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Abstract: Road lighting is essential to ensure the safety and comfort of its users, especially in
preventing accidents and aiding visual tasks. The monumental shift from conventional road lighting
technology to light-emitting diode (LED) lighting is driven by energy efficiency, associated cost
savings, and environmental concerns in the road lighting system. This study aims to investigate
the performance of LED in substitution for high-pressure sodium vapour (HPSV) road lighting in
Penang Bridge, Malaysia using the Data Envelopment Analysis (DEA), a frontier-based optimisation
approach, by modelling energy, cost, and environment together, as none of the previous studies
has included energy, cost, and environmental concerns together in one model. The LED renewable
energy industry that promotes zero carbon emissions has the potential to establish an affordable,
clean, and carbon-free energy system for road lighting, especially in rural areas.

Keywords: light-emitting diode (LED); high-pressure sodium vapour (HPSV); data envelopment
analysis (DEA); undesirable output; efficiency; energy

1. Introduction

Street lighting is important to establish the safety and comfort of drivers, riders, and
pedestrians. The safety aspects of street lighting include the prevention of accidents and in-
juries while also reducing the risk of crime and violence. In terms of comfort, street lighting
can increase the quality of life when outdoor activities take place at night. Nowadays, street
lighting also functions to beautify an area by creating beautiful scenery with landscape
illumination. In recent progress, there has been a huge increase in the number of street
users globally, and it has become increasingly important to ensure the safety and good
visual performance of the users through reliable street lighting systems [1–3].

About 2.3% of the global electricity consumption is contributed by the public lighting
particularly the street lighting [4]. However, there is also huge potential for energy savings
in street lighting. Lobão et al. [5] predicted that there is more than 50% energy savings
potential in street lighting, and they ascertained five criteria that influence the selection
of efficient street lighting, namely price, power consumption, conductor loss depletion,
beneficial life, and interest rate. Since it is critical to reduce the power usage as well as
maintain good quality lighting surroundings and user safety, the major focus should be
given on energy usage, production patterns, and energy efficiency programmes to promote
energy efficiency of street lighting [6]. The earlier road lighting technologies included high-
pressure sodium (HPS), low-pressure sodium (LPS), and metal halide (MH) lights [7,8];
however, more recent advances in lighting technology have enabled the development of
solid-state lighting sources using LEDs. LEDs are preferable because of their high luminous
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efficacy, long lifetime, and high colour rendering index compared with conventional gas
lights such as HPS and MH lights [9].

Malaysia has been using LED for road lighting illumination since 2012 [10,11]. Nonethe-
less, a local technical report by TEEAM [12] did not recommend LED adoption during that
time after they found out that LED does not have advantages over the existing road lighting
technology based on five criteria, namely energy-saving, cost-saving, maintenance cost
over 20 years, safety and security, and environmental impact [12]. In addition, Mohd Yunin,
Shabadin, Mohd Zulkifli and Syed Mohamed Rahim [11] remarked that the LED for road
lighting should not be installed in areas prone to fog and rain since it leads to glare in the
eyes of drivers. Nevertheless, Malaysia’s electricity demand is largely fuelled by gas and
coal (refer to Figure 1) and the demand continues to rise for the past three decades [13]. In
adition, the electricity’s share of the total energy consumption increased from 17.9% in 1998
to 20.3% in 2018 [13]. Hence, the Ministry of Energy and Natural previously known as the
Ministry of Energy, Green Technology and Water targets a reduction of 10% in electricity
consumption by 2025 from the energy efficiency sector [14].
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Figure 1. Electricity generation mix in the years 1999, 2009, and 2019. Source: Energy
Commission [13].

The energy price in Malaysia has also been increased as its price or electricity tariff
is determined by Tenaga Nasional Berhad (TNB), the only electricity utility company
in Peninsular Malaysia and the largest public-listed power company in Southeast Asia.
The electricity tariff in Malaysia has been revised three times since 2008, and the latest
revision took place in 2014. For street lighting use, there are two types of electricity
tariffs; one that includes the maintenance work by TNB, which is currently at the current
price of RM0.305/kWh after an increase from RM0.261/kWh, and the other rate that
does not include the maintenance cost, which is currently priced at RM0.192/kWh from
RM0.164/kWh [15].

With the increased price of energy, the recent development of LED lighting technology,
and increased awareness of the encouraging environmental impact of adopting street
lighting technology, there is a need to revisit the feasibility of LED for road illumination.
To date, the existing literature has not come to an agreement on the need to switch from
conventional lighting to LED lighting, as well as aspects regarding the energy, cost, and
environmental concerns particularly in the Malaysian context [11,12,16,17]. These three
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aspects (energy, cost, and environmental concerns) are very crucial in adopting sustainable
street lighting technology but lack of clear insights from these different perspectives would
hinder the implementation of necessary measures. Therefore, more in-depth study is
needed to apprehend the impact of adopting LED for road lighting in Malaysia.

In this light, the purpose of this study is to investigate the performance of LED in
substitution for high-pressure sodium vapour (HPSV) road lighting in Penang Bridge,
Malaysia using the Data Envelopment Analysis (DEA), a frontier-based optimisation
approach, by modelling energy, cost, and environment together. The performance of LED
and HPSV road lighting in this study will be measured by the technical efficiency and
eco-efficiency of LED and HPSV road lighting. The remainder of this paper is organised
into five sections. Section 2 delves into the concept of efficiency in DEA and introduces
the theoretical aspect of the variables selected for the optimisation model from the review
of the existing literature. We demonstrate our DEA model in Section 3, the efficiency
performance analysis of LED and HPSV road lighting in Section 4, and the concluding
remarks in Section 5.

