is responsible for various environmental issues.  

In the nineteenth century, most of the energy services were primarily provided by coal that 

helped to increase productivity and stimulate the economic development but, at the same 

time, it has resulted as increased carbon-dioxide emissions creating various climate change 

related issues. Therefore, the current world is suffering through climate change related 

concerns together with the energy access and security related problems because of increased 

population, demographic trends, level of economic activity, income, and technological and 

structural changes etc. Now, the biggest challenge for the technologists and the policymakers 

to identify solutions that are economically, environmentally, and socially sustainable. Various 



international studies have identified energy efficiency as a most cost-effective and highest 

potential option in efforts to reduce these exponentially increasing greenhouse gas emissions, 

meeting the energy needs, and ensuring energy access at the same time. Globally, energy 

efficiency represents about 40% of GHG reduction potential which can be realized at a cost 

of less than 60 per metric ton of CO2 equivalent, according to McKinsey & Company report 

[4]. Energy efficiency is the best and low-  

problem, and the International Energy Agency's (IEA) 2012 World Energy Outlook (WEO) 

report has also strongly featured energy efficiency as the key way forward for the current 

challenges of the energy world [5].  

This research is completely energy efficiency focused and aimed to look at the technology, as 

well as, policy side both. 

1.1.1 Energy Efficient Technologies  

There is definitely a need for energy efficient technologies to deal with the current energy 

related challenges as energy efficiency allows significant amount of energy savings and 

reducing the environmental impacts of energy productions at the same time. The evolving 

energy system epitomizes technology change and innovation. Technology is the crucial tether 

between the energy system and the economy, and especially the modern economy. The 

development and installation of energy efficient technologies are growing by leaps and 

bounds in residential, commercial, agricultural and industrial applications. Most of these 

energy efficient technologies are mainly based on electronic products and these electronic 

products are largely non-linear elements which have high potential to distort the electrical 

signals. These distortions may lead to different kind of power quality difficulties that can 

produce significant problems to the power system network, as well as, to the individuals. 

Some of the common power quality issues mainly arise with energy efficient technologies 

[6]-[9] are as below:  

 Harmonics - may cause overheating of utility transformer, electromagnetic 

interference, overheating of neutral conductor, overheating of supply 

transformer, tripping of overcurrent protection etc [6]-[9].  

 Power factor - draws more current and creating a larger demand on the power 

grid [6].  



 Flicker - may cause severe health effects [6], [7]  

Adopting energy-efficient technologies at the cost of these power quality issues is definitely 

not a viable option. Energy efficient technologies have gained momentum only during the last 

decade, and the primary focus has been energy efficiency rather than discussing energy 

efficiency and power quality at the same time. Moreover, energy efficiency research is an 

interdisciplinary topic and power quality is a core topic for electrical power engineers, and 

therefore, the two issues at the same time rarely have been discussed. The purpose of this 

research is to assess the undesirable power quality impacts of energy efficient technologies 

and its impacts on the overall power system network.  

Among variety of energy-efficient technologies, one perfect example is replacement of 

incandescent bulb to CFLs and which is now being replaced by most energy-efficient LED 

lighting technologies. For this research, variety of LED lightings have been chosen to assess 

the energy saving benefits and its adverse impacts from the power quality perspective e.g. 

power factor, harmonics, flicker, sag, swell and other related concepts. Examples of the 

power quality problems that have occurred with the electronic based lighting are [7]:  

 High total harmonic distortion (THD) in the line current on lighting panels  

 Early failure of circuitry and lamps  

 Early failure of occupancy sensors  

 Malfunctions of energy management systems  

 Malfunctions of centralized clock systems  

 Malfunctions of infra-red (IR)-based consumer electronic devices  

 Malfunctions of personal electronic devices such as a hearing aid  

This research aims to assess the energy-efficient LED lamp technologies in terms of energy 

efficiency, power consumption and power quality parameters and suggest the way forward 

for different stakeholders.  



1.1.2 Energy Efficiency Policies  

Intergovernmental Panel on Climate Change (IPCC) of United Nations Framework 

Convention on Climate Change (UNFCCC) has clearly highlighted that increased global 

warming is largely due to anthropogenic carbon-dioxide emissions, resulting from the use of 

fossil fuels [10], and energy efficiency has significant potential to reduce these exponentially 

increasing carbon-dioxide emissions. Various international studies around the world inform 

different governments on energy efficiency policy needs and to facilitate the diffusion of 

energy-efficient and environmentally benign technologies for the sustainable development. 

Many countries have formulated energy efficiency policies locally, as well as, nationally. 

But, as per IPCC (a strong advocate for energy efficiency) the current energy consumption 

and carbon-dioxide emission trends are still not achieving their own set objectives. Therefore, 

there is a need to do the impact assessment and revisit the global energy efficiency policies to 

find the policy gaps and further opportunities which could help policymakers generate 

multipronged benefits from accelerating the diffusion of energy efficient technologies and 

best practices in different sectors of the economies. 

The energy efficiency policy related research has been focussed on three countries  Iceland, 

Norway and New Zealand as these three countries, among the OECD countries, have highest 

shares in terms of renewable energy in their total primary energy supply. Renewable rich 

countries have been particularly chosen as energy efficiency importance for these countries is 

understandably different than the countries that have a limited share of renewables into their 

energy mix as the sources of energy are easily available and accessible at a relatively cheaper 

cost and with minimal effects on the environment. 

1.2. Motivation & Objective  

The erosion of energy security, threat of disruptive climate change and the growing energy 

needs of the developing world all pose major challenges to the energy decision makers and 

therefore, it has attracted the interest of energy researchers worldwide. How to get the 

maximum benefit of word  to reduce the rapidly increasing carbon emissions 

through energy efficiency technologies/policies is the most important motivating factor for 

this research. Development of energy efficiency policies as well as penetration of energy 

efficient technologies are still at the preliminary stage for many countries and therefore, it is 

appropriate to provide the right information and opportunities to the policymakers, as well as, 

technology developers at the right time. 



1.3. Thesis Outline 

The rest of thesis is organized as follows: 

 Chapter 2 assesses the performance of the mix of two different lighting technologies 

(CFLs and LEDs) as CFL to LED transition will not happen at one go due to slower 

uptake from consumers and, eventually, mix of these two lighting technologies is 

likely to be experienced. Power consumption and power quality performance have 

been assessed at fixed, as well as, variable supply voltage conditions. 

 Chapter 3 explains the myths and facts of operating the same LED lamp or LED 

streetlights at two different operating frequencies of 50 Hz and 60 Hz. As all the LED 

lamps are rated for both the frequencies and being sold in a global market, it is 

important to know their power consumption and power quality performance at both 

of these frequencies.  

 Chapter 4 describes the common distribution grid abnormalities and investigates the 

interaction between a non-ideal distribution grid and residential LED lamps, and how 

it is impacting the power consumption, power quality and visual performance of LED 

lamps. Recommendations have also been made to increase the overall effectiveness 

of lighting DSM programs  being adopted worldwide.  

 Chapter 5 presents a comprehensive analysis of the harmonic issues of three 

reputable international brands of LED lamps. It explains how a proper selection of a 

combination of LED lamps at residential level helps reduce overall harmonic 

emissions and results in energy-efficiency improvement. Recommendations have 

been made for manufacturers, consumers and policy makers/standard developers. 

 Chapter 6 evaluates the power consumption and power quality performance of LED 

streetlights of various manufacturers in the presence of grid disturbances such as 

voltage sag, swell and harmonics in the supply voltages. This also provides a matrix 

to choose the best streetlight in case of a particular grid abnormality. 

 Chapter 7 presents a comparative analysis of the energy efficiency initiatives of the 

three highest renewable-rich OECD countries (Iceland, Norway and New Zealand) 

along with a comprehensive review of New Zeala  

 Chapter 8 concludes the research conducted on energy efficiency technology and 

policy, and provides some directions for the future work.  



1.4. Contributions 

The main contributions of this thesis are presented as follows:  

 

 CFL to LED transition (Chapter 2) 

Mix of CFL and LED lighting technologies are being experienced in residential, 

commercial and industrial environment but, as of now, there is not enough research 

to understand how these two different lighting technologies are reacting to each 

other. This research fills a major gap and helps to understand why LED lighting 

should be a priority for the national energy strategy of any country.  

 Residential LED Lamps (Chapter 3, 4, and 5) 

This research in the area of residential LED lamps makes a significant contribution 

and provides different strategies to increase the effectiveness of lighting based 

residential demand side management programs.  

 LED Streetlights (Chapter 3 and 6) 

LED streetlights have been assessed in terms of their power quality and power 

consumption performance at two different standard operating frequencies and with 

three different grid disturbances. This work is unique and makes important 

contribution in a sense to understand how LED streetlights behave in different grid 

situations.  

 Analysis of energy efficiency policies of renewable-rich countries (Chapter 7) 

This is the first-of-a-kind research where importance of energy efficiency for top-

three renewable-rich OECD countries have been examined, and ranked on various 

energy efficiency initiatives. This work also contributes in terms of providing a range 

of recommendations for different sectors of the New Zealand economy which may 

also be applicable for other renewable-rich countries around the globe. 



Chapter 2. CFL to LED Transition 

This chapter provides a detailed power quality and power consumption analysis of the mix of 

CFL and LED lighting technologies considering that the current lighting sector is passing 

through a major transition where these two-different lighting technologies could be 

commonly noticed at different installations. The contributions of the work are as follows: 

 An understanding of how the two different lighting technologies and different 

possible combinations are reacting to each-other and resulting in terms of power 

quality. 

 Performance of the two different lighting technologies with different possible 

combinations when supply voltage is extended beyond NZ and AUS standard. 

 Future recommendations supported with technical results to encourage government to 

provide additional support for the LED lighting programs through some financing 

mechanism.  

 

Publication:  
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2.1. Abstract 

Increasing penetration of Light Emitting Diode (LED) lamps is happening due to replacement 

of existing Compact Fluorescent Lamps (CFL) lighting technologies. As CFL to LED 

transition will not happen at one go due to the slower uptake from consumers, the mix of 

these two lighting technologies is likely to be experienced in domestic, commercial and 

industrial environments all over the world.  CFL and LEDs both are non-linear devices and 



can cause power quality issues to the electricity network as compared with incandescent 

lamps. The aim of this chapter is to investigate the power quality impacts introduced due to a 

mixture of CFL & LED lamps for voltages extending across New Zealand (NZ) and 

Australian standards (AUS). Experiments with a number of combinations of CFLs and LEDs 

of different power ratings have been performed. The combined effects on total harmonic 

distortion (THD), power factor (PF), displacement power factor (DPF), K-factor and the crest 

factor have been presented.  

2.2. Introduction 

Lighting sector accounts for around 11 percent and 18 percent of total energy use in 

residential and commercial establishments respectively [11]. In view of the increasing 

urbanization and industrial development lighting energy consumption is expected to increase 

further at a faster rate. The increasing energy consumption trend during the last two- three 

decades has revolutionized the lighting industry and more energy efficient LED lighting 

technology is being installed across the world which can help enable substantial amount of 

energy savings and therefore, reduced overall carbon emissions. As LED lighting technology 

is still evolving in terms of its energy efficiency, reliability, lifetime and its higher initial cost, 

there is an obvious mix of these two lighting technologies being observed in electricity 

networks currently. Both the lighting technologies are made up of nonlinear elements and 

therefore, it produces highly distorted currents [12]-[15]. Fig. 2.1 shows the picture of a 

ballast of 20W CFL lamp and the driver circuit of 10W Philips LED lamp.  

 

                                          (a)                                              (b) 

Figure 2.1: (a) Ballast of 20W Philips CFL Lamp (b) Driver Circuit of 10W Philips LED Lamp 

 



Highly distorted current has been a concern with CFL lamps and a large number of studies 

were conducted over the past decade [15]-[18]. Similarly, LED lighting technology is also 

creating significantly distorted current and is responsible for variety of power quality issues 

with the electricity distribution network. Recently, there are some studies available on 

harmonic analysis of LED lamps [12], [15], [19], [20]. LED lighting is still emerging in terms 

of its technological development to solve its variety of challenges primarily its higher initial 

cost and reliability related issues which are still remaining and a big question of the 

penetration of LEDs is limited and 

henceforth combination of CFLs and LEDs are observed in different installations.   

As of now, very little research has been undertaken to analyse the performance of 

combination of CFLs and LEDs from power quality perspective. None of the studies have 

highlighted the effect of input parameters variation on the power quality results. The main 

idea of this chapter is to present the results of the combination of CFL and LED lamps 

against a range of input voltages and analyse them in terms of total harmonic distortion, 

power factor, displacement power factor, K-factor and crest factor. It presents a detailed 

analysis of various combinations of CFL and LED lamps.       

2.3. Laboratory Setup 

Fig. 2.2 shows the laboratory setup for testing of different combination of lamps. Table 2.1 

lists the specifications of CFL and LED lamps which have been used for testing purposes. All 

the lamps were purchased from local retail stores in the year 2015 and can be easily used in 

residential applications. Although more than 15 possible combinations were tested as part of 

 All the 

combinations of the lamps were switched-on for at least two hours prior to taking any 

measurements. All the measurements have been taken 3 times to avoid incorrect readings. 

Harmonic results have been taken directly by Fluke Power Quality meter. Current waveform 

data has also been analyzed in MATLAB to check the consistency of THD results.  

 



 
Fig. 2.2: laboratory setup for testing of CFL and LED lamps 

 
TABLE 2.1 

SPECIFICAION OF TESTED CFL AND LED LAMPS 
Lamp 
Type 

ID specified Power 
(W) 

Current 
(mA) 

Luminous 
Flux (lm) 

Color 
Temperature 
(Degree K) 

CFL Ph8C 8 60 500  
CFL Ph15C 15 110 950  
CFL Ph20C 20 145 1350  
LED Ph4L 4 40 350 6500 
LED Ph8L 8 44 600 3000 
LED Ph9.5L 9.5 60 806 3000 

 
TABLE 2.2 

NOMINAL VOLTAGES AND ITS TOLERANCES 
Standard 

 
Tolerance Limit Reference 

Standard 

New Zealand 230/400 V -6% to +6% IEC60038 

Australia 230/400 V -6% to +10% AS60038 

 
TABLE 2.3 

SELECTION OF INPUT VOLTAGES FOR MEASUREMENT 
Scenario Absolute Voltage Range 

Minimum Limit Nominal Value Maximum Limit 

NZ Standard 
(-6% to +6%) 

216.2 230 243.8 

AUS Standard 
(-6% to +10%) 

216.2 230 253 

Wide Tolerance Band 
(-12% to +12%) 

202.4 230 257.6 

Extreme Tolerance 
Band 

(-35% to +17%) 

150 230 270 

 

All the rest power quality parameters have been taken from Fluke power quality meter. All 

the power quality parameters have been measured at a range of input voltages from 150 V to 



270 V at certain intervals. According to AS/NZS 3000:2007, the Australian/New Zealand 

standards on nominal voltage and its tolerances are shown in Table 2.2. 

During all the measurement, the total harmonic distortion in the voltage signal was less than 

1%.  Table 2.3 shows how the input voltage has been selected for measurement of power 

quality parameters. The Wide and Extreme tolerance band have also been considered because 

in some countries a shortage of power leads to a significant drop in supply voltage for a long 

period of time. A sudden increase in voltage may also be observed, and it can affect the 

operation of the lighting devices. Therefore, it is important to check the power quality indices 

in these cases also. An auto transformer has been used in the experiment to get the variable 

voltage supply for testing purposes. All the individual lamps have been given a specific ID 

number.  This ID has been used throughout the manuscript 

2.4. Experimental Results and Analyses 

The experimental results have been presented in three parts: first part presents the power 

quality parameters of different combinations of CFL lamps; the second part presents the 

power quality parameters of different combination of CFL and LED lamps and finally a 

comparative analysis of these two combinations have been explained.  

2.4.1 Combination of CFL Lamps 

Here the results of 4 possible combinations of 3 CFL lamps are shown in Table 2.4. A 

specific number has been given to each test that has been referred in this chapter.  

TABLE 2.4 
TESTED COMBINATION OF CFL LAMPS 

Combination Number ID specified 
1 Ph8C & Ph15C 

2 Ph8C & Ph20C 

3 Ph15C & Ph20C 

4 Ph8C, Ph15C & Ph20C 

 Total harmonic distortion: 

The total harmonic distortion of a signal is basically the ratio of root sum square over all 

harmonic components to the fundamental component and is normally, expressed in 

percentage. The total harmonic distortion of the current signal against a range of input 

voltages for all the four combinations has been shown in Fig. 2.3. 



 
Fig. 2.3:  THD from different combinations of CFL lamps against a range of input voltages 

 

The total harmonic distortion shows a significant increase with the increase of the input 

voltage. On an average, there was 40% increase in THD while increasing the voltage from 

150 V to 270V. However, the maximum increase of around 49% was observed with 

combination 3. On the other hand, there was an average variation in THD of around 6.5% 

under the New Zealand voltage tolerance limit.  

 

 Power factor and displacement power factor: 

Power factor refers to true power factor and is a common measure of the power quality of 

non-linear loads. It takes both the phase shift as well as the wave shape distortion into 

account.  The true power factor of the load is defined as the ratio of average power to the 

apparent power. On the other hand, displacement power factor is the ratio of true power of 

the system to the power provided by the utility. In case of purely linear load, as both the 

voltage and current waveforms will be sinusoidal, the true power factor and the displacement 

power factor will be same. However, in the non-linear load, both the power factor values will 

be different. 

 Figures 2.4 and 2.5 shows the power factor of these 4 combinations at different 

voltage conditions. It can be easily observed that the power factor values are decreasing with 

the increase of supply voltage. While, the displacement power factor is increasing because of 

increase in harmonic power. 

 



 
Fig. 2.4:  Power factor of different combinations of CFL lamps against a range of input voltages 

 

 
Fig. 2.5.  DPF of different combinations of CFL lamps against a range of input voltages 

 

 K-factor: 

K-factor is basically a measure of the heating effect due to harmonic generated by non-

linear devices. K-factor of all these four combinations has been shown in Fig. 2.6. Although 

K-factor was varying with the change of input voltages but, there was a significant increase 

was observed with some of the combinations. It was also observed that most of the CFL 

combinations give a lower value of K-factor when operating at nominal voltage.  



 
Fig. 2.6.  K-factor of different combinations of CFL lamps against a range of input voltages 

 

 Current waveform and Crest-Factor: 

Crest Factor is defined as the ratio between the peak value of the current waveform to the 

root mean square (rms) value of the current waveform. It is one of the simplest parameter to 

measure the distortion in a network. Fig. 2.7 shows the current waveform of combination 4  

   

 
Fig. 2.7:  Current waveform of Combination 4 lamps 

 



lamps at different voltage inputs starting from 150 V to 270 V. It was found that all the CFL 

combinations were showing similar pattern for the current waveform. All the waveforms 

were following the non-sinusoidal pattern and were peaky at frequent intervals. Although a 

slight variation was observed with the change of input voltages but still the waveforms were 

highly distorted. Fig. 2.8 shows the crest factor of all the four combinations and it can be 

noticed that these values are increasing with the increase of voltage that makes the waveform 

more distorted and therefore, high THD values were observed.  The variation in crest factor 

with change of input voltages were again depending on the combination of the lamps as some 

of the combinations have shown high variation while others showed a little change.  

 

 

Fig. 2.8:  Crest Factor of different combinations of CFL lamps against a range of input voltages 

 

2.4.2 Combination of CFL and LED Lamps 

Similar to the first experiment, the next experiment was conducted with the combination of 

CFL & LED lamps. Six possible combinations of these two varieties of lamps were chosen 

which has been shown in Table 2.5. All these lamps can be easily installed for residential 

applications. The aim was to mix more number of CFLs, more number of LEDs and then the 

equal number of CFLs and LEDs in the lamp combinations. All the combinations have been 

given a specific number in this chapter.  
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TABLE 2.5 

COMBINATION OF CFL & LED LAMPS 

Combination Number Mix ID specified 
5 1 CFL & 1 LED Ph8C & Ph4L 

6 1 CFL & 2 LED Ph8C, Ph4L & Ph8L 

7 1 CFL & 3 LED Ph8C, Ph4L, Ph8L & Ph9.5L 

8 2 CFL & 1 LED Ph8C, Ph15C & Ph8L 

9 3 CFL & 1 LED Ph8C, Ph15C, Ph20C & Ph8L 

10 2 CFL & 2 LED Ph15C, Ph20C, Ph8L, Ph9.5L 

 

 Total harmonic distortion: 

Total harmonic distortion for the 6 combinations was measured at different input voltages 

as shown in Fig. 2.9. The first observation made was that THD values were largely depends 

on the mix of CFL and LEDs. If more number of LEDs are getting mixed in the combination, 

the THD values were observed to be going down. With the change of input voltages from 150 

to 270 V, the maximum variation of around 42% was observed with combination 7. It was 

also noticed that increasing the number of LED in the mix would help in lowering the THDs 

but at the same time, it slightly increases the percentage variation with the change of input 

voltages. THD variation of 6% was observed with change of voltage according to tolerance 

limit of New Zealand standard.  

 Power factor and displacement power factor: 

Power factor and displacement power factor values have been plotted for all these 

combinations and shown in Fig. 2.10 & 2.11. Again, it was observed that by introducing 

LEDs in to the mix, power factor has improved significantly

value of power factor as more number of LEDs has been mixed in this combination. Power 

factor values were decreasing with the increase of supply voltage and therefore, it makes the 

THD worse as compared to low voltages. 

   



 

Fig. 2.9:  THD from combination of CFL & LED lamps against a range of input voltages 

 

However, the displacement power factor has been recorded increasing at a very slow rate 

with the increase of supply voltage. As the displacement power takes into account only the 

fundamental component, the increase in active power with the increase of voltages helps to 

improve it slowly. Further, it was noticed that the variation in the displacement power factor 

with the change of input voltages is much lower when mixing more number of CFLs in the 

combinations. It was recorded in the range of 1-3% as compared to 8-9% variation with 

combination 5, 6, 7 of more number of LEDs  

 

 
Fig. 2.10:  Power factor from different combinations of CFL lamps against a range of input voltages 



 
Fig. 2.11:  DPF from different combinations of CFL lamps against a range of input voltages 

 

 K-factor: 

K-factor values have been plotted in Fig.2.12 and it was observed that as we increase the 

number of LEDs in the mix, the harmonic heating effect will be lower to the system. The 

percentage change in the K-factor was also observed low as compared to CFL combinations. 

In extreme case, the maximum variation was observed with combination 7 of around 56% 

However; the average variation was noticed around 30% which was slightly higher than the 

average variation with the combination of CFL lamps. According to NZ tolerance limit also, 

the average variation is slightly higher than the combination of CFL lamps but if more 

number of LEDs will be included into the mix the harmonic heating effect will be much 

lower.  

 

 
Fig. 2.12.  K-factor of different combinations of CFL & LED lamps against a range of input voltages 

 

 Current waveform and Crest Factor: 



The current waveform of Combination 10 has been shown in Fig. 2.13 that is clearly 

different than the current waveform of CFL combinations only. With the mix of LEDs, 

current waveforms are getting better and try to follow the sinusoidal pattern. The other 

observation was that with the increase of input voltages, the waveform was getting distorted 

in the similar fashion as the combination of CFL lamps irrespective of the number of CFLs in 

the combinations. Mixing more number of LEDs helped to improve the shape of the 

waveform and therefore, lowering the THD values.    

 

 
Fig. 2.13:  Current waveform of different combinations of CFL & LED lamps against a range of input voltages 

 

Crest factor of all the six combinations has been shown in Fig. 2.14. It is noticed that the 

combination 7 where more number of LEDs has been mixed showed a lower value of crest 

factor as compared to all other combinations. It tells that mixing more number of LED would 

help improving the shape of the waveform and lowering down the THD values.  



 
Fig. 2.14:  Crest-factor of different combinations of CFL & LED lamps against a range of input voltages 

2.4.3 Analysis and Discussion  

compared in this section. Average variation and maximum variation of all the power quality 

parameters in four different cases has been shown in Table 2.6 - 2.9. The variation of each 

parameter has been calculated by the following formula: 

 

                   

  

 Within tolerance limit as per NZ standard: 

TABLE 2.6 

PQ PARAMETERS VARIATION WITHIN NZ VOLTAGE TOLERANCE LIMIT 

 CFL Combination CFL & LED Combination 

Parameter Average 

Variation 

Maximum 

Variation 

Average 

Variation 

Maximum 

Variation 

THD 6.41 7.57 6.16 8.5 

PF 2.53 3.45 2.89 3.85 

DPF 1.41 2.3 1.34 2.41 

K-factor 25.44 45.77 18.64 27.61 

Crest factor 4.01 7.87 3.14 5.59 

 



 Within tolerance limit as per AUS standard: 

 

TABLE 2.7 

PQ PARAMETERS VARIATION WITHIN AUS VOLTAGE TOLERANCE LIMIT 

 CFL Combination CFL & LED Combination 

Parameter Average Variation Maximum Variation Average Variation Maximum Variation 

THD 8.64 9.7 8.39 11.05 

PF 3.41 5.17 3.62 5.19 

DPF 1.71 2.3 1.93 3.66

K-factor 16.87 30.92 22.99 32.85 

Crest factor 4.97 9.84 5.83 6.25 

 

 Wide Tolerance Band: 

 TABLE 2.8 

PQ PARAMETERS VARIATION UNDER WIDE TOLERANCE BAND 

 CFL Combination CFL & LED Combination 

Parameter Average Variation Maximum Variation Average Variation Maximum Variation 

THD 14.14 15.49 12.89 17.4 

PF 5.52 6.9 5.22 7.46 

DPF 2.55 3.41 2.51 4.88 

K-factor 22.06 34.57 39.48 64.58 

Crest factor 7.72 12.04 8.12 11.39 

 

 Extreme Tolerance Band: 

 TABLE 2.9 

PQ PARAMETERS VARIATION UNDER EXTREME TOLERANCE BAND 

 CFL Combination CFL & LED Combination 

Parameter Average 
Variation 

Maximum 
Variation 

Average 
Variation 

Maximum 
Variation 

THD 40.65 48.89 29.62 41.78 
PF 11.18 12.28 10.89 15.38 

DPF 6.49 7.23 5.47 9.41 
K-factor 25.44 45.77 30.16 55.56 

Crest factor 17.53 22.47 19.03 22.78 

 



It is easily observed that in all the cases CFL & LED combinations have shown an 

improved performance. Based on this extensive analysis following conclusions could be 

drawn: 

 

 

 Increasing the number of LEDs in the mix of lamps would help improving the 

power quality performance significantly. 

 The total harmonic distortion of the current signal increases with the increase of 

supply voltage in both types of combinations. 

 improved power quality 

performance, an increased variation with a change of supply voltage has been 

 & 

voltage. 

 The increase of power factor in the has been 

observed. Since this reduces the I2R losses in the system, the deployment of LEDs 

in weak Power System is advantageous. 

 The lumen outputs of the CFL lamps are visibly susceptible to variation in voltage 

but the LEDs perform better. 

 At low voltage range, LEDs performance is much better as it improves the power 

factor, lowering down the THD and maintains the lumen output and therefore, 

adding more & more LEDs in the combinations helps to improve the operating 

conditions.   

 Overall, the has shown better power quality 

performance as long as we maintain the supply voltage in a reasonable limit.  

2.5. Conclusions 

The main objective of this chapter was to analyse the different power quality parameters 

applications have been tested and some conclusions have been drawn. As a result, a 

significant improvement in variety of power quality parameters with increasing the number of 

LEDs has been noticed and therefore provides governments additional financial justification 

to back LED lighting penetration through some kind of rebates, incentive or subsidy policies 



for its accelerated adoption. Countries which are suffering with the voltage drop concern 

should promote LEDs as a priority solution as the improvement of power-factor has 

additional benefits to the system. Finally, the lumen output is visibly constant across wider 

supply voltage variation and will be of particular importance in low voltage scenarios.



Chapter 3. Dual Frequency Operation of LED 

Lamps 

This chapter focuses on the myths and facts in terms of power quality and power 

consumption performance at two different standard operating frequencies (50 Hz as well as 

60 Hz) of LED lighting technologies. The contributions of the work are as follows: 

 A detailed analysis on harmonics, power factor and power consumption related 

parameters and the percentage change in these parameters when operating at two 

different frequencies. 

 Performance assessment of residential LED lamps as well as LED streetlights and its 

comparison in terms of key power quality parameters. 

 Interharmonics and suprahramonics performance assessment at both the operating 

frequencies and for both residential LED lamps, as well as, LED streetlights. 
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3.1. Abstract 

Light Emitting Diode (LED) lamps are capturing the global lighting market at a rapid pace 

and a wide research is being carried out to understand the potential implications of these 

devices. Similar to other consumer electronic devices, various international brands of LED 

lamps are rated for 50 Hz as well as 60 Hz operating frequency. The aim of this study is to 

present the myths and facts of operating the same LED lamp at two different standard 

operating frequencies and analyse the key power consumption and power quality parameters. 

Interharmonics and supraharmonic emissions have also been tried to be captured as a part of 

this power quality analysis. A number of residential LED lamps of a range of power 

consumption from three reputable international brands and three different wattage LED 

streetlights have been tested as part of this research. Results suggest that not all the LED 



lamps are precisely tuned at both these frequencies and therefore, there is a variation in power 

consumption and power quality parameters were noticed. 

3.2. Introduction 

Lighting sector consumed around 7 exajoule (EJ) in the year 2013 which was around 20% of 

global building electricity consumption [21]. There is a continued emphasis towards reducing 

LED lighting market share was around 13% which is expected to reach around 70% by 2020 

[22]. Considering this rapid penetration and its future implications, it is important to assess 

the LED lights from a different perspective. All the residential as well as commercial LED 

lamps are rated for 50 Hz as well as 60 Hz operating grid frequencies. These LED lamps have 

internal driver circuit which converts the ac supply to a dc supply that drives the LEDs. 

Although, there is a very small chance that LED l

quality parameters will be affected with a change of operating frequencies, it would be very 

prudent to obtain practical results and hence compare the performances at the two typical 

operating frequencies.  

As of now, LED lamps have been reported sensitive to flicker with the variation of 

operating frequencies and few studies have been conducted on flickering issues at 50 Hz as 

well as 60 Hz frequency [23]. However, there is no study available to highlight the facts 

regarding power consumption and power quality when the same lamp is operated at 50 Hz as 

well as at 60 Hz. It is important to highlight here that most of the LED lamps are rated for 

220-240V supply voltage and 50 Hz/60 Hz supply frequency. Considering this standard 

voltage and frequency, a range of LED lamps have been tested and analysed in terms of total 

harmonic distortion, odd harmonics (H3 to H9), interharmonics (IH0 to IH10), 

Supraharmonics (2.1 to 2.9 KHZ), power factor, displacement power factor, active power, 

reactive power and distortion power at 230 V with 50 Hz as well as 60 Hz operating 

frequency.  

3.3. Test Setup  

Testing facility for this study was setup in the Power System Research Laboratory at 

University of Auckland, New Zealand. California Instruments AMETEK MX15-1/1Pi Grid 

Emulator has been used to emulate the grid conditions of two different operating frequencies. 

MX GUI 4.0.0 grid emulator software was used for data input and analysis.  All the power 



quality parameters were taken from PQ Box 200 power quality meter. Fig 3.1 shows the 

schematic of the test setup for this measurement. A large number of LED lamps of less than 

15 W power consumption (which is mostly used for residential applications) have been tested 

at 230 V supply voltage and at two different operating frequencies of 50 Hz as well as 60 Hz. 

Three different models of LED streetlights and of different power consumption have also 

been tested to evaluate the notable performance difference between residential LED lamps 

and LED streetlights. All the important power consumption and power quality parameters 

were recorded to compare the performance at 50 Hz vs 60 Hz operation. All these parameters 

have been measured for at least 10 seconds at each frequency and the final value of these 

parameters are determined by averaging out the numbers within those 10 seconds. All tested 

LED lamps were in regular use for more than 8 months for a range of power quality tests. 

Before taking any measurements, all the lamps were switch-on for at least 30 minutes to get a 

stable reading. Further, all the measurements were taken at least twice to avoid any possible 

errors. 

 

Although more than 25 LED lamps were tested, the results and analysis of only few of the 

LED lamps of three reputable brands have been presented in this paper. Table 3.1 lists the 

specification of all the tested LED lamps and each of the lamp has been given a specific ID 

number which has been followed throughout the manuscript. 

 

 

Fig. 3.1: Test setup for testing of LED lamps 



TABLE 3.1 

SPECIFICATION OF TESTED LED LAMPS 

 ID specified Power 

(W) 

Current 

(mA) 

Luminous 

Flux (lm) 

Color 

Temperature 

(Degree K) 

LED Lamp A4 4 40 350 6500 

A8 8 44 600 3000 

A14 14 80 1400 3000 

B7 7 50 600 3000 

B9 9 65 806 6500 

B10 10 65 806 2700 

C6 6 25 400 2700 

C9 9 43 650 2700 

LED 

Streetlight 

SA24 24 NN NN NN 

SB35 35 NN NN NN 

SC40 40 NN NN NN 

NN: NOT KNOWN/NOT SPECIFIED 

 

3.4. Experimental Results and Analysis 

This subsection summarises the Chapter. This section has been divided into two parts: first 

part analyses the performance of residential LED lamps and the second part examines the 

effect of operating frequencies on LED streetlights. Further, both of these sections are 

presented in three different parts: first part presents the total harmonic distortion, harmonics, 

interharmonics and Supraharmonics; the second part presents the power factor and 

displacement power factor; and finally, different power consumptions of LED lamps have 

been analysed.  

3.4.1 Residential LED Lamps 

Numbers of household LED lamps of different reputable international brands have been 

tested in terms of power quality and energy consumption performance. All the results have 

been presented and discussed below: 

(i) Harmonics, Interharmonics and Supraharmonics 

 



Total harmonic distortion of the current flowing through LED lamps has been measured in 

terms of percentage as well as absolute value.  Absolute value has been considered in all the 

measurements as it provides a clearer depiction on the harmonic emissions and that is more 

important in the power system as compared to the percentage value.  Table 3.2 shows the 

current consumption and total harmonic distortions at 50 Hz operating frequency whereas; 

Fig.3.2 shows percentage change in THD while LEDs were operating at 60 HZ. Table 3.2 

indicates a wide range of harmonics which goes from around 4% to 104% in residential LED 

lamps of less than 15W power consumption. Fig 3.2 will help us to understand how each of 

the LED lamps is changing in the harmonic emission pattern when it is operated at 60 Hz. 

The idea of this analysis was to appraise if there are any differences in total harmonic 

distortion at these two different operating frequencies. It could be seen that almost all the 

LED lamps have shown some changes in the percentage value of ITHD when it was 

operating at 60 Hz. A4 and A8 lamps have experienced a reduction in THD with around 9% 

and 3% respectively whereas, all the other lamps have shown an increased percentage THD 

at 60 Hz operating frequency. Among these, C9 lamp is highly affected with 45% increase in 

percentage THD and 50% increase in the absolute value however, the other lamp in the same 

brand did not show any change in the absolute value of the total harmonic distortion. 

TABLE 3.2 

MEASUREMENT OF HARMONICS & POWER FACTOR OF LED LAMPS AT 50 HZ 

Lamp 

Type 

Current 

(A) 

ITHD 

(%)  

ITHD 

(absolute) 

PF 

(absolute) 

DPF 

(absolute) 

A4 0.024 53.78 0.011 0.718 0.818 

A8 0.041 44.44 0.017 0.851 0.926 

A14 0.067 29.45 0.019 0.933 0.975 

B7 0.052 98.89 0.037 0.602 0.849 

B9 0.067 103.09 0.048 0.602 0.866 

B10 0.062 102.08 0.044 0.618 0.885 

C6 0.032 8.37 0.003 0.903 0.908 

C9 0.045 4.83 0.002 0.948 0.950 

 

Different harmonic components have also been measured as part of this study. In all the LED 

lamps, even harmonics (such as 2nd harmonic, 4th 

therefore, these harmonics have not been presented in this paper.  This chapter highlights the 



odd level harmonics from 3rd harmonic to the 9th harmonic for all the LED lamps at both the 

operating frequencies which can be seen in Fig. 3.3 and Fig. 3.4.  

Interharmonics and supraharmonics study have also been considered in this paper to 

investigate if that is a major issue with LED lighting. Interharmonics are the frequencies 

generated by the converter that is not integer harmonics of the supply frequency [24], [25]. 

On the other hand, the frequency range between 2 to 150 kHz is usually considered as 

supraharmonics. However, the term supraharmonics is a very new terminology and has been 

used only in few articles [26].  In this paper, we have considered interharmonics from IH0 to 

IH10 and supraharmonics from 2.1 to 2.9 kHz range only. The idea of this analysis was to 

measure and analyze the current harmonic distortion in terms of interharmonics and 

supraharmonics at the two different supply frequencies. Fig. 3.3 and Fig. 3.4 show the 

harmonics, interharmonics and Supraharmonics for all the tested LED lamps in absolute 

value (mA). 