2. Literature Review
2.1. Lamp Technologies

A light source is the most significant component of a lighting system because it merely
defines visual value, cost, and efficiency of the lighting system [18]. Four important features
in light source selection include illumination level required by a particular road according
to codes and standards, colour rendering properties of the lamp, lamp lifetime and lamp
efficacy [18]. Previously, the high intensity discharge (HID) lighting systems were widely
used for road lighting as opposed to incandescent and fluorescent lighting. HPS, LPS, MH
and MV lights are classified as the main road lighting technologies of HID lighting systems
for road lighting use [19]. Table 1 presents the characteristic of five (5) main road lighting
technologies which are HPS, LPS, MH, MV, and LED.

Table 1. Characteristics of main road lighting technologies.

Lamp Type CRI Luminous Efficacy (lm/W) Lifetime (Hours)

High-pressure sodium (HPS) 30 50–150 15,000–24,000
Low-pressure sodium (LPS) 5 100–190 18,000–24,000
Metal halide (MH) 70–95 70–130 8000–12,000
Mercury vapour (MV) 50 50 10,000
Light-emitting diode (LED) 70–90 Up to 160 40,000–100,000+

Source: Babatunde, Akinbulire, Oluseyi and Emezirinwune [18].

Table 1 compares colour rendering index (CRI) (an index to quantify the ability of
a light source to render colour of surfaces accurately), luminous efficacy (a measure of
how well a light source can produce visible light), which is measured in lumens per watt
(lm/W), and lifetime (the life expectancy until the end-of-life) [18–21]. MH has the best
colour rendering properties, and its luminous efficacy is considerably high, but the lifetime
is relatively low. MV consumes high energy, and it also has poor lifetime. Among these
HID lighting systems, the HPS lights are the most commonly used for conventional and
high mast road lighting due to their excellent luminous efficiency, power usage, and long
lifespan [19]. Nevertheless, LED has good CRI and efficacy, and the striking feature of LED
is found through its highest lamp lifetime, which is ranging from 40,000 to over 100,000 h.

An HPS lamp commonly composed of four fundamental components, namely a sealed,
translucent ceramic arc tube, main electrodes, an outer bulb, and a base. While a basic LED
is made up of optical, electrical and mechanical, and thermal components [19,22]. An HPS
lamp requires ballasts or capacitors to regulate the arc current flow and deliver the proper
voltage to the arc, hence it is powered by an alternating current (AC) source [19]. LEDs
utilise an electronic arrangement that converts the supply voltage to low-voltage direct
current (DC), making it more energy efficient [18].



Energies 2022, 15, 4589 4 of 21

2.2. Concept of Efficiency in DEA

Data envelopment analysis (DEA) is a non-parametric approach that measures the per-
formance of decision-making units (DMUs) in a single index value taking multiple inputs
and multiple outputs. Pioneered by Charnes et al. [23] and developed from Farrell [24],
DEA uses linear programming to estimate relative efficiency, a non-negative value, based
on linear relationships between the inputs and outputs of DMUs under analysis. This
data-driven performance measurement technique determines how efficient a DMU is in
producing a certain level of output, based on the amount of input it uses as compared to
other similar DMUs [25]. The Charnes, Cooper and Rhodes (CCR) DEA benchmarking
model provides the information by locating and understanding the nature of inefficiencies
of a DMU through comparisons with selected efficient DMUs of a similar profile.

Several studies have examined efficiencies in energy by adopting the DEA approach.
Ashuri et al. [26] established the DEA energy benchmarking model by taking into account
criteria such as total energy usage, building attributes, and local meteorological conditions
for a more energy-efficient facility management work. In a large scale, Ervural et al. [27],
who employed DEA to analyse renewable energy efficiencies of 81 cities in Turkey, dis-
covered that regions with a high renewable energy potential can turn out to be efficient
depending upon their regional technical advancement.

Nevertheless, the conventional efficiency formulation of the DEA tends to improve
the performance of inefficient DMUs as soon as the efficient frontier is identified, by either
increasing the current level of outputs or decreasing the current level of inputs. In the
circumstances when the efficiency can be increased by maximising inputs or the efficiency
can be reduced by minimising outputs [28,29]. These are usually referred to as ‘undesirable’
or ‘bad’ input and output variables. The production of ‘undesirable’ by-products such
as pollutants and wastes are considered dangerous because of their negative impacts on
the environment. Moreover, not considering the production of undesirable outputs in
the DEA model development may result in biased efficiency measurement. During the
evaluation process of the production performance, particularly when inefficiency exists,
the desirable and undesirable outputs should be treated differently in order to improve the
inefficiency [30].

There are four common methods to treat undesirable outputs [31]: neglecting undesir-
able outputs, treating undesirable outputs as inputs, treating the undesirable outputs in the
nonlinear model, and applying necessary transformations to the undesirable outputs. An
earlier study by Yang and Pollitt [32] showed that enforcing a technically correct dispos-
ability features on undesirable outputs makes a substantial impact on the final efficiency
evaluation. Zhang et al. [33] established an eco-efficiency analysis on regional industrial
systems in China by treating undesirable outputs as inputs. One of the nonlinear models
developed for undesirable outputs is the directional distance function (DDF), which has
been applied successfully on two separate occasions by Alfredsson et al. [34] and Halkos
and Papageorgiou [35].

2.3. Input-Output Variables Selection
2.3.1. Techno-Economic Analysis of Road Lighting System

Techno-economic analysis (TEA) in general is a cost-benefit comparison resulting from
the consideration of both technological and economic factors [36]. Zimmermann et al. [37]
defined TEA as ‘a methodology framework to analyse the technical and economic perfor-
mance of a process, product or service and includes studies on the economic impacts or re-
search, development, demonstration, and deployment of technologies’. The TEA approach
is used to conduct a cost-benefit analysis by utilising several methodologies to accomplish
objectives such as determining the economic feasibility of a particular project, analysing
cash flows over the duration of a project’s lifespan, determining the scales and applications
of a technology, and comparing the economic quality of various technologies [38].

Net present value (NPV), internal rate of return (IRR), payback period, and return
on investment (ROI) are some of the techniques. Several studies have employed these
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techniques to measure the efficiency of energy-efficient technology through their invest-
ments in lighting technology by techno-economic analysis. Yoomak et al. [39], for example,
evaluated the performance of their investment in LED lighting to replace HPS road lighting
in Thailand using the payback period and IRR. Their findings agreed that LED lighting
meets the investment targets and has good potential quality, energy savings, and powerful
lighting. Beccali et al. [40] carried out NPV and payback period for the return on investment
by considering the on/off control and dimming control of LED retrofit funded through
loan, self-funded, and incentive provided by the Italian Government. They found that
LED retrofits with dimming control funded through the incentive provided by the Italian
Government give the highest NPV value and a return time of 4 to 5 years.

There are two important types of cost to be considered in analysing the investment
made on road lighting technology, namely the initial investment cost and operating cost.
The initial investment cost is the installation cost [41], and this is one of the important
aspects to consider in adopting LED lighting technology [42]. The fact that price of LED
lighting is much higher compared to the conventional lighting, LED lighting systems would
require a higher initial investment cost [43,44], which then could result in a low penetration
rate of LED lighting.

The other fundamental segment of road lighting costing is the operation cost. Oper-
ation cost comprises energy consumption and maintenance cost. While the energy price
makes up the consumption cost, the maintenance cost consists of the cost of cleaning and
upkeeping of the lanterns [45,46]. Therefore, economic feasibility of the streetlight de-
pends heavily on electricity prices [47], as revealed by Duman and Güler [48]. Meanwhile,
Beccali et al. [49] found that the annual capital savings on a new LED lighting system could
be attributed to maintenance cost and reduction in energy consumption.

2.3.2. Energy Consumption

Energy saving and efficiency have received high affinity among researchers specifically
in road lighting installation. The literature on energy savings and efficiency for road
lighting installation is analysed in three aspects, namely by optimising the design of road
lighting system with the best parameter combination to ensure lighting regulating and
installation efficiency, improving lamp and luminaire technology, and improving lamp
and luminaire control systems [4,5,50]. Owing to these efforts, more sustainable road
lighting technology has been developed and improved [2]. Previous studies also associated
reduced energy consumption to energy savings with new LEDs’ design status. Djuretic
and Kostic [51], for instance, underlined the need to choose similar photopic or mesopic
luminance levels and they found that the high-quality LED luminaires could save 31 to
60% of energy as compared to the high-quality HPS luminaires applicable to multi-stage
scenarios. Yoomak, Jettanasen, Ngaopitakkul, Bunjongjit and Leelajindakrairerk [39], on
the other hand, studied power quality and energy savings of LED road lighting from
the DIALux simulation programme, where the energy efficiency index difference was
approximately 40%.

In a study on pedestrian street lighting, Juntunen et al. [52] developed smart LED
luminaires with higher luminous efficacy to demonstrate energy savings without sacrificing
user visual comfortability. In the passive mode, where the streetlights function without
added intelligence, energy savings of 19 to 44% were achieved as compared to commercial
luminaires. There is also huge potential for power consumption reduction in the LED
lighting system with a control system [53,54]. Energy savings without comprising user
visual comfortability has achieved a reduction of 38% energy consumption in an indoor
experiment on the control of SPDs of LED lighting [55].

Pipattanasomporn, Rahman, Flory and Teklu [54] found that an intelligent lighting
control system may reduce approximately 74% of energy usage. On the other hand,
Bunjongjit, Ananwattanaporn, Ngaopitakkul, Jettanasen and Patcharoen [53] proposed a
control circuit for LED luminaire based on the amount of daylight which has been able to
reduce the lighting system’s power consumption while preserving lighting quality for the
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user. Smart Grid technology equally has the potential to further increase the efficiency and
operational reliability of outdoor lighting systems as discussed by Filimonova et al. [56] on
an LED outdoor lighting system for a university campus in Russia.

2.3.3. Lifetime of the Luminaire

Lifetime is the useful life of luminaire. LED advances have resulted in significant
improvements in light source efficiency and lifetime [57]. In the market, the lifetime
of LED lights involving LED drivers and source packages is regularly quoted as 25,000
to 50,000 h [58–61]. In general, the lifetime of LED lights is two to six times more than
conventional lights which will reduce maintenance costs [49]. Nonetheless, poorly designed
LED driver and high temperatures might shorten the lifetime of LED lights [62,63].