 

 
Fig. 3.2:  % change in percent and absolute current THD at 60 Hz operation 

 

From both these figures; it is clear that harmonics is a major issue as compared to 

interharmonics and supraharmonics. Interharmonics at both the operating frequencies for all 

the LED lamps are almost close to the zero whereas; a variation from 0-2.5 mA in harmonic 

emission was noticed in the supraharmonics range of 2 kHz frequency. The difference in 50 

Hz and 60 Hz operation has only a slight change in the odd harmonic component of the 

current in LEDs.  

 



Fig. 3.3:  Harmonics, Interharmonics and Supraharmonics at 50 Hz operation 

 

 
Fig. 3.4:  Harmonics, Interharmonics and Supraharmonics at 60 Hz operation 

 

(ii)  Power Factor & displacement power factor: 

Power factor and displacement power factor at both the operating frequencies were measured 

and the percentage change from 50 Hz to 60 Hz operation has been plotted in Fig. 3.5. Power 

factor tells us the deviation between the current waveform and the ideal waveform whereas; 

DPF is expressed as the cosine of the angle between the fundamental voltage and current. 

Among all the tested LED lamps, only B10 lamp has shown minor increase in the power 

factor whereas, the rest of the tested LED lamps reflect a decrease in power factor from 

around 1-6%. On the other hand, the displacement power factor which is more important to 

analyze in case of nonlinear loads resulted with maximum 8% decrease while operating at 60 

Hz. At 60 Hz, there was a decrease in DPF in all the LED lamps except Brand B lamps. It 



was interesting to see that the Brand B lamps that have very high value of THD as compared 

to other lamps have shown an average increase of 2.5% in DPF at 60 Hz operation.  

Comparing % change in in PF and DPF at 60 Hz, more change sin DPF has been recorded as 

compared to % change in PF. 

 

 
Fig. 3.5:  % change in PF and DPF at 60 Hz operation 

 

(iii)  Active Power, Reactive & Distortion Power: 

To understand the power consumption pattern at two operating frequencies, active power, 

reactive power and distortion power have been measured. Table 3.3 lists all these power 

consumptions at 50 Hz operation which shows a significant value of reactive power and 

distortion power consumption.  The powers: active, reactive and distortion powers are 

connected by the following relation: 

                                                                                           .  (3.1) 

 

Where; 

S = Apparent Power; measured in Volt-ampere 

P = Active Power; measured in Watt 

Q = Reactive Power; measured in Volt-ampere reactive 



D = Distortion Power; measured in Volt-ampere reactive 

The geometric sum of reactive and a distortion power are equal to the non-active power and 

it is connected by the following relation: 

                                                                      (3.2) 

Where; 

 = Non-active Power; measured in Watt 

P = Active Power; measured in Watt 

Q = Reactive Power; measured in Volt-ampere reactive 

TABLE 3.3 

MEASUREMENT OF DIFFERENT POWER OF LED LAMPS AT 50 HZ 

Lamp Type Active Power 

(W) 

Reactive Power 

(VAR)  

Distortion Power 

(VAR) 

A4 3.89 3.78 2.60 

A8 8.10 4.99 3.76 

A14 14.29 5.53 4.46 

B7 7.17 9.51 8.40 

B9 9.19 12.18 10.96 

B10 8.80 11.20 10.20 

C6 6.66 3.16 0.74 

C9 9.87 3.31 0.64 

 

The change in active power and the non-active powers (reactive power and distortion power) 

have been measured at 60 Hz operating frequency. As expected, there was a different level of 

power consumption with these two different frequency operations. Commonly, there was an 

increase in distortion (except A4 where distortion power consumption went down to 2.53 var 

from 2.60 var) power consumption. Active power consumption of most of the lamps was also 

noted increasing with the distortion power consumption. Lower ratings (4W & 8W) Brand A 

lamps have shown the opposite performance where active power consumption value deceased 

slightly at 60 Hz operation.   

It could be seen that the variation in reactive and distortion power consumption is more 

significant than the active power consumption. Except B10, all the LED lamps have shown 



less than 5% change while operating at 60 Hz. However, the reactive and distortion power 

consumption have shown an average increase of 8.92% and 7.42% respectively. 

 

Fig. 3.6:  % change in AP, RP and DP at 60 Hz operation 

3.4.2 LED Streetlights 

Three different brands of LED streetlights and of different power ratings have also been 

tested in terms of power quality and energy consumption performance. Further, the 

discussion has been divided into three different parts: first part will highlight the harmonic 

measurement; second part will discuss the power factor and displacement power factor and 

the last part explains the changes in different power consumption when operating at two 

different operating frequencies.  

(i) Harmonics, Interharmonics and Supraharmonics  

Table 3.4 shows the measured value of current and THDs in percentage as well as absolute 

value.  It was found that total harmonic distortion in LED streetlights is less of an issue as 

compared to the residential LED lamps. All these three LED streetlights during various tests 

performed shown maximum 13-14% THD at 50 Hz operating frequency. When the LED 

streetlights were operated at 60 Hz, it could be seen in Fig.3.7 that there was no change 

observed in the absolute value of THD with all the LED lamps except a 4-5% decrease in 

THD with SC40 streetlight.  

 

 



TABLE 3.4 

HARMONICS & POWER FACTOR OF LED STREETLIGHTS AT 50 HZ 

Lamp 

Type 

Current 

(A) 

ITHD 

(%)  

ITHD 

(absolute) 

PF 

(absolute) 

DPF 

(absolute) 

SA24 0.109 7.39 0.008 0.971 0.974 

SB35 0.166 11.64 0.019 0.935 0.941 

SC40 0.186 13.49 0.025 0.962 0.971 

 

These streetlights were also tested for its odd harmonics, interharmonics and supraharmonics 

at 50 Hz as well as 60 Hz operation shown in Fig. 3.8 and Fig. 3.9. Similar to residential LED 

lamps it could be seen that odd harmonics have more contribution in total THD but, the 

contribution of each harmonic component is much lesser than the residential LED lamps and 

therefore, the aggregated THD is in very low range. 

 

 

Fig. 3.7:  % change in percent ITHD and absolute ITHD 



 

Fig. 3.8:  Harmonics, Interharmonics and Supraharmonics at 50 Hz operation 

 

 

Fig. 3.9:  Harmonics, Interharmonics and Supraharmonics at 60 Hz operation 

 

(ii)  Power factor and displacement power factor: 

Power factor and displacement power factor of LED streetlights at 50 Hz operation, as shown 

in Table 3.4, has shown better performance as compared to LED streetlights. During 

operating the LED streetlights at 60 Hz, all the three lights experienced a decrease in power 

factor as well as displacement power factor. However, in any case, the reduction was less 

than 2%. 

 



 

Fig. 3.10:  % Change in PF & DPF at 60 Hz operation 

(iii)  Active Power, Reactive & Distortion Power: 

The three-different power consumption of LED streetlights at 50 Hz operating frequency is 

listed in Table 3.5. At 60 Hz operation (shown in Fig.3.11), active power consumption of the 

LED streetlights was almost constant however, the highest change (mainly increase with 

maximum around 22%) was noticed in reactive power. The change in distortion power has 

shown some variation with the brand of LED streetlights. SA24 and SB25 have shown an in 

increase in DP with 3.72% and 0.45% respectively, whereas; SC40 has experienced a 

decrease in DP at 60 Hz operation. 

TABLE 3.5 

ACTIVE, REACTIVE AND DISTORTION POWER OF LED STREETLIGHTS AT 50 HZ 

Lamp Type Active Power 

(W) 

Reactive Power 

(VAR)  

Distortion Power 

(VAR) 

SA24 24.25 5.93 1.88 

SB35 35.53 13.47 4.42 

SC40 41.02 11.63 5.76 

 



 
Fig. 3.11.  % change in AP, RP and DP at 60 Hz operation 

 

3.5. Conclusions 

The main conclusion from the studies presented in this chapter is that the LED streetlights 

have smaller harmonic footprint and exhibit smaller variations with change of brand 

compared to the residential LED lamps. THD in residential LED lamps showed a variation 

from around 7% to 105% whereas, LED streetlights showed from 7-14% variation in THD 

during 50 Hz operation. 

After comparing and analysing the residential LED lamps and LED streetlig

in terms of total harmonic distortion (percentage and absolute values), power factor, 

displacement power factor and various power consumptions, it was found that residential 

LED lamps are more sensitive to the frequency variation. The DPF and DP parameters have 

experienced higher change at 60 Hz as compared to other parameters.  On the harmonic side, 

odd harmonics is a major issue for both 50 Hz and 60 Hz operating frequencies. 

Interharmonics up to 10th component and supraharmonics from 2.1 to 2.9 kHz were also 

compared and analysed at both the frequencies and were not found to be a major concern at 

this stage for the individual LED lamps or for the LED streetlights.  



Chapter 4. Non-Ideal Grid and Residential 

LED Lamps Interaction 

This chapter provides a detailed discussion on the interaction between a non-ideal grid 

conditions and the residential LED lamps. It has been thoroughly discussed from a DSM 

perspective and how government can increase the effectiveness of lighting based DSM 

programs. The contributions of the work are as follows: 

 An extensive analysis on how the LED lamps react when there is a sustained 

abnormal voltage, variation in the supply frequency and a different level of harmonics 

are available in the supply voltage.   This analysis is focused on power quality and 

power consumption related parameters and highlights the variations in these 

parameters due to abnormal grid conditions as mentioned. 

 Assessment and analysis on the variation in light output due to abnormal supply 

voltage. 

 Discussion on distortion power consumption at different non-ideal conditions and 

introducing a new concept of passive DSM. Recommendations have been made for 

different stakeholders of a lighting DSM program. 
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4.1. Abstract 



-

-

 

4.2. Introduction 

attention of researchers and policymakers. Electricity consumption is the fastest growing end-

use energy consumption, and therefore, this area has recently been the top priority for its 

efficient transmission, distribution, and utilization. According to IEA, lighting sector 

consumes around 20% of global building electricity consumption which was around 7 

exajoule (EJ) in the year 2013 [21]. This sector offers an enormous potential for electricity 

savings by 2030 [21]. LED-based lighting technologies are gaining popularity and acceptance 

as it has significant advantages over traditional lighting sources [27]. It has become one of the 

most common energy-efficient solutions of this era, and a number of strategies from technical 

to policy level are being seen to make this technology worth to the different users. It is 

expected that global LED lighting market share will reach around 70% by 2020 which was 

just around 18% in 2013 and therefore, it is important to assess this technology from different 

perspective before it is highly penetrated in the global lighting market.  

-

-



 

The global electricity sector is transitioning towards a more sustainable future. On the 

way to this transition, the electricity sector is facing the two major challenges: meeting the 

ever-mounting demand and the fight against continuously increasing carbon emissions. The 

w

1990 to 2011, and it is further expected to grow by at least 81% in the current policies 

scenario and 69% in the central new policies scenario from 2011 to 2035 [31]. The electricity 

demand is particularly increasing with the Asia, which is expected to increase by 4% per year 

until 2035 [31]. For instance, the current electricity demand pattern of India, the third largest 

economy in Asia, is still suffering from the demand-supply mismatch problem. The actual 

power supply position of India in the financial year 2015-16 is shown in Table 4.1 [32]. A 

deficit in terms of energy, as well as peak, could be noticed which was recorded much higher 

in some of the regions. This demand-supply mismatch is leading to severe low voltage 

problem in India [33] and, in fact, some of the states are totally unreliable in terms of the 

standard voltage level. Some of the other countries are also suffering from low voltage 

problems because of increasing demand of electricity [34]. On the other hand, increased 

penetration of distributed generation is creating high voltage problems at the consumer end 

especially for the renewable-rich countries [35], [36]. 

-  

 

 

Finally, it is an undeniable fact that any mismatch between the demand and supply of 

electricity creates not only a high or low voltage problem but, an under frequency or over 

frequency condition at the grid level also occurs. In essence, increased demand has stressed 

the power system network which results in fall in frequency while on the other hand, 

Parameter Energy (MU) Peak (MW) 

Requirement 1,114,408 153,366 

Availability 1,090,851 148,463 

Shortage 23,557 4903 

Deficit (%) 2.1% 3.2% 



exceeding supply than the required demand results in an increase of supply frequency and 

grid has to operate other than the standard operating frequency of 50 HZ or 60 HZ. Table 4.2 

shows the operating frequency in the Northern regional grid of India where the highest 

variation was observed for the FY 2015-16 [37] and it suggests the need for consideration of 

these frequency variations while pushing the technologies like LED lighting. 

-  

        Frequency (Hz) % of time FY 2015-16 

Maximum Instant Frequency 50.55 

Minimum Instant Frequency 49.50 

>50.20 0.53 

>50.10 5.36 

50.05-50.10 13.96 

49.90-50.05 67.19 

<49.9 13.48 

<49.8 1.83 

<49.7 0.18 

 

 

Filtering Technique 
Approximate THDI 

Range (%) 

Tested Brand of LED 

Lamps 

Actual THDI (%) 

Passive filter 100-130 B 100-120 

Valley fill filter 25-40 A 30-55 

Active filter 5-10 C 4-10 

To understand the effect of abnormal grid conditions, three different reputable 

international brands of LED lamps have been tested. Firstly, the current waveform and 

harmonic emissions of these lamps were analyzed. The results suggest that these three brands 

use different filtering techniques as part of the LED driver circuit and it can be classified into 



three different categories in accordance with their filtering operation which is summarized in 

Table 4.3.  

Finally, three-different non-ideal grids conditions have been identified for analyzing its 

interaction with the three-different variety of LED lamps are: sustained abnormal voltage, 

supply voltage harmonics and supply frequency. These three non-ideal grid conditions have 

been emulated through a grid emulator. The LED lamps were connected to this emulated grid 

for measurement of energy consumption and, power quality performance. This study will 

address the lack of data and its analyses on the linkage of grid conditions, power quality, and 

energy consumption performance of reputable international brands of LED lamps. 

4.3. Literature Review 

-

-

 

-



-

-

-

 

4.4. Laboratory test setup and emulated grid conditions 

A full test setup using the grid emulator was made in the Power System Research Laboratory 

of the University of Auckland, New Zealand. The setup includes the California Instruments 

AMETEK MX15-1/1Pi Grid Emulator, MX GUI 4.0.0 software for analyzing grid inputs, PQ 

Box 200 power quality meter, WinPQ mobil software for analyzing the power quality results 

and the LED lamps to be tested. Grid emulator is a four quadrant AC/DC power supply of 

rating 15 kVA, capable of producing grid anomalies such as voltage sag/sweeps, frequency 

variations, and supply harmonics, etc. All the power consumption and power quality results 

have been captured from PQ-Box 200 power quality meter which meets 100% demands of 

IEC 61000-4-30 (2008) for a class A device. Fig. 4.1 shows a block diagram for 

understanding of the experimental setup for this testing. We have tested more than 50 lamps 

and at least 2-3 lamps of same specifications of three different internationally reputable 

brands but, only few lamps have been chosen to present in this paper. Lamps from each of the 

brand with at least one sample of different wattage, luminous flux and color temperature has 

been chosen for presenting this power consumption and power quality analysis. Table 4.4 

lists all the given specifications of the tested LED lamps. All these lamps were purchased 



usually recommended to replace 60W incandescent and 15W CFL lamps. All these LED 

lamps were used for around six months for different power quality testing, and the same LED 

lamps were used in this experiment for analyzing the energy consumption and power quality 

performance with the non-ideal grid conditions. Before taking any measurements, lamps were 

kept on for around an hour to get a most settled result. All the measurements were taken at 

least twice to avoid any possible errors.  

 

Fig. 4.1: Experimental setup for testing of LED lamps 

Lamp ID Power (W) Current (mA) Luminous Flux (lm) 
Colour Temperature 

(Degree K) 

A4 4 40 350 6500 

A8 8 44 600 3000 

A14 14 80 1400 3000 

B7 7 50 600 3000 

B8 14 58 600 2700 

B9 9 65 806 6500 

B10 10 65 806 2700 

C6 6 25 400 2700 

C9 9 43 650 2700 



 To nditions 

on low voltage distribution network (as explained in section 1) to check the performance of 

residential LED lamps of reputable international brands which are commonly available in 

supermarkets. Here, each of these conditions along with the relevant 

standards has been explained in more detail: 

  

 

 

Standard Nominal value Tolerance limit 

NZ  

Electricity (Safety) 

Regulations 2010 

230V -6% to +6% 

(216.2 V to 243.8 V) 

  

-

-

-

 



 

 

Standard Condition Harmonic Limit 

IEEE 519 Less than 1KV THD: 8% 

Individual Harmonic Limit: 5% 

 1KV to 69 KV  THD: 5% 

Individual Harmonic Limit: 3% 

NZ Electricity Regulations 

(NZECP 36:1993) 

Less than 66 KV THD: 5% 

Individual odd Harmonic: 4% 

Individual even Harmonic: 2% 

 

 

 VTHD (%) 

Harmonic Component 

(%) 
3.15% 5.04% 7.55% 

H2 2 2 0 

H3 2 3 5 

H4 0 2 0 

H5 1 2 3 

H6 0 0 0 

H7 0 1 3 

H8 0 0 0 

H9 0 1 3 

 

 

 

 

 

Fig. 4.2: Supply voltage waveform with different THD limits 



  

 

 

4.5. Results and Discussion  

4.5.1 Sustained abnormal voltage 
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4.5.2 Supply voltage harmonics 
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4.5.3 Supply frequency variations: 



 

 -  

All the percentage change values have been plotted considering the 50 Hz value as a baseline 

as shown in Fig.4.15. Measurements show that the percentage THD values have increased at 

52 Hz with most of the lamps. However, percentage variation with changing the frequencies 

depends on the brand of the LED lamps. A number of lamps of a specific brand have shown 

similar kind of percentage variation with the changing frequencies. Brand C of LED lamps 

have shown the highest percentage variation when operating the LEDs from 48 Hz to 52 Hz.  

 
 

 

 
-  
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Percentage change in active power and apparent power consumption with the change of 

operating frequencies have also measured, and it could be seen in Fig. 4.19 & 4.20 that with 

the change of operating frequencies both the parameters have shown a different pattern with a 

different brand of LED lamps. Except for B9 and B10, the rest of the lamps were recorded 

either the same level of active power consumption or a decreased level of active power 

consumption (although a different value)  

 
 

 

 
 



at 48 Hz as well as 52 Hz. B10 lamp among all the lamps has shown the highest percentage 

change in active power consumption within this frequency band. On the other hand, if we see 

the apparent power in Fig.4.20, it was recorded increasing in all brands of LED lamps while 

increasing the operating frequency from 48 Hz to 52 Hz. 

4.6. Analysis and Discussion from DSM Perspective  

Firstly, this paper introduces the concept of passive-DSM strategy because the typical 

interpretation of DSM in the context of the LED lighting technology is actually misleading. 

Under the non-ideal grid conditions, these lighting technologies are offering DSM like 

advantages without actually carrying out the theoretical DSM measures and therefore, this 

should be call Passive DSM strategy  

The important findings from the above analysis will be discussed from the demand side 

management perspective. Investigating the energy consumption and power quality pattern 

with the non-ideal grid conditions is the foremost part of this study, and further, the distortion 

power consumption variation with these conditions have been emphasized in this section. The 

three non-ideal grid scenarios of sustained abnormal voltage condition, supply voltage 

harmonics, and supply frequency variation have shown interesting power quality and energy 

consumption results with different brands of LED lamps. The operation of LED lightings at 

lower voltages has shown significant performance improvement (in other words we can say 

favourable grid impact) in Fig. 4.21. It shows the percentage change in distortion power of all 

the LED lamps with the change of supply voltage. Distortion power indicates the power that 

belongs to the harmonic components. In other words, it quantifies the reactive power of the 

harmonic current components, and therefore, this value is always less than the total reactive 

power values. A decrease in real power consumption when the supply voltage drops will 

benefit the grid by reducing the load on the grid. As shown in Fig. 4.21, distortion power in 

all the LED lamps was reduced by at least 10%, and some of the lamps have even shown 

reductions exceeding 20% at 200 V supply voltage. It is important to highlight here is that 

operation of LEDs at 200 V did not produce any perceptible change in light output. This was 

validated by undertaking a measurement of the light output (lux level). Table 4.8 indicates 

that the change in light output of most of the lamps is small when it was operating at 200 V. 

This lack of perceptibility of light output power also offers the potential of (active) DSM 

when grid load needs to be reduced.  



 

Lamps Supply voltage Percentage change in light output when 

supply voltage increased/decreased from 

170 V 200 V 230 V 260 V 230 V to 200 

V 

230 V to 170 

V 

230 V to 260 

V 

A4 42.6 44 45.5 45.5 -3.3% -6.37% No change 

A8 65.3 68.9 72.5 75 -4.97% -9.93% +3.45% 

B7 72.5 72.8 73 73.9 -0.27% -0.68% +1.23% 

B9 103 104 105 107 -0.95% -1.9% +1.9% 

B10 98 114 130 146 -12.31% -24.62% +12.31% 

C6 57.6 58 58.6 60.8 -1.02% -1.71% +3.75% 

C9 93.8 94 94 94.1 No change -0.21% +0.11% 

 

 
 

 

 
 



On the contrary, the measurement of results at 260 V operations indicates that there is a 

significant increase in harmonics which results as very high distortion power consumption as 

compared to the standard operation at 230V. It is also important to highlight here that 

different brands of lamps consume different level of distortion power even with the same 

rated wattage. B8 and B10 lamps have the highest distortion power consumption as compared 

to the other lamps while the percentage change in distortion power consumption with 260 V 

supply voltage is low in C6 lamp. 

distortion power consumption while for B8 and B10 lamps it is varying between 8-12 var. 

On the other hand, the operations of LEDs with different level of supply voltage harmonics 

have shown performance variation with different brands of LED lamps as shown in Fig.4.22. 

The common observation was that increase in voltage harmonics results in a worsening of the 

power quality and energy consumption performance of LED lamps. At 7.55% supply 

harmonics, there is a high percentage change in distortion power consumption with respect to 

baseline (supply voltage of 230 V with no harmonics). Adding a certain level of harmonics 

such as the addition of 3% for all the lamps except C9 and, addition of 5% for B10 and C6 

have shown a reduction in distortion power consumption. It suggests that a certain level of 

supply voltage harmonics is helping the LEDs to reduce their current THD value. As a 

conclusion, it can be generalized that addition in supply harmonics is not always beneficial 

for improving the operation of a different brand of LED lamps, but it might be useful to 

reduce the current THD when electric utilities are maintaining the supply voltage harmonics 

up to 5%. Also, driver circuit manufacturers can design the circuit to limit the current THD 

10- 20% which has shown improved power quality and energy consumption performance in 

above experimental results.  
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Supply voltage variation 

 

Supply voltage harmonics variation 

 

Supply frequency 

variation 
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In order to increase the effectiveness of LED-based passive DSM programs, the following 

suggestions could be considered: 
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4.7. Conclusions  
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Chapter 5. LED Harmonic Issues and 

Augmenting Standard 

This chapter has explored the interaction between different brand of residential LED lighting 

technologies and provides an understanding on how the proper selection of LED lamps are 

important for the consumers to increase the overall energy efficiency of their premises. The 

main contributions of the work are as follows: 

 Analysis and discussion on the importance of phase angle of individual harmonic 

component and how it could be a useful tool to the driver circuit manufacturers. 

 Recommendations for the consumers, manufacturers, standard developers and 

policymakers to operate the LED lamp at its most efficient level without creating 

other inter-related issues. 
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5.1. Abstract 

Proliferation of LED lighting technology should become one of the high priority agenda 

penetration of LED lighting technologies, it is necessary to ensure that the LED lamps are 

performing at its most efficient level without compromising other inter-related issues. In this 

chapter, we have tested, from a power quality perspective, three reputable international 



brands of energy efficient LED lamps and present a comprehensive analysis of their 

harmonic performance. This chapter explains how the proper selection of a combination of 

LED lamps at residential level helps to reduce the harmonic emissions. It discusses the 

importance of phase angle of each harmonic component in managing the harmonic emissions 

and how it could be a key strategy for driver circuit manufacturers as well as the standard 

developers. Finally, some recommendations have been made for consideration in developing 

the driver circuit for energy efficient LED Lamps. This chapter has also explained briefly 

how the LED lamps could be more energy efficient if the manufacturers develop the ways to 

lower down the total harmonic distortion (THD) of less than say, 10%.   

5.2. Introduction 

The penetration of energy efficient LED lighting technologies is growing by leaps and 

bounds in housing, commercial buildings, and industries, etc. Worldwide governments and 

other agencies are implementing new strategies to force impetus to quicken the uptake of 

LED based lighting technologies [57] . This technology has revolutionized the lighting 

industry in terms of energy efficiency, lifetime and colour quality [60] and, it has been found 

successful in terms of transforming the lighting market in the recent years. Further, the 

market for LED lighting is expected to reach $63.1 billion by 2020 from $13.6 billion in 

2014 [61]. This shows the future demand of LED lighting and the further need of 

technological maturity to make it a sustainable long-term solution for the lighting sector. 

Recognizing the importance of LED lighting technologies, it is also important to highlight 

that such technologies are mainly based on electronic products that are largely non-linear 

elements and have a high potential of introducing harmonics to the power lines [12], [13], 

[30], [62]. Figure 5.1 shows a picture of a 10W LED lamp and its driver circuit which 

contains a range of electronic components. In view of the increased adoption of LED lamps 

during the last couple of years, and the further anticipation, the role of driver circuit 

manufacturers, has become much more crucial [63] as they have to deal with efficiency, 

harmonics, flicker and other such issues simultaneously when there are space and cost 

constraints as well [64], [65].  



 

Fig. 5.1: 10 W LED Lamp and its driver circuit 

Globally, the residential sector consumes around 20% of the total electricity consumption, 

and around 18% of it directly goes into lighting. Given the substantial consumption of the 

residential sector, the harmonic emissions from a number of LED lamps suited for residential 

needs have been tested. In addition to testing the lamps individually, their combinations have 

also been tested to analyze the phase angle of the 3rd, 5th, and 7th harmonic components to 

investigate their impact on the total harmonic distortion (THD) of the LED lamps. Finally, 

some possible opportunities, as well as recommendations for consumers, driver circuit 

manufacturers and standard developers have been proposed to help optimize the harmonic 

emissions through an alternative strategy. These recommendations if applied will reduce the 

harmonic impact on the electric grid and make LEDs a more attractive choice for all the 

stakeholders. 

5.3. Literature Review 

In the modern world, the majority of the currently existing consumer products are being 

replaced by electronics-based variations of similar devices [66]. These electronic devices 

have a capability to communicate with a range of devices and making our buildings, facilities 

and cities smarter than ever before [67], [68]. One example of the above trend is the 

incandescent lamp. Consumers have the choice of CFLs as an alternate for incandescent 

lamp, and today more energy-efficient options like LED lamps are available at a higher price 

point [69]. Unlike conventional lighting technologies, LED lighting technologies have an 

instant switching on-off capability, and it has higher compatibility level with programmable 

technologies which can further help to reduce light usage and energy consumption [70]. LED 

technologies and their product designs are continually emerging but, accomodating all the 

four areas: materials, electrical, optical and thermal together in a compact circuit to produce a 



high-quality LED lamp are not so easy. At the same time, it is also important to highlight 

here that not all the LED manufacturers can be expected to use the high quality technology 

and manufacturing processes for their products. This results in color variation, color shift, 

sudden drop in light output, thermal issues, permanent failure, shorter life and power quality 

issues [29], [47].   

Power quality has been a concern since the energy efficient lamps are coming into the market 

[40], [71], [72]. CFL was one of key lighting technology for bringing the concept of energy 

efficiency into the lighting sector. One article published during the early years of CFL 

penetration highlighted the harmonic distortion with the CFL lamps and its implications on 

the power lines [71]. Verderber et al. [72] presented a further problem on the harmonics 

interference due to the high harmonic emissions from these lamps. A number of other studies 

on harmonic emissions have been published during implementation of CFL lamps in different 

installations. Some of the recent work could also be seen on the CFLs power quality issues 

[12], [14], [15], [17]. Researchers have also tested the CFL lamps with a range of input 

variations [18], for example, voltage magnitude and voltage harmonics.  

Now, when the lighting industry demands more efficient and sustainable lighting solutions, 

researchers shifted their focus on the transition from CFL to LED lamps. Although there are 

many research publications to date, most of the initial researches on LED lightings were 

focused on the light output, reliability, life of the LED lamps and thermal issues with the 

LED lamps. Power quality was not considered as a major problem during its early adoption 

years. Some of the previous works have studied the power quality impacts during the CFL to 

LED transition.  A mixture of CFLs and LEDs with different possibilities (lower number of 

LEDs, equal number of CFLs and LEDs, and high number of LEDs) have been tested in 

terms of the various power quality parameters and the results suggests that mixing any 

number of LED in the combination helps reduce the overall harmonic emissions [57]. The 

other related work highlights the effect of changing supply voltage magnitude on the power 

quality performance of different combinations of CFL and LED lamps and, it concludes that 

mix of CFL and LED lamps are performing much better in terms of power quality as 

compared to the combination of CFL lamps at low voltages [58].  

On the other hand, as of now, there is only a limited amount of literature available which 

highlights the power quality issues of LED lamps [15], [20], [50], [73], [74] and the impact of 

these lamps on the electric network. Some of the studies made a contribution to the harmonic 



analysis of LED lamps. As is evident from recent publications, this topic is still of interest 

and several researchers are continuing the harmonic analysis and performance of these lamps. 

Some the researchers have also studied the interaction of LED lamps with other household 

devices and observed the effect of diversity and the harmonic cancellation effect [75]. As of 

now, little research has been undertaken to analyze the harmonic interaction between a 

different variety of LED lamps [59], [76] and none of the studies highlights that how this 

could be considered as a significant tool for improving the power quality of our homes.   

5.4. Methodology 

Figure 5.2 shows the experimental setup for testing of LED lamps. This setup provides 10 

sockets connected in parallel and has the capability of measuring the individual currents as 

well as the combined lamp current. With this rig, up to ten combinations of lamps can be 

tested simultaneously. Table 5.1 lists all the LED lamps which were used for this particular 

testing purpose. Results and analyses are presented for only three LED lamps (highlighted in 

the table) and their possible combinations.  All the lamps were purchased in the year 2015 

from the New Zealand local supermarket. This experimental setup also includes both a power 

quality analyzer and an oscilloscope for the validation of measurements using multiple 

instruments. 

 

Fig. 5.2.  Laboratory setup for testing of LED lamps 



used, and 

the final results were verified with Yokogawa DL4910 Digital Oscilloscope. In addition, two 

different current probes made by Agilent and Tektronix have been used. All the lamps were 

month, and then the measurements were taken. Each of the instrument 

readings have been taken three times to avoid any possible error. The scope was setup to 

-

compatible with power quality analyzer  BenchVue software integrated with Agilent 

oscilloscope, MATLAB software and advanced features of Yokogawa Oscilloscope were 

used. In summary, these experimental results were considered for comparison only after 

cross-validation using multiple instruments and multiple software utilities. 

 Experimental Results: Harmonic results measured directly from the experimental 

test setup of LED lamps. 

 Estimated Results: Fourier series has been used to calculate the total harmonic 

distortion from the data captured through the oscilloscope.  

 Approximation Results: In this case, piece-wise linear waveforms that match with 

the current waveforms were considered for producing the different combinations, and 

then the final THD were calculated in MATLAB. 

 

TABLE 5.1 

SPECIFICATION OF LED LAMPS 

Lamp ID 
Specified 

Power 
(W) 

Current 
(mA) 

Luminous Flux 
(lm) 

Colour Temperature (Degree 
K) 

Ph4 4 40 350 6500 

Ph8 8 44 600 3000 

Ph10 10 60 806 3000 

Ph14 14 80 1400 3000 

Pa5 5 37 350 2700 

Pa8 8 58 600 2700 

Pa10 10 65 806 2700 

Os6 6 25 400 2700 

Os9 9 43 650 2700 

 



5.5. Harmonic Emission from LED Lamps  

5.5.1 Experimental Result 

Individual LED lamps, and a mix of the various brands of LED lamps were tested for their 

harmonic performance. Figure 5.3 shows the total harmonic distortion and third, fifth and 

seventh harmonic component for all the tested LED lights. Individual lamps of different 

brands showed different level of harmonic emissions, varying from around 7% to 102%. The 

large variation within similar power ratings indicates that manufacturers are using different 

driver topologies. Furthermore, it can also be seen that among these three international 

brands, one of the manufacturers is possibly deploying an ineffective filtering technique. The 

current waveform of Ph4, Pa5, and Os6 in Figure 5.4 shows the three different patterns of the 

input current which correspond to the different levels of harmonic emissions determined for 

these LED lamps.  

Another test was carried out for evaluating the harmonics performance of four possible 

combinations of the selected lamps. It was found that when two different brands of LED 

lamps (i.e. two different topologies of driver circuits) are combined, there is a significant 

reduction in terms of measured THD. On the other hand, when the combinations of the same 

brands of LED lamps were tested, either the THDs were same as individual lamps or there 

were a reduction of 2-4% in total THDs. Table 5.2 lists the total harmonic distortion directly 

measured from the power quality meter for the individual as well as the combination of 

different brand of LED lamps.  

 
Fig. 5.3.  Harmonic emission from LED lamps 



 
Fig. 5.4. Current waveform of LED lamps 

 

TABLE 5.2 

TOTAL HARMONIC DISTORTION (THD) 

Lamps Experimental results (%) Estimated results (%) 

Ph4 55.2 47.50 

Pa5 101.1 91.09 

Os6 12.2 8.01 

Ph4Pa5 51.9 50.16 

Ph4Os6 17.9 16.14 

Pa5Os6 40.1 39.55 

Ph4Pa5Os6 30.5 29.07 

5.5.2 Estimated Result 

Another evaluation of harmonic emission was carried out through Fourier analysis. 

According to Fourier theorem, any periodic signal could be represented by a Fourier series, 

and it could be used to represent a large class of periodic signals. Therefore, to verify the 

experimental results of different combinations of LED lamps, Fourier series analysis has been 

considered. MATLAB curve fitting toolbox was used for Fourier approximation of the 

current signal of all the three different brands of LED lamps as well as their various 



combinations. Around 2000 data points were taken for the Fourier approximation of the 

signal. After getting the Fourier series of individual LED lamps, two lamps were theoretically 

added to get the total harmonic distortion of the combinations of LED lamps. Table 5.2 

illustrates the estimated results of THDs for all the lamps which confirm that the 

experimental data are nearly valid.  

TABLE 5.3 
APPROXIMATED RESULT 

Current Waveform Pattern Total harmonic distortion (%) 

Sawtooth 80.29 

Triangular 12.1 

Sawtooth + Sawtooth 80.3 

Triangular + Triangular 12.1 

Sawtooth + Triangular 50.48 

5.5.3 Approximation Result 

The third method is the pattern based calculation of THDs which is an approximation method 

to see the impact on aggregated THD if combining similar or different driver topologies. The 

shape of the current waveform of Pa5 was closely matching with the sawtooth pattern, and 

the THD values were also observed in the comparable range.  Similarly, Lamp Os6 THD 

limit was comparable with the triangular waveform THD values. Therefore, the idea was to 

check the performance of the two of the driver topologies which produces the same 

waveform in the first case and, different waveform pattern in another instance. A Simulink 

model was made, and THD values were tested. The observation is listed in Table 5.3. It 

confirms that mixing the two different driver topologies will always give lower THD values 

as compared to the highest THD value in the combination.  

5.6. Harmonic Phase Angle  

After analysing the total harmonic distortion and their individual component, it was found 

that third, fifth and seventh harmonic component are dominant in most of the cases. 

Therefore, only these components were considered for phase angle analysis for the purpose 

of investigating their interactions and impact on the overall THD performance. Only two 

combinations Ph4Pa5 and Ph4Os6 (lamps that have highest and lowest THD values in all the 

four possible combinations of the selected lamps) were considered for the phase angle 



analysis. The phase angles were calculated using the coefficients obtained by the Fourier 

analysis (used for determining the THD). For estimation of the magnitude and phase angle of 

the combination of lamps, the coefficients of the individuals were mathematically added, and 

in this way, a new coefficient was generated for the combination of the lamp which helped to 

calculate the phase angle of the combination of the lamp. Figure 5.5 shows the phase angle 

of the individual as well as the combination of the lamps. It can be seen that the resultant 

phase angle is the vector addition of the phase angle of the two individual lamps. 

In alignment with vector addition, it can also be observed that if the phase angle difference is 

more than 90 degrees, there is a reduction in THD, however, if the phase angle difference is 

less than 90 degrees, the two harmonic components are adding with each other, and it is 

increasing the combined THD value. Therefore, maintaining the phase angle difference with 

more than 90 degrees would help in harmonic cancellation and hence, a reduction in THD 

measures.  Ph4Os6 has a low level of THD (17.9%) as the phase angle difference was 115.78 

degrees and also, there was an increase in the fundamental component at the same time. This 

cumulative effect of increase in usable fundamental power and reduction in distorted power 

increases the efficiency of the combination in form of loss factor improvement, as discussed 

in next Section.   