2.3.4. Environmental Concern in Road Lighting System

The assessment of environmental impact is the other well-researched topic in LED
road lighting. Tannous et al. [64] utilised life cycle assessment (LCA) in measuring environ-
mental impact to compare the usage of solar-LED and traditional-HPS road lighting. They
considered LCA from the raw material extraction until the end-of-life, with two end-of-life
scenarios modelled, landfilling and recycling. They concluded that the solar system has
fewer overall environmental impacts than the traditional system for both landfilling and
recycling scenarios. Many others looked into carbon dioxide emission reduction when
assessing the environmental impact of the LED and conventional LED for road lighting
illumination [4,18,44,48,49]. Carbon dioxide emission can be computed directly from elec-
tricity consumption by applying the multiplication of the carbon dioxide emission factor of
a country.

3. Materials and Methods
3.1. Techno-Economic Analysis (TEA)

This study specifically applies the TEA techniques, which include payback period,
cash flow, net present value (NPV), internal rate of return (IRR), and return on investment
(ROI). Discount rates of 5% and 10% are also being considered [39,65].

NPV is defined as the sum of the present value of all cash flow produced by the project,
comprising the investment cost; and if the value of NPV is positive, the investment is
acceptable to proceed [43,66]. The NPV formulation is shown in Equation (1).

NPV =
n−1

∑
t=0

It

(1 + i)t +
n

∑
t=1

NRt

(1 + i)t (1)

where It is the investment cash-flow in period t, NRt is the net revenue in period t, i is the
discount rate, and n is the number of years. Next, IRR is the discount rate, which equalised
NPV to zero, and the IRR value must be greater than the investment cost for the project to
be accepted [43,66]. The IRR formulation is shown in Equation (2).

0 =
n−1

∑
t=0

It

(1 + IRR)t +
n

∑
t=1

NRt

(1 + IRR)t (2)

ROI is the ratio of the present value of cash flow and the investment [43,66]. An ROI
that is greater than one (1) indicates that the investment is profitable and worthwhile [65].
ROI is presented in Equation (3).

ROI =
n

∑
t=1

NRt

(1 + i)t /
n−1

∑
t=0

It

(1 + i)t (3)
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Payback period can be defined as the period of time required to recover the invest-
ments [43,66]. The payback period is shown in Equation (4).

Payback Period =
n−1

∑
t=0

It

(1 + i)t /
n

∑
t=1

NRt(
(1+i)t

n

) (4)

A simple payback period and discounted payback period were investigated in this
study. This is crucial as a simple payback period does not consider the time value of the
money or all the cash flows. Hence, the discounted payback period overcomes the weakness
of the simple payback period. The NPV, IRR, ROI and payback period are obtained by
using Microsoft Excel computation.

3.2. Data Envelopment Analysis (DEA)

This study utilised the DEA approach mainly due to its benchmarking capabilities
and characteristics that may consist of multiple inputs and multiple outputs. This study
considers energy, cost, and environmental concerns in a single model. The Charnes,
Cooper and Rhodes (CCR) of the DEA model is shown in Section 3.2.1. Nevertheless,
the conventional DEA model only accounts for two categories of variables, which are the
input, and the desirable output variables. As discussed earlier, the presence of undesirable
output such as the carbon dioxide emission in the conventional DEA model should not
be neglected. To incorporate undesirable outputs for measuring efficiency, a recognized
Directional Distance Function (DDF) approach is employed. This technique is able to
evaluate the eco-efficiency of LED road lighting usage and the DDF model is presented in
Section 3.2.2.

3.2.1. CCR of DEA Model

The linear programming problem of the input-oriented CCR model is given as follows
for the p-th DMU

(
DMUp

)
under consideration:

θ∗ = min θ
subject to

K
∑

k=1
zkxkn ≤ θxnp; n = 1, . . . , N

K
∑

k=1
zkykm ≥ ym; m = 1, . . . , M

zk ≥ 0 ; k = 1, . . . , K

(5)

where xn represents the n-th input, ym represents the m-th output of a DMU, and zk are
the intensity variables or weights assigned to each K DMUs involved. The total number of
inputs and outputs are represented by N and M with N and M > 0.

In this study, three inputs, and one desirable output are considered for ten DMUs to
measure the technical efficiency score θ∗. Therefore, let the total number of inputs and
outputs be represented by N = 3 and M = 1, and the number of DMU is represented by
K = 10. From Equation (5), the linear programming problem of the CCR model to minimise
the inputs for a specific p-th DMU is given by

θ∗ = min θ
subject to

10
∑

k=1
zkxkn ≤ θxnp; n = 1, 2, 3.

10
∑

k=1
zkykm ≥ ym; m = 1.

zk ≥ 0 ; k = 1, . . . , 10.

(6)
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In Equation (6), variable x1 denotes the input variable of installation cost, variable
x2 denotes the input variable of operation cost, variable x3 denotes the input variable of
energy consumption, and variable y1 denotes the desirable output variable of lifetime.
Further explanation on the input and output variables is available in Section 3.3. Hence, let
the DMU1 be an example for Equation (6). The technical efficiency score θ∗ for DMU1 is
given by

θ∗ = min θ
subject to

10
∑

k=1
zk(installation cost)k ≤ θ(installation cost)1

10
∑

k=1
zk(operation cost)k ≤ θ(operation cost)1

10
∑

k=1
zk(energy consumption)k ≤ θ(energy consumption)1

10
∑

k=1
zk(lifetime)k ≥ (lifetime)

zk ≥ 0 ; k = 1, . . . , 10

(7)

There are ten equations similar to Equation (7) constructed for each DMU to obtain
the technical efficiency score θ∗. In this input-oriented model, the efficiency of a DMU
measurement involves an effort of minimising θ, producing the observed outputs within
minimum input [29]. Here, we can assess the performance of DMUs from a benchmarking
perspective, by identifying which DMU is efficient, and which is not. The inefficient DMU
can further be improved based on the information obtained by comparing it with the
efficient DMU.

DEA assessment establishes the ‘best’ or ‘efficient’ rather than average behaviour [67].
The best performing DMU is allocated with an efficiency score of 100 percent, while the
performance of other DMUs may vary between 0 and 100 percent relative to the best
performance [29,67]. In addition, both input-oriented and output-oriented measurements
offer the same results of relative efficiency scores under constant returns to scale but
contribute to different values under variable returns to scale [68,69].

3.2.2. DDF of DEA Model

The DDF approach is an evaluation technique that estimates relative efficiency of a
decision-making unit (DMU) along a pre-determined direction vector that is not restricted
by the radial direction. The DDF is used to measure eco-efficiency of the DMUp under
constant returns to scale and weak disposability of undesirable output assumptions:

max βp
subject to

K
∑

k=1
zkxkn ≤ xn; n = 1, . . . , N

K
∑

k=1
zkykm ≥ ym

(
1 + βp

)
; m = 1, . . . , M

K
∑

k=1
zkuki = ui

(
1 − βp

)
; i = 1, . . . , I

zk ≥ 0; k = 1, . . . , K

(8)

The inefficiency score of the DMUp is given by 0 ≤ βp ≤ 1 for the undesirable
outputs involved. A score of zero denotes an efficient DMU while a score of any positive
value indicates inefficiency. This study has three inputs, one desirable output, and one
undesirable output that are considered for ten DMUs. Therefore, the total number of
inputs and outputs is represented by N = 3, M = 1 and I = 1, and the number of DMU is
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represented by K = 10. From Equation (8), the linear programming problem of the DDF
model to measure inefficiency for a specific p-th DMU is given by

max βp
subject to

10
∑

k=1
zkxkn ≤ xn; n = 1, 2, 3

10
∑

k=1
zkykm ≥ ym

(
1 + βp

)
; m = 1

10
∑

k=1
zkuki = ui

(
1 − βp

)
; i = 1

zk ≥ 0; k = 1, . . . , 10

(9)

In Equation (9), variable x1 denotes the input variable of installation cost, variable x2
denotes the input variable of operation cost, variable x3 denotes the input variable of energy
consumption, variable y1 denotes the desirable output variable of lifetime, and variable u1
denotes the undesirable output of carbon dioxide emissions. Further explanation on the
input and output variables is available in Section 3.3. Hence, let the DMU1 be an example
for Equation (10). The inefficiency score β for DMU1 is given by

max β1
subject to

10
∑

k=1
zk[installation cost]k ≤ [installation cost]

10
∑

k=1
zk[operation cost]k ≤ [operation cost]

10
∑

k=1
zk[energy consumption]k ≤ [energy consumption]

10
∑

k=1
zk[lifetime]k ≥ [lifetime](1 + β1)

10
∑

k=1
zk[CO2 emissions]k = [CO2 emissions](1 − β1)

zk ≥ 0; k = 1, . . . , 10

(10)

There are ten equations similar to Equation (10) constructed for each DMU to obtain
the inefficiency score β for ten DMUs. This is followed by computing the eco-efficiency
score ∂. The eco-efficiency score ∂ using the DDF model from the inefficiency score in
Equation (9) for the DMUp is given by the following:

∂p = 1 − βp (11)

Note that 0 ≤ βp ≤ 1, thus 0 ≤ ∂p ≤ 1. Therefore, the eco-efficiency score ∂ for DMU1
is given by the following:

∂1 = 1 − β1 (12)

Note that 0 ≤ β1 ≤ 1, thus 0 ≤ ∂1 ≤ 1. The eco-efficiency score ∂ is also calculated for
other DMUs evaluated in this study (DMU2 to DMU10).

3.3. Specification of Variables Selection
3.3.1. Determination of Research Area and Decision-Making Unit (DMU)

The Penang Bridge highway is the study area to compare the HPSV and LED lighting
technology where retrofitting of the lanterns took place as such lighting parameters (light-
ing class, type of carriageway, lighting arrangement, total distance illuminated, spacing
between lighting pole, and number of light poles) and components of a road lighting pole
(mounting height, overhang, boom angle and boom length) remain constant. The DMU
of this study is the two types of lanterns positioned near five metering points along the
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Penang Bridge. Therefore, there are five DMUs for each type of lighting technology, making
it a total of ten DMUs under study.