5.7. Energy Efficiency Vs Harmonics in LED Lamps and Future 

Recommendations  

The previous sections show the wide variation in magnitudes and phases of the harmonic 

components produced by lamps of similar ratings. It also suggests that some of the 

manufacturers are not using active filtering techniques and therefore resulting in a very high 

THD impact together with a low power factor. It is important to highlight here that THD may 

not be a big issue for an individual LED lamp but, considering its worldwide adoption, high 

level of aggregated THD may become a big issue for the electricity network, and therefore, 

this needs to be tackled through an optimized approach.  Total harmonic distortion and 

power factor have a strong linkage with energy efficiency [77], [78] and maintaining a 

lowest possible THD and a highest possible power factor would help to reap the energy 

efficiency benefits of LED lightings. A link between THD and improvement in loss factor is 

shown in Table 5.4. The loss factor improvement was calculated after setting a reference 

THD limit of 105%. According to IEC 61000-3-2 Class C lighting equipment (which 



includes all types of lighting equipment), third and fifth harmonic component should not 

exceed beyond 86% and 61% respectively [79], and that gives the approximate value of 

current THD of 105% [74].  

 

 

 

 
Fig 5.5. Phase angle of 3rd, 5th & 7th harmonic component of individual and combination of lamps  

 
TABLE 5.4 

THD VS. LOSS FACTOR IMPROVEMENT 
THD Loss Factor Improvement 

Less than 10% 52.3% 

Less than 20% 50.6% 

Less than 50% 39.4% 



Following recommendations are made for different stakeholders based on this extensive 

analysis of the harmonic emissions from different brand of LED lamps and their 

combinations: 

5.7.1 Consumer 

Consumers can decrease the aggregated total harmonic distortion by using various brands of 

LED lamps at their properties. Various brands of LED lights utilize distinctive driver 

topologies and in turn produce the different level of harmonic emissions. The aggregation of 

harmonics from various lamps can result in significant harmonic cancellation and 

consequently reduce the total harmonic distortion of the combination of the LED lamps. The 

resultant total harmonic distortion reduction occurs because of the variation in the magnitude 

and phase angle of each harmonic component.  

5.7.2 Manufacturer 

LED lamp manufacturers can manufacture lamps with complementary harmonics and employ 

a labeling scheme that differentiates the complements or they can characterize the class of the 

driver circuit i.e. Class A and Class B. Class A driver circuit will have more than 90-degree 

phase angle (and maximum possible) for each of third, fifth and seventh harmonic 

component. Similarly, Class B driver circuit will have less than 90-degree phase angle (and 

minimum possible) for each of third, fifth and seventh harmonic component. When these 

two-different driver circuits (two different LED lamps) would be combined, the dispersion in 

the phase angle with each of the harmonic component will lead to larger harmonic 

cancellation and as a result, effective THD will be reduced. This labeling by manufacturers 

would help consumers to select the best match between any two or more different classes of 

LED lamps which will contribute to improve the power quality of their homes. 

5.7.3 Standard Developer/Policymaker 

Standards developers must ponder it from two diverse perspectives: 

 Another THD restraint targeted at LED lamps should be included which ought not to 

permit more than 10-20% THD otherwise, energy efficiency of the LED lamps would 

be compromised. Higher THD limits can also create other inter-related issues. 



 The other approach might be considering the compulsory labelling of either harmonic 

emission performance or class name that classifies the drivers of the LED lamp. It 

would help consumers to select the different class of LED lamps for their premises. It 

is also important to note here that educating the consumers on the importance of 

power quality for their home could be considered locally as well as nationally by the 

relevant organizations. Policy makers could force manufacturers to sell lamps as a 

pair of harmonically complimentary lamps, or subsidize only harmonically 

complimentary lamps, or demand all harmonically complimentary lamps to be 

identically priced. 

5.8. Conclusions  

This chapter highlights the measured typical THD performance of three residential-grade 

LED lamps, all of which are sold as internationally reputable brands. Measurements show 

that there is a significant variation in THD performance even among lamps of similar power 

ratings. Measured THD variations were significant, and ranged between 7 and 102% for the 

LED lamps rated as 15 W and lower, which are the type most frequently installed for 

residential needs. The harmonic results of both the individual lamps and the different lamp 

combinations were also cross-checked by estimating the THD using a Fourier analysis. A 

waveform approximation technique (simulating and adding the similar and comparable THD 

range waveforms in MATLAB) was also used to verify the THD values. An analysis of the 

measurements shows that consumers could play a role in improving the overall THD 

performance at minimal or zero additional cost to them. Policymakers could play a very 

important role in improving THD performance by requiring manufacturers to augment their 

labeling of lamps (which requires a minimal cost overhead). New standards could also be 

introduced to support the power quality improvement strategy.  

 

IEEE Standard 519 [80] has prescribed a THD cutoff for lighting devices based on wattages 

lower than 25 W and higher than 25 W, which are suitable for conventional and, to some 

extent, fluorescent lighting devices. The current standard is not suitable for the LED lighting 

devices as most LED lamps even LED Street lights have wattage equivalencies lower 

than 25 W. A new mandatory standard is needed that could be matched with current LED 

lighting technologies, as it would act as an impetus for manufacturers to limit and control the 



harmonic emissions. Some or all of these recommendations would make LED lamps a more 

attractive and efficient lighting solution for a sustainable world.



Chapter 6. Voltage Sag and Swell Impact on 

LED Streetlights 

This chapter has specifically looked into the LED streetlights performance with certain grid 

conditions. The main contributions of the work are as follows: 

 Analysis on the effect of voltage sag, swell and supply voltage harmonics on a variety 

of LED streetlights . As a result, 

a matrix has been generated to choose the best streetlights in case of different grid 

condition. 

 

Publication:  

Piyush Verma, Nitish Patel, Faizal Hafiz, Ankur Mishra, and Nirmal-Kumar C. Nair, 

Probing the Impact of Voltage Sags and Swells on Energy- , 

IEEE ISGT ASIA 2017, 4-7 December 2017, Auckland, New Zealand. 

6.1. Abstract 

Light Emitting Diode (LED) streetlights are playing a critical role in Smart City initiatives of 

various governments across the world as they facilitate better control over energy usage with 

a comparatively smaller carbon footprint. The increasing share of LED technology in the 

global street-lighting market can be considered as one of the major breakthroughs in the 

street-lighting industry. It is, therefore, necessary to assess this technology from various 

perspectives. In this study, we evaluate the performance of streetlight from various 

manufacturers in the presence of grid disturbances. For this purpose, three distinct grid 

disturbances have been considered i.e., voltage sag, swell and harmonics. The results indicate 

that high level of current harmonics could be expected during voltage swell and sag events. 

Further, the presence of source harmonics has a distinct influence on the streetlights from 

different manufacturers owing to different converter topologies. 

6.2. Introduction 

The advent of LED lightings represents, arguably, a most significant technological 

breakthrough in the global street-lighting industry.  The share of LED streetlights is rapidly 



increasing in the global street-lighting market. This technology represents the entry point of 

the smart city and smart community concept. Various countries across the world have taken 

initiatives for the implementation of LED streetlights owing to its longer lifetime, 

comparatively reduced maintenance expenses, lower energy consumption, and consequently 

smaller carbon footprint. Further, LED streetlights can be easily integrated with the other 

networking devices to enable network-wide 

total number of streetlights in the world is growing rapidly due to urbanization and the need 

to improve the existing infrastructure. The market share of streetlights is expected to increase 

from 315 million in 2016 to 359 million by 2026 with a global investment of $57 billion in 

the LED street-lighting market [81].  Considering this emerging market of LED streetlights, 

this technology needs to be assessed from various perspectives to ensure its smoother 

integration with the existing grid. The objective of this study is to investigate the behaviour of 

LED streetlights under abnormal grid conditions.  

The power quality issues are evolving as a major concern with most of the energy-efficient 

devices including LED-based lighting technologies [29]. As of now, most of the LED 

lighting research has been focused on improving the energy efficiency, colour quality, light 

output, light distribution and thermal management [45], [47], [48], [74], [82]-[84]. Little 

research has been undertaken on power quality issues with the LED lighting technologies, 

and most of the previous articles on power quality research have been focused on domestic 

LED lamps and not the LED streetlights. Earlier studies have highlighted the high harmonic 

emissions and other power quality concerns with LED lighting technologies [19], [41], [50], 

[85]. Studies have also indicated that poor quality LED lamps can create significant distortion 

in the electricity distribution network [55]. The other articles on harmonic issues have also 

highlighted the high harmonic emission concern and further, the possibility of reducing the 

aggregated harmonic emission by using a different brand of LED lamps in residential 

premises [64], [86]. Few other articles have discussed the power quality issues during CFL to 

LED transition and concluded that adding the LEDs in the combination of lamps are giving 

significant benefits from demand-side management perspectives[58], [87]. Another work 

highlights the effect of voltage sag and swells on LEDs performance and explains how it 

could create a detrimental effect on LEDs [88], [89]. With respect to LED-based street-

lighting technology, only a few articles have been published as of now. In general, harmonic 

emissions from LED streetlamps have been found less than the conventional street-lighting 

technology. A study has investigated the power quality disturbances with LED streetlights 



and has summarized that harmonics and transients may cause significant disturbances in the 

network [90]. The degradation of power quality associated with LED lighting technologies 

may lead to detrimental effects on the other equipment connected to the network [91]. Most 

of the existing research is focused on this issue.  

The other important aspect with respect to grid-integration is to evaluate the effects of grid 

abnormalities on the performance of streetlights. Various grid events arising from either 

utility operation, network faults or due to non-linear consumer load on the Point of Common 

Coupling (PCC) can significantly affect the performance of the LED streetlights. However, 

this issue has not received enough attention. Further, the power quality performance of the 

LED streetlight is predominantly dependent on the converter topology used by the 

manufacturer and, hence, the response of the streetlights from different manufacturers to grid 

disturbance is likely to differ.  

The objective of this study is to bridge this gap by assessing the effects of two most 

 on the LED streetlights of two 

different manufacturers. Further, to emulate a non-linear consumer on the PCC, the 

experiments were repeated with 3rd, 5th and 7th harmonics added on the fundamental supply 

voltage. The 3rd, 5th and 7th harmonics were 12%, 8%, and 5% respectively. Each streetlight 

was evaluated in terms of power quality and energy consumption. 

6.3. Experimental set up 

To evaluate the effects of grid disturbances, the experimental facility was set up at the Power 

System Research Laboratory at the University of Auckland, New Zealand as shown in Figure 

6.1. All grid disturbances were generated Grid Emulator

AMETEK MX15-1/1Pi). For the comprehensive investigation, two distinct LED streetlights 

from the different manufacturer have been used 

article. In total, four disturbances were generated to evaluate the performance of each lamp, 

as shown in Table 6.1. The response of streetlight was recorded through Power Quality meter 

 



 

Fig. 6.1.  Experimental setup for testing of LED lamps 

 

TABLE 6.1 
PQ EVENTS INVESTIGATED 

Cases Event Explanation 

Swell 

Event 1 20% Voltage Swell for 15 cycle duration  

Event 2 
20% Voltage Swell for 15 cycle duration with 3rd, 5th 

and 7th harmonics in supply voltage 

Sag 

Event 3 50% Voltage Sag for 15 cycle duration 

Event 4 
50% Voltage Sag for 15 cycle duration with 3rd, 5th and 

7th harmonics in supply voltage 

 

All the experiments were repeated twice to check the consistency of the results. The 

streetlights were kept on for around an hour before any measurements to get an accurate 

result during its normal operation. Testing was conducted in two parts. During the first 

without Supply voltage harmonics  no additional harmonics in the 

supply voltage was introduced, and it was found that the original supply voltage harmonics 

was less than 0.15% during the experiment. In case of the second with 

supply voltage harmonics  3rd, 5th, and 7th harmonics with 12%, 8%, and 5% respectively 

were introduced.    

 Finally, in both cases, five important parameters which include percentage current 

THD, k-factor, power factor, active power, and reactive power were assessed, and the results 

were compared. 



6.4. Results and Analyses 

The performance of the streetlights was benchmarked through nominal supply voltage (230 

V, 50 Hz). All the key results are listed in Table 6.2. Current total harmonic distortion from 

these streetlights was varying between 5-20% and also the power factor was varying in a 

wide range. Street-light SB35 has a low power factor of 0.935. In terms of distortion power 

that measures the losses due to high harmonics and low power factor, SC40 has shown 5.76 

VAR (Volt-Ampere Reactive) with the higher consumption among these two streetlights.  

TABLE 6.2 
MEASURED PARAMETERS FOR STREETLIGHTS 

Cases SB35 SC40 

Current (A) 0.166 0.186 

Current THD (A) 0.019 0.025 

Current THD (%) 14.34 19.26 

Power Factor 0.935 0.962 

Displacement Power Factor 0.941 0.971 

Active Power (W) 35.53 41.02 

Reactive Power (VAR) 13.47 11.63 

Distortion Power (VAR) 4.42 5.76 

Apparent Power (VA) 38.00 42.64 

 

Note that the results in Table 6.2 represent a base case scenario for both the streetlights. In 

the next stage, the performance is evaluated in the presence of the grid events shown in Table 

6.1. The objective is to evaluate the impact of grid disturbances such as voltage sag and swell 

on important PQ and energy consumption parameters. The key PQ parameters investigated in 

this study include Current THD, K-factor and power factor. The response of both the 

streetlights to these events has been discussed in the following subsections. 

6.4.1 Effect of voltage swell 

The voltage swell was generated by increasing the voltage magnitude by 20% over nominal 

230 V and for the duration of 15 cycles. In the first case (Event 1, Table 6.1), the voltage 

swell is directly fed into the ac signal supplying the streetlights. In the second case (Event 2, 

Table 6.1), 3rd 5th and 7th harmonics were appended in the input supply voltage to simulate 

the non-linear loads on the PCC.  



 The results indicate that SC40 is more susceptible to the voltage swell events (Event 1 

and 2, Table 6.1). For both events, higher performance degradation was observed in all the 

PQ parameters of SC40: current THD, k-factor, reactive power and power factor. The 

response of streetlights to swell events is discussed at length in the following subsections. 

Event 1: Swell without supply voltage harmonics: 
 

The grid emulator was used to generate a 20% voltage swell for 15 cycles as seen Fig. 6.2(a) 

and Fig. 6.3(a). For this event, the supply voltage harmonics is less than 0.15%. The response 

of SB35 and SC40 to this event is shown respectively in Fig.6.2 and Fig.6.3. These results 

demonstrate a strong influence of voltage swell on the performance of both streetlights. A 

significant increase in the current THD was observed in response to the voltage swell. The 

consequent changes in the K-factor indicate the heating stress on the distribution transformer.  

The comparative analysis of the current THD (Fig. 6.2 and 6.3) indicates the significantly 

different response of SB35 and SC40. For the entire duration of voltage swell, a significant 

increase in the current THD of SC40 is observed (20% to 70%), as seen in Fig. 6.3. On the 

other hand, with SB35 the significant increase in current THD is observed during the event 

transitions, as indicated in Fig. 2. A similar response is observed in K-factor (Fig. 6.2(c) and 

6.3(c)) and power factor (Fig. 6.2(d) and 6.3(d)) as well. These results also indicate that SC40 

comparatively susceptible to swell; during swell, the power factor of SC40 reduced from 

around 0.95 to 0.8 (Fig. 6.3(d)) whereas the drop was limited to 0.88 with SB35 (Fig. 6.2(d)).  

 
Fig. 6.2.  Key results for SB35 during voltage swell 

 



Further, the active power and reactive power of the streetlights were also monitored during 

the voltage swell period. The effect of swell is more profound on the reactive power for both 

SB35 and SC40. The increment in reactive power during the voltage swell period has been 

found to be more when compared to the increment in the active power. The increment in 

order of 150% was observed in the reactive power of SC40, as seen in Fig. 6.3(f). A similar, 

but comparatively smaller, the increment was observed in the reactive power of SB35 as well, 

as shown in Fig. 6.2(f).  

 
Fig. 6.3.  Key results for SC40 during voltage swell 

  

Event 2: Swell with supply voltage harmonics: 

In this case, along with the 20% voltage swell for 15 cycles, 3rd, 5th and 7th harmonics in 

supply voltage were also introduced to see the impact of distorted voltage swell on the 

performance of LED streetlights.  

The variation in current THD in response to the Event-2 is shown in Fig. 6.4(b) and 6.5(b).  

In response to the Event 2, the current THD of SB35 increases to 34-35%. Note that, this 

higher increment in THD compared to Event 1 (Fig. 62(b)) can be explained by the presence 

of harmonics in the supply voltage. A similar pattern was observed with the K-factor as well.  

 



 
Fig. 6.4.  Key results for SB35 during voltage swell with supply harmonics 

 

Fig. 6.5(b) shows the response in current THD of SC40 during Event 2. Interestingly, the 

increment in THD is lower compared to the Event 1 (Fig. 3(b)). This indicates a possible 

cancellation of the harmonic component generated by SC40 against the harmonics present in 

the supply. Due to this harmonic cancellation, an improved response to Event 2 is observed in 

current THD, reactive power and power factor of SC40; compared to Event 1 responses (Fig. 

3), a smaller increment is observed in these parameters (Fig. 6.5). 

 

 
Fig. 6.5.  Key results for SC40 during voltage swell with supply harmonics 



6.4.2 Effect of voltage sag 

Both the voltage sag events (Event 3 and 4, Table I) were emulated for the duration of 15 

cycles and with 50% reduction in the nominal voltage, i.e., (115 V, 50Hz). Further, the 

effects of non-linear loads on the PCC have been emulated in the Event 4 by appending 3rd 5th 

and 7th harmonics over the voltage sag. 

Event 3: Sag without supply voltage harmonics: 

 

The responses of SB35 and SC40 to the Event 3 are respectively shown in Fig. 6.6 and Fig. 

6.7. Both streetlights have shown an increase in current THD in response to the voltage sag. 

However, the increase in THD is momentarily and coincides with the beginning and end of 

the event as seen in Fig. 6.6(b) and Fig. 6.7(b).  The similar response is observed in k-factor 

as well. Note that, the decrease in voltage magnitude during sag events leads to reduced 

reactive power consumption which results in an improved power factor during sag event as 

seen in Fig. 6.6(d) and Fig.6.7(d).  

 

 
Fig. 6.6.  Key results for SB35 during voltage sag without supply harmonics 

 



 
Fig. 6.7.  Key results for SC40 during voltage sag without supply harmonics 

 

Event 4: Sag with supply voltage harmonics: 

 

In this event, 3rd, 5th, and 7th harmonics were appended upon voltage sag. Fig.6.8 and Fig. 6.9 

respectively show the power quality and energy consumption performance of SB35 and SC40 

to this event. When the supply voltage harmonics were introduced, SB35 has shown slightly 

improved performance in terms of lowered peak THD and a lesser increase in reactive power 

at the end of voltage sag instant. There was no major effect in SC40 streetlights were noticed. 