3.3.2. Determination of Input and Output Variables

There are several suggestions to determine the number of input and output variables to
be included in the DEA modelling [70–72]. Nevertheless, the suggestions are often imposed
for convenience and do not have a statistical basis and are not crucial to be fulfilled [73]. It
is unnecessary to apply a sample size requirement to DEA because DEA is a frontier-based
linear programming-based optimisation technique, and it is also essential to include as
many relevant inputs and outputs as possible [73].

In this study, there are three input variables: installation cost, operation cost, and
energy consumption, and two outputs: a desirable lantern’s lifetime and undesirable
carbon dioxide (CO2) emission. This study focused on undesirable outputs rather than
undesirable inputs with the aim to include the environmental factor of carbon dioxide
emission as the by-product from the energy consumption of road lighting in the model
development [4,65,74].

Table 2 below provides a summary of the input and outputs used in this study, together
with the definition and the unit of measurement.

Table 2. List of variables.

Variable Name of Variable Definition Unit Measurement

Input
Installation cost (x1) The cost of installing lighting fixture including labour [19,45] RM
Operation cost (x2) The cost includes electricity consumption cost and maintenance cost [46] RM
Energy consumption (x3) The actual electricity consumption for all road lightings in Penang Bridge kWh

Desirable output Lantern’s lifetime (y) The life expectancy until the end-of-life [21] Hours
Undesirable output Carbon dioxide (CO2) emission (u) The by-product from the road lighting usage as the environmental analysis [4] kg CO2 per kWh

3.3.3. Data Source

Two types of lighting technology, HPSV and LED, are being compared in this study.
Hence, all data for this study were obtained from PLUS Malaysia Berhad, the largest
highway concessionaries company in Malaysia. The data for CO2 emissions are calculated
by utilising the carbon dioxide emission factor of 0.6931 kg CO2-e/year associated to each
kWh of electricity generated HPSV and LED road lightings based on Ang and Su [75].
Table 3 provides the descriptive statistics of the input and output dataset employed in
this study.

Table 3. Descriptive Statistics of Input and Outputs for HPSV and LED Road Lighting.

Type of Lighting Input Output

Installation Cost
(RM)

Operation Cost
(RM)

Energy
Consumption

(kWh)

Carbon Dioxide (CO2)
Emission

(kg per kWh)

HPSV

Mean 120,291.00 36,539.71 62,085.8000 43,031.6680
Standard deviation 75,231.61 24,124.29 38,830.5775 26,913.4733
Maximum 32,3417.14 246,069.83 76,210.3600 12,7003.0000
Minimum 67,472.87 52,633.79 14,595.8900 27,152.0000

LED

Mean 171,901.00 21,042.56 43,682.8000 30,276.5487
Standard deviation 113,721.4873 10,123.67 29,909.0500 20,729.9625
Maximum 368,598.82 37,657.15 95,568.0000 66,238.1808
Minimum 86,815.76 11,865.79 21,608.0000 14,976.5048

For each type of HPSV and LED road lighting on the Penang Bridge, five DMUs
are being evaluated based on its technical efficiency and eco-efficiency by using Rstudio
software. The following section presents the results and empirical findings.
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4. Results and Discussion

This section demonstrates the empirical findings from the Techno-Economic Analysis
(TEA) and Data Envelopment Analysis (DEA) approach which help to give some insights
into the performance of HPSV and LED road lighting in the Penang Bridge highway.

4.1. The NPV, IRR, ROI, Cash Flow, and Payback Period

This section describes the findings from the analysis on NPV, IRR, ROI, cash flow,
and payback period. The lantern lifetime in the unit of year was computed to project the
number of lanterns for the period of 11 years and the results are presented in Table 4.

Table 4. Number of lanterns required for 11 years between HPSV and LED lanterns.

Lantern Type HPSV LED

Power rating (W) 400 230
Lifespan based on specification (hour) 20,000 50,000
Operating hours per day (hour) 12 12
Lifetime (year) 4.56 11.42

The ratio of lanterns required for 11 years 2.41 0.96
3 1

Number of lanterns required for 11 years 1191 units 397 units

From Table 4, at a daily usage of 12 h and an expected lifetime of 50,000 h, an LED
lantern could last for approximately 11.42 years, while an HPSV lantern with an expected
lifetime of 20,000 h could only last for 4.56 years. For the projected 11 years of implemen-
tation, the projected number of HPSV and LED lanterns to be acquired are 1191 and 397,
respectively; that is HPSV lanterns require three times more replacement as compared to
LED lanterns. In consequence, the installation cost for the implementation of LED lanterns
would be much lower than HPSV lighting. More importantly, with a smaller number of
more environmentally friendly lanterns to be implemented, the concentration of carbon
dioxide emission can be reduced to a great extent for a period of 11 years. The implementa-
tion of LED lighting technology for road lighting promotes sustainable practices through
the smart use of energy that not only meets the present needs, but also conserves them for
future necessities.

Table 5 summarises the costs related to the investment in HPSV and LED lanterns
and the period of analysis for the investment made was assumed at 11 years, based on the
findings from Table 4.

Table 5. Investment cost of LED lanterns.