 
Fig. 6.8.  Key results for SB35 during voltage sag with supply harmonics 

 



 
Fig. 6.9.  Key results for SC40 during voltage sag with supply harmonics 

 
 

In summary, all the results were compared and analysed to find the streetlight which was less 

affected with grid disturbances and has been summarized in Table 6.3. It was found that 

SB35 streetlight has performed best in most of the parameters in voltage swell.   However, 

in case of voltage sag, SC40 seems to be performing better in key power quality and energy 

consumption parameters. 

TABLE 6.3 
IDENTIFICATION OF STREETLIGHTS THAT PERFORMED BEST IN RESPECTIVE PARAMETERS 

Event THD 
K-
factor 

Power 
Factor 

Active 
Power 

Reactive 
Power 

Voltage 
Swell 

SB35 SB35 SB35 SC40 SB35 

Voltage 
Swell with 
Harmonics 

SB35 SB35 SC40 SB35 SB35 

Voltage 
Sag  

SC40 SC40 SC40 SB35 SC40 

Voltage 
Sag with 
Harmonics 

SB35/ 
SC40 

SB35 SC40 
SB35/ 
SC40 

SC40 

 

6.5. Conclusions 

The effects of two distinct grid events have been investigated on two different brands of LED 

streetlights. The performance of the streetlight was evaluated for a different combination of 

events and considering the presence of the other non-linear load at the PCC. The results of 

the investigation convincingly demonstrate that the performance of the streetlight is 



significantly affected by the grid events. Especially, the performance degradation was found 

to be more severe during voltage swell events with sustained deterioration in THD, k-factor, 

power factor and reactive power for the entire duration of the event.  

The results also indicate the difference in the response of the streetlights due to underlying 

controller topology. Though the nature of most responses to the grid events is similar for both 

SB35 and SC40, the degree of performance degradation differs significantly which can be 

ascribed to different converter topology adopted by the manufacturers. The results indicate 

that SB35 performed better during voltage swell whereas SC40 performed better during 

voltage sag events. However, given that the effects of voltage swell are more severe, in 

general, SB35 is preferred over SC40. Further, in the presence of supply voltage harmonics, 

streetlights have shown addition and cancellation of harmonics up-to certain extent. This 

underlines a need for the detailed investigation of streetlights in response to the grid events 

before system-wide selection.



Chapter 7. NZ Energy Efficiency Policy Review 

and Recommendations 

This chapter discusses the policy aspects of energy efficiency and provides a comparative 

analysis between Iceland, Norway and New Zealand. These three countries were specifically 

chosen as they are the top three OECD countries that have highest share of renewable energy 

in their total primary energy supply. The main contributions of the work are as follows: 

 Energy efficiency policy comparative analysis of top three renewable-rich OECD 

countries i.e. Iceland, Norway and New Zealand 

 A comprehensive review of energy efficiency policies of New Zealand since a formal 

 

 Policy recommendations for New Zealand which may also be applicable to other 

similar countries. 

 

Publication:  

Piyush Verma, Nitish Patel, and Nirmal-Kumar C. Nair, Energy Efficiency Policies in New 

Zealand: Trends, Policy Gaps, and Recommendations  Energy Strategy Reviews, Elsevier 

(Under Review). 

7.1. Abstract 

The relevance of energy efficiency policy measures for renewable-rich countries could be 

different from those countries that have a limited share of renewables into their electricity 

generation mix who are most likely to face low-carbon energy generation policies as well. 

This chapter presents a comparative analysis of the energy efficiency initiatives of the three 

highest renewable-rich OECD countries (Iceland, Norway and New Zealand) along with a 

rgy 

Efficiency and Conservation  also highlights the future 

challenges for New Zealand and offers some policy recommendations which may also be 

applicable for other renewable-rich countries. 



7.2. Introduction 

Energy sector is currently experiencing a multifaceted challenge where the energy decision 

makers are playing a crucial role in dealing with energy access, energy security and 

environmental concerns altogether [92], [93]. Energy specialists have identified energy 

efficiency as a multipronged approach to address these concerns [94] partially. The 

significance of energy efficiency towards achieving increasing self-sufficiency and energy 

security is ever increasing, and promoting both energy efficiency and energy conservation 

amongst different sectors are impactful instruments to extract additional benefits beyond 

energy cost savings [95], [96]. The importance of energy efficiency is being recognized all 

over the world [92], [94]-[96] and the energy agencies of different countries are working 

actively to introduce and implement a variety of energy efficiency policies to promote and 

address the issues towards establishing a sustainable energy mix.  

 
Fig. 7.1 OECD top three renewable-rich countries and share of renewable energy in TPES.

 

On the other hand, the level of interest and importance of the energy efficiency varies greatly 

renewable energy sources, their approach to energy is distinctly different from the countries 

which have a lack of such resources or still struggling with the integration of renewable 

sources into their electric grid. Countries like New Zealand differ in many ways from the 

other countries, and one of the important distinctions is capitalist high renewable generation 

portfolio. New Zealand is the country which has the third highest share of renewable energy 

in the total primary energy supply in OECD countries and currently, it is generating around 

81% electricity from renewable sources [97]. Moreover, New Zealand retains the ambition of 

achieving 90% renewable-based electricity generation by 2025 [98] without any direct 



subsidy like feed-in-tariff. Iceland and Norway are two countries in OECD that are ahead of 

New Zealand in terms of the proportion of renewable energy in their total primary energy 

supply. Fig.7.1 shows the map of these three countries, their land area, population and the 

share of renewable energy in total primary energy supply. There is a common tendency 

towards increased extraction of renewable sources in these three countries. However, it is 

important to consider and understand their approach to energy efficiency at the same time. 

The primary focus of this article is to get an understanding of how these three countries 

(Iceland, Norway and New Zealand) dealing with energy efficiency given that they are also 

significantly rich in terms of renewable energy sources. Furthermore, this article also presents 

a comprehensive analysis of New Zealand energy efficiency policies and includes the 

challenges and concrete policy recommendations in implementing energy efficiency policies. 

Notably, this paper would help the energy efficiency researchers and policy makers to 

understand the context of energy efficiency policies and identifying the future opportunities 

specifically for countries that are leveraging the maximum possible renewable energies. This 

study will be particularly relevant to countries that are progressing towards increased 

renewable generation in their electricity system. 

7.3. NZ Energy Sector Overview 

In the last three decades, New Zealand total primary energy supply1 has increased from 

around 9000 ktoe to 21000 ktoe and energy mix has also changed significantly [100]. 

Currently, significant changes and challenges to the particular electricity sector are also being 

experienced [101] in the context of ensuring security alongside highly distributed renewable 

generation. 

1 Total primary energy supply (TPES) is the total chunk of energy supplied for usage in New Zealand. This is 
estimated as domestic production plus imports, and subtracting exports and energy used for international 
transport [99] . 



Fig 7.2: Total Primary Energy Supply by Fuel (Source: Energy in New Zealand, MBIE, 2016)

 
Fig 7.3: Energy mix (Source: Energy in New Zealand, MBIE, 2016) 

 

Figures 7.2 and 7.3 indicate the growth in total primary energy supply since 1974 and the mix 

of different energy sources in total primary energy supply in the year 2015 respectively. In 

the year 2015, the total primary energy supply was 906.87 PJ and oil accounted for around 

energy mix [97] 

mainly dependent on imports. The main concern with oil import dependency is vulnerability 

to supply disruptions and international price spikes which can make the energy market 

unstable in a short-term as well as long-term. In the year 2015, 335.53 PJ of oil was imported 

which is 25.44% higher than it was imported in 2000 [99].  



With around 40% of the total primary energy supply as renewable energy, New Zealand is 

the third highest country in the OECD2. There was a rapid increase of renewable energy in 

the energy mix of New Zealand in recent years which is being driven mainly by increasing 

electricity generation from geothermal and wind sources. Currently, New Zealand has around 

81% renewable-based electricity generation [97] and the government has a plan to increase it 

up to 90% by 2025 [98]. New Zealand is continuing to increase its renewable not only 

through large-scale renewables but also through small scale residential ones without any 

policies like feed-in-tariff or subsidy policies [102]. In recent years, this renewable progress 

is being continuously tracked on a quarterly basis [99] and the government is making all 

other efforts for the efficient extraction of these renewable energy sources.  

Fig 7.4: Energy sector CO2eq. emission (Source: Energy Greenhouse Gas Emissions, MBIE, 2016) 
 

In New Zealand, energy-related greenhouse gas emissions account for 43% of the total 

greenhouse gas emissions, and this is basically from the fossil fuel uses in transport, 

manufacturing, construction and electricity generation [103]. Total liquid fuel used in the 

emissions from the natural gas. Total emission from the energy sector and the responsible 

energy sources has been shown in Fig. 7.4. Considering the energy consumption, import 

dependency and the GHG emission profile, the transport sector is considered as one of the 

priority sectors for New Zealand, and this provides a significant opportunity for reducing 

energy demand as well as greenhouse gas emissions in the near future [103], [104]. 

2 Iceland has the highest percentage with around 89%, followed by Norway with 45%.  



7.4. Methodology 

This article provides a comparative analysis of the national efforts on the energy efficiency of 

three renewable-rich OECD countries i.e. Iceland, Norway and New Zealand and, amongst 

these, it was identified that New Zealand has taken significant national strategies and 

currently implementing a variety of sector-specific energy efficiency policies as compared to 

the other two countries. Therefore, a detailed review of the aim, processes, and outcomes of 

energy efficiency policies of New Zealand has been addressed. Based on this extensive 

review and the study of the other cross-sectoral policies (which have the potential to alter the 

energy sector conditions), sector-wise current challenges and future opportunities for further 

energy efficiency improvement have also been identified. Future recommendations have been 

made based on the successful policies and actions of some of the other countries which have 

made worldwide recognition in terms of energy efficiency. 

7.4.1 Data Collection 

is obtained from the International Energy 

Agency (IE

Innovation and Employment energy database. For comparative analysis of the three countries 

(Iceland, Norway and New Zealand), data has only been obtained from the IEA statistics 

database for the consistency and alike comparison.  

7.4.2 Comparative analysis of policy initiatives 

A comparative policy analysis has been used to understand the energy efficiency initiatives of 

three countries and to get an insight of how fare the renewable-rich countries are in 

promoting the energy efficiency in their countries. This policy comparison will help the 

policy makers understand how the other similar countries are doing on the same front. 

Sources utilized for this comparison are peer reviewed articles, IEA country-specific policy 

energy consuming countries published by ACEEE [105] has been closely followed for 

developing the methodology for comparing the national efforts on the energy efficiency of 

these three renewable-rich OECD countries.  



7.4.3 Data and analysis limitation 

It is challenging to analyze all the indicators of energy efficiency, and therefore, in this case, 

only the energy intensity pattern and some of the major national initiatives have been 

analyzed.  Sectoral level policies and how these policies are performing have not been 

investigated in detail. The other limitation is that micro-level initiatives of the national 

government have not been captured due to lack of data and relevant information. Climatic 

conditions also affect the energy consumption pattern of a country due to different heating, 

cooling, and transportation requirements. This has not been normalized in the following 

comparative analysis. 

7.5. Comparative Analysis and Review of EE initiatives of Iceland, Norway 

and New Zealand 

7.5.1 Comparative analysis of the national efforts on energy efficiency 

Iceland, Norway and New Zealand shares a common vision of efficient extraction of 

renewable energy sources and these are the top there OECD countries in terms of the 

proportion of renewable energy in their total primary energy supply. Before, delving into an 

energy efficiency comparative analysis, a snapshot of some of the important statistics of these 

countries is presented in Table 7.1 to frame our narrative. This shows 

Norway is 2.83 times bigger than New Zealand. In New Zealand, Transport is the highest 

energy consuming sector whereas; industry consumes more in Norway. Unlike, Norway and 

New Zealand, Iceland is a much smaller country in terms of population as well as GDP and 

therefore, the total primary energy supply is much lesser than these two countries. Similar to 

ry is the highest energy consuming sector, and it consumes at least 

five times more than its transport sector. 

Table 7.1: GDP and energy consumption in 2014 

Country 
GDP (billion 

2010 USD) 

GDP PPP 

(billion 2010 

USD) 

Population 

(millions) 

 

TPES 

(Ktoe) 

 

TFC 

(Ktoe) 

 

Transport 

(Ktoe) 

 

Industry 

(Ktoe) 

 

Residential 

(Ktoe) 

Iceland 14.45 13.41 0.33 5865 2738 280 1431 375 

Norway 458.96 307.97 5.14 28746 20114 4823 5812 3836 

New Zealand 162.07 150.43 4.46 20564 14303 4699 4563 1433 

 



A literature review shows a significant body of analysis of comparative energy efficiency 

assessment of developing countries, developed countries and for the countries which are 

highly energy intensive [105] but, none of the studies have tackled the issue of energy 

efficiency with renewable-rich countries. On a country-by-country basis, this study assigns a 

numerical score for each particular governmental initiatives/effort to help rank their overall 

performance in terms of energy efficiency. Ten different and very important national efforts 

have been considered. These are important parameters for an effective energy efficiency 

policy and have been selected after carrying out an extensive study of different policy reports 

of various countries. The parameters and their scoring methods have been briefly explained in 

the following section: 

 Energy Efficiency / Conservation Act 

Energy efficiency offers a multi-faceted potential to achieve current and future development 

goals. The existence of an energy efficiency/conservation act in the country unambiguously 

signals the need and the priority of energy efficiency in the country [106], [107]. It 

encourages the individuals but most importantly, it forces businesses to show greater 

responsibility towards managing the energy as well as the environment. This parameter is of 

worth 1 point, and if the country has a specific energy efficiency/conservation act, 1 point has 

been allocated. Otherwise, zero points has been assigned. It was noticed that only New 

one point whereas, Iceland and Norway have been allocated 0 points. 

 Dedicated government institution on energy efficiency/conservation 

A specific government institution also demonstrates the government priority for energy 

efficiency, and therefore, this parameter has been assigned 1 point. Norway and New Zealand 

both have a dedicated organization to implement the energy efficiency programs, and 

therefore they both have been assigned 1 point. Iceland has been given zero points as there is 

no specific organization who deals with the energy efficiency/conservation matter. 

 International cooperation on energy efficiency 

Different countries across the world have taken different policy initiatives on energy 

efficiency, and international cooperation is a great way of learning from the experiences of 

other countries [105]. This parameter is also worth 1 point. Each of the countries has been 



allocated 1 point as they are cooperating with other countries on a number of sustainability 

projects which includes energy efficiency as well. 

 National energy efficiency database 

Before implementing the available energy efficiency potential, it is also important for the 

countries to have their national database where all the energy related information should be 

easily available and it should be updated at regular intervals. This database should include 

national as well as the sector-specific energy-related data. If the data is easily available and 

accessible, 2 points have been allocated. In the case of moderate level accessibility, 1 point 

has been allocated and zero points have been given if the data is hard to find or if it is not 

Norway, 

and Iceland have been allocated 3, 3 and 2 marks respectively. 

 Changes in energy intensity  

For the better understanding of energy efficiency of the economy, an economic ratio is 

considered [108]. This is specified by the ratio between total primary energy supply 

(measured in ton of oil equivalent) and the gross domestic product (GDP)3.  Hence, energy 

intensity can be stipulated as energy consumption per unit of GDP [109]. It can also be 

normalized on purchasing power parities (PPP) basis to make this more comparable with 

other currencies. In this case, countries have been ranked by comparing improvement in 

energy intensity between 2000 and 2014. Total points allocated for this parameter was 2 

points. Norway, which has performed best in terms of energy intensity (a decrease of 

18.18%), has been given 2 points followed by New Zealand (a decrease of 12.5%) which has 

been given 1 point. Iceland had an increase of 33.33%, and therefore, it has been given zero 

points.  

 Energy efficiency spending including R&D 

This metric is based on the total investment in energy efficiency which includes the research 

and development of the energy efficiency technologies and policies in the country. For 

comparing the countries in terms of investment, the total annual spending by the government 

has been evaluated 

[105], [107]. Finding the investment on energy efficiency particularly was the most 

Total primary energy supply is sometimes also defined as total energy consumption.



challenging task as most of the investments were allocated for the sustainable development 

projects which include the energy efficiency component as well. Therefore, the total 

investments in sustainable development projects were considered for this comparison. After 

the study of several reports, it could be concluded that with $4.3 billion New Zealand [110] 

was the country with the highest investment. Norway and Iceland are investing around $1.7 

billion [111] and $10.13 million [112] annually on the energy efficiency and sustainability 

projects.  This parameter is worth of 3 points, and we awarded 3 points if more than $2 

billion has been invested. Between $1 billion to $2 billion investment, 2 points have been 

allocated and for less than $1 billion investment 1 point has been assigned. In this way, New 

Zealand, Norway, and Iceland have been allocated 3, 2 and 1 point respectively. 

 Energy efficiency financing programs 

efficiency. The upfront cost and initial lack of faith are still the most common barriers to the 

and other such mechanism helps to overcome such barriers and push the market to move 

towards the energy efficient solutions [105]. It was found that New Zealand, Iceland, and 

Norway, all the three countries have some kind of loan program and tax policies to promote 

the energy efficiency and sustainable technologies and therefore, the maximum 3 points have 

been allocated to each of these countries.  

 Availability of energy service companies 

Energy Service Companies are the businesses who basically promote, develop, manage and 

implement energy efficiency projects in the facilities [107]. These agencies bridge the gap 

between the government and private industries by making use of their knowledge of technical 

and financial instruments to help businesses to improve their energy efficiency in a cost-

effective manner. The presence of these companies in the country and the collaboration of 

been taken for the integration 

of energy efficiency in the country. This index was worth 2 points and the highest point was 

website. After an extensive review of the energy companies of Norway, it was found that 

there are companies which are providing such services but, no information was readily 

was also found 

available outside the countries who are giving the services to Norway. Therefore, Norway 



was given only 1 point. Iceland was awarded zero points because of the absence of relevant 

Icelandic  face in obtaining this information justifies this score. 

 Energy efficiency integration with other sectoral policies 

National energy efficiency mission should also include the strategies that integrate the energy 

efficiency with at least the most energy consuming sectors of the country. This integration 

will ensure that the sectors are achieving the full potential of energy efficiency thus 

contributing towards the national goals [106], [113]. Maximum 2 points have been allocated 

for this parameter. If the country has at least one such mandatory policy, 2 points have been 

allocated.  In the case of only voluntary policy, 1 point has been allocated and if the country 

does not have any policy or, if the information is not available easily, zero points has been 

allocated. New Zealand, Iceland, and Norway have been allocated 2 points as they have some 

of the mandatory policies targeting electric appliances, buildings, etc.  

 National energy efficiency/conservation goals 

A specific and quantified energy efficiency/conservation goal of the country shows the 

economy in terms of energy efficiency.  Total 3 points have been allocated for this parameter. 