Parameter Value

Initial investment cost of LED lantern (RM) 859,505.00
Annual electricity cost—LED (RM/year) 216,232.58
Annual electricity cost—HPSV (RM/year) 394,110.10
Cost of lantern replacement—HPSV (RM/year) 132,327.25
Annual saving (RM/year) 310,204.76
Simple payback period (year) 2.77

Table 5 reports the investment in LED lanterns. Annual saving is obtained by adding
the annual electricity cost and replacement cost of HPSV lighting, then subtracting it from
the annual electricity cost of LED lighting. Hence, the annual saving on replacing HPSV
with LED lanterns is RM310,204.76 per year. By dividing the investment cost of LED
lanterns by annual savings, the simple payback period for LED lantern replacement is
2.77 years. Therefore, the investment cost to be paid in the eighth month of the third year is
as portrayed in Figure 2. A simple cash flow from the investment in LED lanterns made for
the 11-year period is shown in Figure 2 as below:
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Figure 2. Simple cash flow for the investment of 11 years.

Figure 2 illustrates the negative values of cash flow representing the amount of invest-
ment made while the positive values represent the savings obtained. The first two years
are the early phase of the LED adoption, which involves a large amount of investment in
purchasing and installation of new lanterns. As such, Figure 2 depicts a negative cash flow
because the investment needs a period of recovery before the return of investment can be
achieved. From the third year onwards, positive trends are observed as the investment
starts to contribute positive income through the savings from the replacement of HPSV with
LED lanterns. Hence, in the eleventh year, the positive income obtained is RM2,552,747.40.
In a total duration of eleven years, nine years of positive income can be preserved before
the next phase of LED lantern replacement.

Information in Table 5 was further used to calculate the NPV, IRR, ROI, and discounted
the payback period. The results are reported in Table 6, where discount rates of 5% and
10% are considered [39,65].

Table 6. Results of TEA.

Parameter Value at 5% Discount Rate Value at 10% Discount Rate

Net present value (RM) 1,717,184.26 1,155,293.86
Internal rate of return (%) 34.73 34.73
Return on investment 1.08 1.08
Discounted payback period (year) 3.06 3.42

From the results in Table 6, at a 5% discount rate, an investment of RM859,505.00
generates an NPV of RM1,717,184.26, an IRR of about 34.73%, and an ROI of about 1.08.
The discounted payback period for this investment is 3.06 years. As the discount rate
increases to 10%, the same amount of investment on LED lanterns will decrease the NPV to
RM1,155,293.86, maintaining IRR and ROI at 34.73% and 1.08, respectively, and increases
the discounted payback period to 3.42 years. NPV is at positive rates of 5% and 10%
discount. Hence, the utilisation of LEDs for road lighting should be able to proceed due to
the positive NPV even though a higher discount rate has been used.

A positive NPV indicates that the investment has a positive cash flow, in this case,
results in savings. Additionally, an IRR of 34.73% for both 5% and 10% discount rate can be
used as a reference to future ranks of LED lighting projects since it is a powerful evaluation
index for investigating the profitability of projects. A total of 34.73% of IRR suggests that
the probability of getting a profitable investment is almost as high as 35%. As the ROI is
1.08 or 108%, it suggests that RM1.08 is obtained for every Malaysian Ringgit (MYR) value
of investment made on LED lanterns, and the range of 3 to 4 years is required to recoup
the investment.
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4.2. Technical Efficiency

This section illustrates the results using the DEA approach under the constant returns
to scale (CRS) assumption on technology of the CCR model. This technical efficiency
accounts for input variables (investment cost, operation cost, and energy consumption)
and desirable output (lantern’s lifetime). The technical efficiency score θ∗ is acquired from
Equation (6) in Section 3.2.1. The results of the technical efficiency scores and ranks are
presented for HPSV and LED road lighting in the Penang Bridge highway according to
the type of road lighting technology. The average efficiency score for each type of road
lighting is calculated to determine a summary of the road lighting technical efficiency. The
technical efficiencies and ranks using the DEA model with CRS assumptions for HPSV and
LED road lighting in the Penang Bridge highway together with the most important input
variables are presented in Table 7.

Table 7. Results of the DEA technical efficiency score, rank, and the most important input variables
for HPSV and LED Road Lighting.

Metering Point Technical Efficiency Score
θ∗(%) Rank The Most Important

Input Variable

HPSV1 37.19 7 Installation cost
HPSV2 14.11 10 Installation cost
HPSV3 42.36 6 Installation cost
HPSV4 65.98 3 Installation cost
HPSV5 27.26 9 Installation cost

Average efficiency score 37.38

LED1 83.76 2 Installation cost
LED2 31.69 8 Operation cost
LED3 54.16 5 Installation cost
LED4 100 1 Installation cost
LED5 61.94 4 Installation cost

Average efficiency score 66.31

Total average efficiency score 51.85

Number fully efficient 1

From Table 7, there are nine DMUs with scores less than 100% that are regarded as
inefficient. Inefficient scores are ranging from 14.11% to 83.76% and the only technical
efficient or fully efficient DMU with a 100% score is LED4. LED2 ranked in the eighth
place, out of ten, with a score of only 31.69%, while the other DMUs scoring lower than
three HPSV road lighting technologies (HPSV4, HPSV3, HPSV1). This exhibits that LED2
does not utilise the input resources appropriately during its operation. Hence, it performs
poorer than the conventional road lighting technology of HPSV.

In addition, the performance of DMU of HPSV4 is as good as LED5 and LED3, with
scores of 65.98%, 61.94%, and 54.15%, respectively. One of the possible reasons for this
finding is the less economical performance of LED lighting compared to the HPSV lighting.
Tähkämö, Räsänen and Halonen [46] found that although LED technology offers improved
colour characteristics and lighting controls as compared to high-intensity discharge (HID)
lights such as High-Pressure Sodium (HPS), HPS is more economical as compared to LED.
As there are two input variables related to cost utilised in this study, the good performance
of HPSV4 is not surprising.