If the country has a quantitative goal of energy saving or reducing the energy intensity, 3 

points have been allocated and, if the country has defined the national target in terms of 

carbon emission and not in terms of energy saving or energy intensity then, 2 points have 

been allocated. If the country does not have any quantitative goal but has a mission statement 

in their energy plan, then 1 point has been allocated. In this way, New Zealand, Iceland, and 

Norway have been allocated 3, 2, and 1 point respectively. 

Table 7.2 presents the individual as well as the final score for all these three countries. It can 

be seen that New Zealand with 19 points has scored the highest point followed by Norway 

which has scored 16 points. Iceland lacks in terms of energy efficiency initiatives as 

compared to these two countries.   

 

 

 

 



Table 7.2: Final scores of the countries 

Parameters (Total points allocated) Iceland Norway New Zealand 

Existence of energy efficiency/conservation law/act (1) 0 0 1 

Government institution on energy efficiency/conservation (1) 0 1 1 

International cooperation on energy efficiency (1) 1 1 1 

National energy efficiency database (2) 1 2 2 

Changes in energy intensity (2) 0 2 1 

Energy efficiency spending including R&D in energy efficiency (3) 1 2 3 

Energy efficiency financing programs (tax credits/loan program) (3) 3 3 3 

Availability of energy service companies (2) 0 1 2 

Energy efficiency integration with other sectoral policies (2) 2 2 2 

National energy conservation/efficiency goals (3) 1 2 3 

Total points (20) 9 16 19 

 

This comparison can help identify countries that are lacking in national efforts on energy 

efficiency. It is also important to note here is that the total marks do not show an exhaustive 

assessment of every aspects and initiative on energy efficiency. In fact, it is only based on 

certain national level initiatives which are usually considered essential from the energy 

efficiency policy perspective and therefore, it should not be the only criterion for making the 

judgment on the energy efficiency initiatives of any country. 

7.5.2 A brief report on Iceland, Norway and New Zealand energy indicators and policies 

Iceland has plenty of natural resources, and it uses its resources to generate around 99.99% of 

primary focus is on the efficient 

extraction of these renewable sources rather than targeting policies for efficient utilization of 

fossil fuels or electricity. Fossil fuels are exclusively being used where the use of renewable 

sources is not technologically feasible [114]

network of renewable sources across the country and utilizing it at the maximum possible 

limit. Although energy efficiency is considered important, there are no specific targets, 

policies or acts to improve energy efficiency. Iceland uses almost four times extra energy per 



unit of GDP (on PPP basis) than Norway, the country with the lowermost energy intensity 

among these three highly renewable-rich countries. For reduction of CO2 emission, the 

government has ratified the Kyoto protocol and released a strategy in February 2007 for 

reducing greenhouse gas emissions by 50-75% of 1990 baseline by the year 2050 [113], 

[115].  

Unlike Iceland and New Zealand, Norway is the third largest (Russia and Saudi Arabia are 

the first and second largest energy exporter in the world) energy exporter in the world [116]. 

equivalent. Furthermore, Norway has the second maximum share of renewable energy in the 

total primary energy supply of the OECD countries. In 2002, the Norwegian government 

established 

energy in the country. The Norwegian government has established a dedicated energy 

efficiency and conservation fund for undertaking several projects in different sectors of their 

economy [116]. Energy intensity in Norway is close to the average of OECD countries. Its 

energy intensity has improved significantly (average annual decline of 1.4%) during the past 

years [116]. Norway has a number of energy efficiency policies, and actions targeted the 

sectors where the greatest effect can be observed [117]. The Norwegian government has not 

specified a national plan on energy efficiency, nor has identified any quantitative targets, but 

Enova has set the objective of delivering 40 TWh in energy efficiency, conservations and 

renewable energy by 2020. Norway retains the yearning target to decrease the global 

greenhouse gas emissions by 30% of Norwegian 1990 levels by 2020.  Further, Norway 

wants to be declared carbon-neutral by 2050.  

Energy consumption per capita of Iceland is also amongst the highest in the world4, mainly 

because of high energy consuming aluminium smelters operating in the country. Fig. 7.5 

illustrates the key energy indicators for each of the countries and their comparison with the 

OECD in total. Wide variations in the key indicators are giving a good understanding of the 

further opportunities for the improvement. All these three countries are rich in renewables 

and producing a significant amount of energy but as far as the imports are concerned, New 

Zealand and Iceland are still dependent on energy import. New Zealand and Iceland are 

dependent on around 22% and 14% energy import respectively [118]. At the same time, 

4 
Norway and New Zealand. 



Norway exported around 167 Mtoe in the year 2014 and is recognized as the third leading 

energy exporter in the world [118].  

 

Fig 7.5: Key energy indicators and comparison with OECD average (Source: IEA 2016) 

In Iceland, transport and fisheries are largest consumers of the imported fossil fuels. The 

government has promoted several projects for increasing energy efficiency [114] but there no 

specific guidelines or law. On the other hand, Norwegian gove

is promoting energy efficiency, renewable energy and other alternative solutions and set up a 

dedicated fund for energy efficiency activities. The electricity efficiency work of New 

Zealand government is funded ctricity Levy5

which also funds the Electricity Authority (EA). EECA uses this levy to further increase the 

energy efficiency in residential, industrial and commercial sectors through the penetration of 

different energy efficient technologies. On the other hand, Iceland had introduced an energy 

tax, a levy on electricity and hot water in the year 2010 and this was only temporary and 

expired at the end of 2012 [119]. While in Norway, the electricity levy is not mandated for all 

electricity users. Some of the facilities and households in Norway are exempt from the 

electricity levy [120]. At the same time, in New Zealand, EECA has been structured as a 

national imperative and all taxpayers formally pay the electricity levy which shows the 

significance of energy efficiency in New Zealand even though it is highly renewable. New 

5 Levy rates are set based on the costs of Electricity Authority, the costs of the EECA electricity efficiency 
programmes and the quantity of electricity generated, purchased and conveyed, plus the number of consumer 

connections . 



Zealand government is actively engaged in promoting energy efficiency through a variety of 

awareness program, funding and technical support for project implementation [98] and 

therefore, New Zealand has been chosen for a detailed review of the energy efficiency 

policies and exploration of future opportunities in the context of renewable-rich countries. 

7.6. New Zealand energy efficiency strategies and regulatory initiatives 

Energy efficiency strategy is one of the important initiatives of the New Zealand government 

for introducing sustainability, and to respond to climate change. The government believes 

that it will not only help in protecting the environment, it will also create new kinds of 

business opportunities to boost the economy [121]. The government is taking a multifaceted 

approach and trying to develop integrated policies for providing affordable, secure and 

sustainable energy. The government has enacted Energy Efficiency and Conservation Act 

2000 which aims to promote energy efficiency and conservation, and renewable energy in 

New Zealand and currently covering different sectors which include power generation, home, 

businesses, transport etc. to take sustainability to new levels. New Zealand Government 

keeps the aspiration of 90% renewable-based electricity generation by 2025, provided the 

security of supply should not be affected [98]. Further, New Zealand is trying to maintain a 

rate of improvement in energy intensity by 1.3% per annum (average energy intensity 

improvement since 1990) while there is a 2% average increase in energy consumption every 

year [122] because of increasing populations and economic growth that lead to greater 

demand for energy services such as space heating, air-conditioning, lighting, cooking, 

transportation, industrial production, office automation. Figure 7.6 shows the total primary 

energy supply and the energy intensity pattern of the New Zealand economy on PPP basis 

since the time energy efficiency act was enacted. A study conducted by IEA shows that 

despite this unfailing improvement, energy intensity of New Zealand in the year 2010 was bit 

higher as compared to the OECD average. It was mainly because of the higher share of 

energy-consuming sectors in its economy and there is a lot required in the future to adapt to a 

changing energy future [123]. Figure 7.7 shows the energy intensity comparison of New 

Zealand, other countries and OECD average. The energy intensity data has been shown in 

this graph. It could be seen till lagging than the 

OECD average energy intensity although an improvement in energy intensity performance as 

compared to the year 2000 could be noticed.   



 

Fig 7.6: Energy intensity and total primary energy supply in New Zealand (Source: IEA 2016) 

 

Fig 7.7: Energy intensity comparison with different OECD countries (Source: IEA 2016) 

After introducing the Energy Efficiency and Conservation Act, in 2001, New Zealand framed 

first Energy Efficiency and Conservation Strategy, which includes regulatory and non-

regulatory measures and is still in force. During the year 2003, Sustainable Development 

Programme of Action (SDPoA) was framed by New Zealand Government and it was the first 

sustainability approach which was integrated to managing and governing mainly four areas: 

energy, water, cities, and child and youth development. In 2011, New Zealand came up with a 

ten-year strategy (New Zealand Energy Efficiency and Conservation Strategy 2011-2021) for 

improving the energy efficiency in different sectors.  The primary objective for the energy 



sector was to ensure the delivery of energy facilities to all consumers in a most efficient and 

sustainable manner [98]. Maintaining a secure, sustainable and stable energy is critical for New 

kind of disruption in supply can have a 

huge impact on its economy [124]. New Zealand Government is taking a number of initiatives 

to produce and deliver different services in a more efficient way than it was being delivered. 

The policies and programs targeting different sectors and stakeholders are under 

implementation to make avail of the opportunities of emerging low carbon and no-carbon 

technologies [100]. The government is trying to provide better information about alternate 

energy choices and the most efficient means of delivering services with the current energy 

choices. The government is already engaged in implementing energy efficiency policies and 

taking actions to provide energy efficient and sustainable homes, transportation systems and 

augmenting the competitiveness in businesses through energy efficiency strategies along with 

providing enhanced and easy access information about alternatives and energy efficient 

options. New Zealand government has also endorsed the Kyoto Protocol and came up with a 

number of strategies and actions to reduce national greenhouse gas emissions, including an 

Emission Trading Scheme. During 2011, the government has taken the objective of reducing 

50% carbon emissions from the 1990 baseline by 2050 [100]

are linked to most of the government policies i.e. economic development; climate change & 

sustainability; resource management; research and development and other policies [98]. 

7.6.1 New Zealand sector-specific policies  

Policy measures are necessary to create a marketplace for efficient equipment and also to 

motivate consumers towards long term cost effective energy efficient options. The main 

objective of any measure should be to accelerate the penetration of energy efficiency in 

various sectors of the economy [125]. In the New Zealand economy, Transport sector with 

35.24% was the highest energy consuming sector6, which was followed by the industrial 

sector with 30.96%. Other energy-intensive sectors include residential, commercial and 

agriculture sector which in total consumes around 34% of total energy consumption of New 

Zealand. New Zealand is currently implementing many policies and targeting different 

sectors of the economy which are described in the following subsections [126], [127].  

 

Transport sector energy efficiency policies have not been included for detailed review as another study 
particularly for transport sector is under way. 



 Residential energy efficiency strategies 

Residential energy consumption in New Zealand accounted for 11.23% of the total energy 

consumption in 2015 [99].  In the year 2015, with around 64.21 petajoules, residential sector 

was the third highest energy consuming sector in New Zealand. As per a study conducted by 

BRANZ, the residential sector has a significant potential for energy efficiency improvement 

and reducing the related CO2 emissions. It accounts for around 10% of CO2 emissions, and it 

has been projected that each 1% improvement in the energy efficiency will result in 0.1% of 

CO2 emission reduction at the national level [128]. Residential sector has always been on the 

priority list of the New Zealand Government as it was directly associated with health-related 

issues because of the colder environment. The Government has taken initiatives to provide 

efficient services while maintaining comfort level and a healthy temperature in the homes. In 

the year 2009, EECA had introduced a program called Warm Up New Zealand: Heat Smart 

Programme. The objective of this program was to provide the necessary information on the 

home insulations and providing grants for different energy efficiency measures (such as home 

insulation, clean heating devices, etc.) in the New Zealand homes. This program was 

basically a four-year program (2009-2013) and targeted essentially to poor households and 

who are at higher health risk. The target of this four-year program was to insulate 188,500 

homes which were overachieved by insulating 2, 35,000 homes at the end of the program in 

September 2013 [129]. As a result of this program; there was an average 0.96% reduction in 

household electricity consumption and around 0.66% reduction in total metered energy used 

per annum [130]. According to MOTU7, the net benefit was calculated worth around $1.3 

billion over the expected lifetime of the initiatives delivered under the program which was 

one of the highest benefit program in the residential sector [131], [132]. 

After the success of this program, EECA has come out with a new program named Warm-up 

New Zealand: Healthy Homes program; a 3-year program and was initiated in 2013. This 

program was particularly for homes where children are living, and high health facility is 

required. Again, similar to the previous program, the objective of this program was also to 

deliver a healthy and sustainable home to New Zealand communities.  It basically provides 

free ceiling and underfloor insulation to low-income households to avoid the health risk 

caused by cold and serious diseases. The program has several implementing partners to 

provide free insulation to households. The program provides 60% cost of the insulation, and 

7 MOTU is a research organization involved in economic and public policy researching work in New Zealand. 



the rest part is shared by the implementing partners. The government has budgeted $NZ50M 

for three years, and it is expected that the project  support will exceed $NZ50M. The 

target of this program is to insulate around 46,000 additional homes over the three 

period. This program is currently active.     

 

 Commercial energy efficiency strategies 

 New Zealand 

businesses which include industries and commercial establishments uses 50% of total energy 

-related carbon 

emissions [133]. New Zealand government has develop

2009 to enhance the competition through energy efficiency and also to reduce the energy-

related CO2 emissions. This program was basically framed to penetrate energy efficiency by 

using optimal energy and embracing new sustainable energy technologies in the existing 

businesses. It covers three groups  namely top 200 energy users, large energy users (1000) 

and medium energy users (200000+). EECA ensures to provide better consumer information, 

incentives, standards and best practices for energy efficiency improvements to these energy 

users.   

around 9% of total energy usage [133]

efficiency policies published in the year 2013, this sector has the highest potential for energy 

efficiency improvements worldwide and therefore, most of the countries have set specific 

targets for energy savings in buildings. A major part of the commercial building includes 

educational facilities, healthcare, offices and other public housings. An estimation done by 

EECA informs that more than 50% energy saving is possible by improving energy efficiency 

in lighting, heating, cooling and ventilation systems. NZGBC is also actively working in a 

strong collaboration with EECA to accelerate and develop the adoption of green building 

practices and to deliver a sustainable built environment across New Zealand. In 2013, a 

program NABERSNZ (National Australian Built Environment Rating system to New Zealand) 

was launched by EECA and NZGBC to improve the energy efficiency of commercial 

buildings. This is a voluntary scheme for providing certified ratings 

consumption. EECA is giving different kinds of financial support (approximately 40% of the 

cost incurred) for improving the energy efficiency in all public buildings. Some of the 

important funding programs are for bringing expertise to the facilities for adopting energy 



saving practices, setting up of monitoring and targeting systems, and optimizing the heating, 

ventilation and air conditioning based on continuous assessment of energy demand. EECA 

also funds for getting the expert advice during the building design, construction or, at 

refurbishment stage.  

 Industry energy efficiency strategies 

In New Zealand, major energy intensive industries are manufacturing, food processing and 

wood processing sectors which consume lot of energy generated by fossil fuels. As per IEA, 

in the year 2012 the total consumption of the industrial sector was around 4.56 Mtoe which 

second highest energy was consuming sector after transport consuming 4.69 Mtoe in the year 

2014 [118]. The New Zealand government is providing different kinds of support as well as 

funding to invest in energy efficiency projects. Group Wide Energy Management Support and 

Technology Demonstration Support are the important initiatives to improve energy efficiency 

in a category of industrial facilities and to encourage collaboration among different 

enterprises to help them identify sustainable energy solutions. Group Wide Energy 

Management Support Program basically focuses on those energy conservation projects by 

which actual and significant energy saving in a longer term can be achieved. Technology 

Support Grant is basically designed to encourage the uptake of new technologies which are 

not well proved, but has potential to improve the industrial performance. The New Zealand 

business can collaborate with EECA registered technology suppliers to develop a demo 

project and can apply for funding. At the same time EECA is also in the process of 

registering technology suppliers to take part in the program. The eligibility of the project gets 

evaluated on the basis of energy benefit, non-energy benefit, replicability and its capability. 

The support is being given to mainly technologies for energy intensive sectors.  The funding 

is available up to 40% of the project cost and to a maximum of $100,000 [133]. 

 Agriculture energy efficiency strategies 

Agriculture industry is commonly not considered as energy intensive industry.  Because of 

the energy security and climate change issues, the importance of sustainable agriculture is 

highlighted in literature recently.  In New Zealand, agriculture sector consumption has 

increased significantly during last decade (from 27.95 PJ in the year 2001 to 35.33 PJ during 

the year 2014) [99] and therefore, there is more interest in energy-efficient technologies 

resulting in a greater use of sustainable energy sources [134]

sector consumption is estimated to be around 5 to 6% of the total energy consumption which 



is only a small fraction; but the New Zealand economy is heavily dependent on this sector. 

Agricultural products with more than 70% of the total export earnings of the primary 

production industry are the top commodity of New Zealand. Compared with other countries, 

he temperate 

climate. EECA is working towards improving farming energy efficiency by providing energy 

efficiency advice on variety of technologies that are relevant to this sector to make it more 

competitive while reducing their carbon footprints at the same time. EECA is also actively 

working with agricultural product manufacturers i.e. meat and dairy product producers to 

identify energy efficiency opportunities in different technical processes [135]. 

 Energy efficiency strategies for product and appliances 

Because of rapidly increasing penetration of appliances and other automatic equipment in 

household and commercial sector, a dramatic increase has been seen in the electricity use 

during the last decade. It has also been seen that many of the common appliances consume 

more energy to perform the functions than they really need to. Like other countries, New 

Zealand has also felt a need to facilitate a rapid transformation of the market for equipment 

and appliances to highly efficient models. The Standard and Labelling Program has been 

recognized worldwide as the key strategy for energy efficiency improvements in household 

appliances [106]. The primary objective of this labelling scheme is to offer the consumer a 

conversant choice about the energy savings and thereby the cost benefits through the 

particular product. This program intended to decrease the energy consumption of the 

appliances without degrading the quality of the services provided to end users. According to 

EECA, use of energy efficient appliances saved around 209 gigawatt-hours electricity worth 

$NZ50M in the financial year 2014-15. Since 2002, Standard and Labelling Program has 

influenced the sale of 54 million products and appliances in New Zealand. New Zealand 

currently has following different programs to create a competitive market for energy efficient 

equipment and appliances: 

 Minimum Energy Performance Standards (MEPS) 

Minimum Energy Performance Standard prescribes the maximum allowable energy 

consumption or the minimum energy efficiency level that the manufacturers have to achieve 

in their different products.  Different countries have different terminology to define the 

energy performance limits of the product. For every product, there is a specified test 

procedure to measure the energy performance. In February, 2002 New Zealand government 



has introduced Minimum Energy Performance Standard to help improve the efficiency of the 

products commonly used in residential and commercial sector. Energy Efficiency (Energy 

Using Products) Regulations 2002 came into force on 1st April 2002 for the legal 

requirements that need to be fulfilled for all the affected products. The products such as 

distribution transformer, commercial chillers, refrigerated display cabinets, gas water heaters, 

three phase electric motors, air conditioners/heat pumps, ballast for fluorescent lamps, 

fluorescent lamps, CFLs, clothes dryers, electric hot water cylinders, dishwashers, washing 

machine, domestic fridges and freezers, computers, computer monitors, external power 

supplies, televisions and set up boxes are currently covered under MEPS Programme. All 

these products have to meet the specified requirements before these can be legitimately sold 

in New Zealand. The government is already on the way to strengthen and expand the program 

in a longer term which includes the revision of the MEPS of current products, defining new 

products for MEPS and investigating new products for energy efficiency possibilities. MEPS 

have been continuously updated over the years (2002, 2003, 2004, 2008, and 2011) in the last 

decade [136]. 

 Energy Rating Labels and Energy Star Programme:  

Energy Rating Labels are a way to provide the information about the energy consumption 

performance of the product so that the consumer can make a decision about the energy and 

cost saving potential while purchasing appliances. Labelling has been created to standardize 

the appliances under specific conditions. Star Rating has been provided to show how much 

efficient the product is. Consumers can easily compare between the different models as well 

as different star rating products.  Energy Star Programme is designed to meet a high standard 

of energy efficiency and the government awards the Energy Star label to the products which 

meets superior energy efficiency requirements set by the regulations. Energy Star 

Programme is one of the successful programmes of EECA since 2005. This program is an 

integral part of the Energywise Programme which is to make people aware and encourage 

them towards energy efficiency products and practices. Currently, it is a voluntary program 

rs need to test 

their product for Energy Star qualifying criterion according a predefine test procedure by 

EECA and submit the detail for product registration under New Zealand Energy Star 

Programme or Labelled Energy Star Programme. EECA also has enforcement action for 

breaches of these regulations under the Energy Efficiency and Conservation Act 2000. 



Currently, a wide variety of businesses and brands of the products are taking advantage of 

being aligned with the Energy Star Programme.  

 Capacity Building and Awareness Program 

Energy Spot is an EECA awareness program using television commercials, to help people to 

understand the importance of energy efficiency. A range of area and specific topics of energy 

efficiency is available. The messages have been given by television since 2009 and as per the 

records of EECA it is one of the successful programs in terms of awareness as it has been 

viewed by more than 2.4 million New Zealanders. As per a survey conducted by EECA, this 

program reached to 69% of New Zealanders and more than 39% New Zealanders have been 

motivated by this program to taken actions to reduce their energy consumption. Apart from 

this, EECA is also actively engaged through various social media platforms to communicate 

and interact with New Zealanders about the energy efficiency importance and initiatives. 

EECA is also managing a resource centre and publishes a variety of information that covers 

in-depth information, case studies, and technical guides on energy efficiency. Right Light 

Program was also an important initiative by the New Zealand Electricity Commission, before 

it merges with EECA. This is a campaign to encourage New Zealanders about energy 

efficient lighting options for residential as well as businesses. The activities under this 

campaign have been funded through the electricity efficiency component of electricity levy 

paid by the electricity consumers. EECA has a research centre for consistent monitoring New 

ptions and to 

take the best decisions for the low carbon economic growth of New Zealand [133]. 

7.7. Challenges & Future Prospects  

New Zealand has demonstrated the energy efficiency prio

different sectors of the economy. Even though New Zealand has high share of renewable 

energy, all the tax payers formally pay the levy for electricity efficiency improvement in New 

Zealand. The driver for energy efficiency in New Zealand is a combination of strongly 

interlinked factors including a big reliance on income from dairy and tourism with a 

foundation based on clean and green image adherence to rules and regulations and a societal 

respect for the environment. Energy efficiency drivers for New Zealand as compared to other 

two countries are more and these drivers would help to achieve the ambitious goals of energy 



efficiency as well as reducing the CO2 emissions. New Zealand economy is commonly seen 

to be successful as it is one of the least regulated economies in OECD [137]. Recently, it has 

been ranked first in the world for social progression (which has been judged on the basis of 

basic necessities available, foundation of well-being and the level of opportunity to its 

citizens) (Social Progression Index-New Zealand Social Progress Imperative Retrieved 

2015) and second in the world in terms of ease of doing business [138], [139]. Even New 

Zealand is providing quality services to the public, maintaining a stable economic 

environment, and supporting the business productivity growth, the crucial goal of the New 

Zealand government to speed up its economy with greater opportunity, security and 

prosperity is now more challenged with the need of tackling two major emerging energy 

challenges: energy security and mitigating the impacts of climate change which have strong 

linkages with the New Zealand economic responses [140]. Now, the biggest challenge is not 

simply to improve the economic level of the country, but to transition towards a low carbon 

economy as well. In spite of the enormous challenges, this also presents a significant 

opportunity for further improvement [141]. Reacting to these mammoth challenges is a 

foremost undertaking by the New Zealand government and it could be seen as introducing 

variety of energy efficiency policies and regularly reviewing the energy efficiency and 

conservation strategies during the last ten years [142]. During these years, New Zealand has 

taken significant measures for improving the energy efficiency but, now the challenge is still 

number of initiatives, abundance of natural resources and with this relatively small 

population of 4.5 million, New Zealand is still a net energy importer that indicates the 

existence of significant opportunities for greener resources as well as energy efficiency 

opportunities that need to be explored. Based on the extensive review of the New Zealand 

sector-specific policies, following opportunities have been identified:  

7.7.1  

Equipment and appliances have been targeted by the most common measure of labelling and 

MEPS which is one of the cost-effective way to penetrate more and more energy efficient 

appliances in the market. Despite lot of efforts there is still lot of potential in the existing 

building sector to make it more energy efficient and sustainable buildings. IPCC assessments 

suggests that, by 2022, carbon-di-oxide emission from using energy efficient products and 

appliances in the buildings can help to reduce by 29% at no major cost [143]. Now, the need 



of the New Zealand government is to focus on the package of policies i.e. mandatory public 

procurement to improve the efficiency of this sector which requires strong leadership and 

demonstration by the government [144]. Procurement policies could be used to create a 

demand for the energy-efficient product as well as the innovation in the energy-efficient 

product. It will help to stimulate the need of technological development for bringing more 

and more energy-efficient products and appliances into the market. The mandatory 

procurement program needs to be aligned with the MEPS as well as Star Rating Programs to 

ensure the purchasing of efficient products in businesses and governments [145]. All the 

public buildings should be mandated to use the highest energy star rated products. Suppliers, 

local and central government, and other stakeholders also need to be aligned to encourage 

efficient procurement in different sectors of the economy. New Zealand Businesses and 

governments which have already introduced efficient procurement, reported between 8% to 

30% improvements than the baseline and now this needs to be replicated for all the 

businesses as well as government procurements. The public purchasing power has the power 

to transform the market to a new level of energy efficiency and therefore, it needs to be done 

with the earliest possibility [144]-[147]. 

7.7.2 Improving the energy efficiency of New Zealand homes   

Significant externalities like financial crisis, immigration and economic challenges impact the 

energy usage especially for island economies like New Zealand. The housing price in New 

Zealand has been in recent years rising rapidly primarily because housing is really expensive 

for such a country where population is really small as compared to its landmass. The New 

3.20% in 

2014, 3% in 2013, 2.7% in 2012, and 1.4% in 2011) and as a result housing prices are rising 

radically which will make this sector more unstable.  New Zealand does not have capital gain 

for property and this potentially leads to churn in owners buying and selling property in a 

shorter annual cycle and therefore, energy efficiency in such cases needs stronger drivers. 

Further, it is also important to highlight here that energy intensity of New Zealand homes is 

slightly larger as compared to Iceland and Norway due to the traditional construction which is 

for very temperate climates and hence not thermally efficient. Thus, thermal leakage is a big 

issue in New Zealand houses that needs to be managed in a much better way. Thermal time-

constant efficiency can be improved alongside other benefits like load shifting which also 

decreases the peak load losses and will be helpful in improving the efficiency of New 



Zealand homes [148]. State housing8 stocks9 are also not well maintained and hence some 

requirements of energy efficiency should be introduced into any maintenance contracts. In a 

recent 2013 census by Statistics New Zealand, it was reported that the percentage of houses 

who retained their home (excluding those whose home was in a family trust), decreased from 

54.5 percent in 2006 to 49.9 percent in 2013. It was also reported that 453,135 households 

rented their home in the year 2013 as compared to 388,275 in 2006 which is a significant 

increase for such a small country. Rapidly increasing housing prices are expected to further 

magnify the number of rented properties [149], [150] and energy efficiency in such a scenario 

will be really difficult to implement as energy efficiency in rented house has always been a 

concern for the governments, home-owners and tenants. In a way, housing prices and energy 

efficiency are directly linked. For example, a person purchasing an energy efficient house 

may be willing to pay more since the electricity cost will be less as compared to an inefficient 

house. But, here the question is how many people will still be able to pay the higher housing 

prices?  New Zealand is basically a cold country and promoting household energy efficiency 

in New Zealand is really important as they can help to reduce cold-related diseases which 

make a considerable impact on its economy. Therefore, there is an urgent need to work on 

alternative policies which can be the most practical options to improve energy efficiency at 

realistic levels in such scenario [151]-[153] New Zealand can also follow some policies of 

rentals like in Germany (Germans prefer to rent a house and the home ownership in Germany 

was only 43% in the year 2013)  where, for example, tenants have to pay higher price of 

heating charges based on consumption and at the same time, higher incentives are provided 

for energy saving to tenants and for home-owners to adopt energy saving measures [154].  

7.7.3 Immediate transition from CFL to LED lighting 

than 80% of the light sources are incandescent bulbs. Industrial sectors, commercial sectors 

and public utility lightings are also dominated by inefficient lamps.  New Zealand has 

approximately 370,000 road lighting luminaires which are consuming approximately 116 

GWh of energy per annum and there is a huge potential of savings by replacing it to LED 

lightings which can offer a great benefit at local as well as national level [57], [58]. On such 

projects, the government should encourage the energy performance contracts as it motivates 

State houses are owned by New Zealand government for efficient and effective management. 

9 There is a new initiative by the new government to involve private partnership in state house ownership. 



private funders to sustenance energy efficiency investments with minimum intervention of 

the government. Energy efficiency obligations for financing part of energy efficiency projects 

by traditional energy companies can also be one of the effective tools for promoting public 

projects [52], [155].  

7.7.4 Increasing the awareness about the energy efficiency programs and behavioural 

change opportunities  

EECA is already working towards educating people and make them aware about energy 

efficiency, but more simplification and unification of information channels are required. For 

the consumers, local awareness centre or dedicated area managers needed to be appointed to 

facilitate them understand the energy efficiency indicators and build their capacity to monitor 

and control their electricity usage. In addition to the technologies and technological 

understanding of consumers, the behavioural aspects of consumers also need to be changed 

via a variety of approaches of ICT (Information, Communication and Technology). All the 

policies which government develops are possible because of the taxes paid by the public and 

therefore, the value and services need to be provided back to the public through these 

policies. This is only possible by providing and helps them understand the proper information 

of their energy uses and available energy efficient options in a regular manner. 

7.7.5 Developing a robust M&V system  

During the course of implementation of energy efficiency policies, what if the 

technologies/items failed before their useful life or degraded with time. For example, under 

the residential program  what if the insulation standards or their installation standards have 

not been followed and the maximum efficiency of insulation could not be achieved or what if 

energy efficient lightings are not working at their rated efficiency levels? As of now there is 

no robust M&V system to check the performance guarantees of energy efficient technologies 

and their useful life. Manufacturers, installers as well as owners are only responsible to 

follow standards and best practices to achieve a maximum level of energy efficiency. M&V 

is really necessary for determining the impact of these kinds of energy efficiency policies and 

whether the policy is able to achieve the goal which has been envisaged. This is the only tool 

which has the potential in developing, strengthening and determining future policy goals. 

How the M&V can help to utilize the product to their full efficiency during their life cycle 

and how it can be integrated with different policies needs to be explored. Adopting an energy 



efficiency policy framework which incorporates life cycle assessment of energy efficient 

technologies can help to achieve the policy goals more effectively [156]. 

7.8. Conclusions 

This chapter presents a comparison of energy efficiency initiatives of top three renewable-

rich OECD countries and a detailed review of energy efficiency policies of New Zealand 

along with some opportunities for further strengthening of its policies. It is well recognized 

that Iceland, Norway, and New Zealand are abundant in natural resources but, there is a 

strong motivation to exploit the opportunities of energy efficiency at the same time while 

integrating the renewable energy in future strategies. Energy efficiency in several cases has 

been recognized as a no cost solution towards sustainability, which should be considered by 

targeting quantitative and qualitative long-term as well as short-term policies and strategies. 

Any country in the world that has been gifted natural resources and is making an exhaustive 

use of these sources also needs to regularly assess the opportunities for energy efficiency 

improvements and prioritize the sector with time-bound energy efficiency policies.  

New Zealand is quite different as compared to Iceland and Norway where there are major 

opportunities and drivers for energy efficiency could be seen. For Iceland and Norway, 

primarily transportation and industrial emissions need to be addressed, whereas, for New 

Zealand, the agricultural emission is an additional issue, and this sector has a large 

contribution to the economy. In contrast to Iceland and Norway, an electricity levy is also 

paid by all New Zealanders and hence, emphasizing the importance of energy efficiency. 

Unlike Iceland and Norway, energy sector reforms in New Zealand have been recognized at 

different governmental levels, and the impact of these reforms has been felt throughout the 

economy. Some of the most successful programs are the residential insulation programs, 

product standard, and labeling program and providing grants to businesses to implement 

energy efficiency measures and these policies are still active. The New Zealand Government, 

through EECA, is continuously updating regulations and the energy efficiency strategies to 

create a competitive market for energy efficiency and to meet its obligations to carbon 

emissions. However, the need is to drive energy efficiency policies in synchronization with 

the technological advancements and international benchmarks in specific areas. New Zealand 

government is trying to widen its span on the enforcement of energy efficiency policies by 

covering more sectors of the economy. But, again it is not clear whether New Zealand will be 

able to maintain energy intensity improvement of 1.3% in subsequent years (it is also 



important to highlight here that New Zealand is still slipping behind the energy intensity 

performance of the average of the OECD countries) and what will be the role of energy 

efficiency into this? The government has targeted 90% share through renewable energy by 

2025, but the penetration of energy efficiency measures is still uncertain. The long-term 

specific vision in terms of mandatory energy efficiency regulations is also needed for energy 

intensity reductions as well as reducing energy usage in the major energy consuming sectors. 

Consumer awareness, public procurement, developing strong measurement & verification 

system, revisiting the housing energy efficiency strategies and promoting the energy 

efficiency research and product development are the key opportunities for further 

strengthening of the energy efficiency policies of New Zealand.



Chapter 8. Conclusions and Future work 

This thesis presents a comprehensive analysis on the power consumption and power quality 

performance of a mix of CFL and LED lighting technologies, a mix of same or different 

brand of LED lighting technologies, and a range of LED streetlights.  

Experimental results on the mix of CFL and LED lighting technologies indicates that 

increasing the number of LEDs in the combination helps improve the power quality 

performance which gives additional energy saving benefits. Therefore, it provides additional 

financial justification for the government to immediately support LED lighting penetration 

through some kind of rebates, incentives or subsidy policies for its accelerated adoption. 

Countries which are suffering with the low voltage problem should promote LEDs as a 

priority solution as the improvement of power-factor has additional benefits to the whole 

electricity system.  

 

Three reputable international brands of LED lighting technologies were tested at various grid 

conditions to identify how this new lighting technology reacts to grid abnormalities.  It was 

observed tha

advantages without being actively engaged in DSM. As a result of this work, various 

important recommendations have been made to increase the effectiveness of LED based 

DSM programs. The other work on LED lighting presents an innovative way of overall 

and suggests further actions from the standard developers, manufacturers and consumers. 

Further, LED lighting performance at both 50 Hz as well as 60 Hz frequency has been 

compared, analysed and reported.  

 

The research and analysis work on LED streetlights have clearly shown that LED streetlights 

have a smaller harmonic footprint and exhibit smaller variations with a change of brand 

compared to the residential LED lamps. For LED streetlights Interharmonics up to 10th 

component and supraharmonics from 2.1 to 2.9 kHz were also compared and analyzed at both 

the frequencies and were not found to be a major concern for the LED streetlights. The 

performance of the streetlights was evaluated for voltage sag and swell events as well. The 



results of the investigation convincingly demonstrate that the performance of the streetlight is 

significantly affected by the grid events, especially during voltage swell. 

 

Overall, extensive experiments have been carried out on LED lighting technology and it has 

been found that currently sold residential LED lamps are creating more power quality issues 

than the LED streetlights. Residential lighting manufacturers are using a range of filtering 

technologies which need to be standardized by some mandatory regulations to ensure that the 

right LED technologies are being placed into our lighting system and electricity network. The 

concept of passive DSM has been introduced as a result of this research which should be used 

as a tool by different stakeholders for an effective LED based DSM program.    

 

At the end, the energy efficiency policies of top-three renewable-rich OECD countries were 

compared on ten different and important energy efficiency initiatives, and New Zealand 

scored the highest point followed by Norway and Iceland. A detailed review of sectoral 

energy efficiency policies of New Zealand was undertaken and important opportunities were 

identified for further strengthening of its policies. Measurement and verification has been 

identified as a very important area which needs to be explored for strengthening the 

implementation of future policies.  

 

8.1. Future work 

There is still a wide scope to carry out further research in this important area. One of the 

important future works is required 

be integrated into the lamp power converters to adapt the power drawn so as to improve the 

further applicable to develop a central power converter system for a room or a building where 

the harmonics performance of a variety of energy-efficiency technologies would be 

compared, analyzed and improved for overall improvement in energy-efficiency.  

 

Furthermore, we definitely need to look into a new mandatory standard that could be well-

matched with the current LED lighting technologies as it would act as an impetus for the 

manufacturers to limit and control the harmonic emissions. A new harmonics standard is 

required that could be applicable to all the low power energy efficient devices.   



 

On the policy front, a more in-depth sectoral or sub-sectoral level policy analysis is required 

for all the OECD or non-OECD renewable-rich countries as there is a strong motivation to 

exploit the opportunities of energy efficiency at the same time while integrating the 

renewable energy in future strategies. Measurement & Verification policies also need to be 

studied in more detail for further improvement.  
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