Additionally, in the last column of Table 7, it is found that for each evaluated DMU, the
installation cost is the most important item in evaluating the performance of road lighting
technology for this study except of LED2. It is because the DMU of LED2 demonstrates
that the operation cost is the most important item in evaluating its performance. Therefore,
with the inefficient score of 31.69%, LED2 could potentially reduce its operation cost by
approximately 68.31%.
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As mentioned in Section 3.3.2, there are two important components of operation
cost, namely electricity consumption cost and maintenance cost. The maintenance cost is
influenced by the maintenance work done on the lanterns. According to PLUS Malaysia
Berhad [45], as LED technology is still new for the study site, the need for maintenance
work such as the cleaning of the optics remains uncertain.

The other aspect of operation cost is the electricity consumption cost which is depen-
dent upon on the electricity or energy consumption and the electricity tariff. Although it
can be observed that there is a decrease in energy usage (based on Table 3) by adopting
LED lighting technology in Penang Bridge, none of the DMUs reflects the significance of
energy consumption in deriving the technical efficiency scores. In addition, there are no
changes in the electricity tariff during the study period. Hence, there is no evidence of
electricity consumption cost contributing towards the operation cost at that point of time.

The installation cost of LED, however, are found and known to be higher than the
conventional road lighting technology [4,76–78], and, at the same time, the LED prices have
continued to reduce due to the estimated 38 billion total sales of LED lighting products
over the last five years [57]. Therefore, it can be observed that two DMUs from LED
lighting technology (LED4 and LED1) ranked in the first and second place, surpassing
HPSV lighting technology. Still, the DMU of HPSV4 positioned in the third-rank. Thus, a
future study can investigate the competitiveness of the current LED price as compared to
the HPSV price as this is considered the limitation of this study.

In a DEA convention, a group of fully efficient DMUs serves as reference peers. From
Table 7, it can be observed that the only fully efficient DMU is LED4. Therefore, all inefficient
DMUs have only one reference peer which is LED4. This indicates that for all evaluated
DMUs to operate efficiently, their performance must be improved to operate similarly
to LED4.

However, again, the mean efficiency score of LED road lighting technology is 66.31%,
which is two times higher than the HPSV road lighting, with only 37.38%. This reflects that
the efficiency of road lighting on the Penang Bridge highway has been improved with the
adoption of LED technology. The inefficient scores in Table 7 further suggest the possible
extent to which certain point inputs could be minimised while maintaining the existing
outputs. The excellency and deficiency among the DMUs in this study is simply a relative
relationship based on input and output components.

4.3. Comparing Technical Efficiency Groups Test

This section aims to compare the technical efficiency scores of HPSV and LED road
lighting. To validate the difference in technical efficiency scores between HPSV and LED, a
non-parametric Wilcoxon Signed-Rank Test is utilised, and Table 8 presents the results.

Table 8. The Wilcoxon Signed-Rank Test of technical efficiency score for HPSV and LED Road Lighting.

Test Statistics Wilcoxon Signed-Rank Test

Mean Rank z Sig.

LED to HPSV 3.00 −2.023 0.043

As the results in Table 8 show a p-value of less than 0.05 (p < 0.05), it can be concluded
that there is a statistically significant difference in the technical efficiency scores between
HPSV and LED road lighting.

4.4. Eco-Efficiency

The eco-efficiency using the DEA model accounts for input variables (investment
cost, operation cost, and energy consumption), desirable output (lantern’s lifetime), and
undesirable output (carbon dioxide emissions). The eco-efficiency score using the DDF
approach is acquired from Equation (11) in the methodology section. The results of the
eco-efficiency scores and ranks are presented for HPSV and LED road lighting in the Penang
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Bridge highway. The average efficiency score for each type of road lighting is calculated in
order to determine the eco-efficiency of road lightings. With CRS assumptions for HPSV
and LED, the DDF eco-efficiencies are presented in Table 9.

Table 9. Results of the DEA eco-efficiency score and rank for HPSV and LED Road Lighting.

Metering Point Score (%) Rank

HPSV1 30.41 8
HPSV2 12.74 10
HPSV3 33.92 7
HPSV4 100 1
HPSV5 23.24 9

Average eco-efficiency score 40.06

LED1 90.81 3
LED2 36.88 6
LED3 70.03 5
LED4 100 1
LED5 76.14 4

Average efficiency score 74.77

Total average efficiency score 57.42

Number fully efficient 2

The eco-efficiency scores in Table 9 show the level of undesired output reduction. For
instance, the DMU of LED1 was 90.81% efficient. This finding suggests that LED1 could
decrease its undesirable output by 9.19% to achieve full efficiency. In addition, it can be
observed that the DMU of HPSV1 and HPSV3 have almost the same performance as LED2,
with the scores of 30.41%, 33.92%, and 36.88%, respectively.

Additionally, the HPSV road lighting technology DMUs are the most eco-inefficient
DMUs, ranked in the seventh place and below, except for the DMU of HPSV4 which ranked
in the first place, together with LED4. It means that, as compared to other DMUs in this
study, the DMU of LED4 and HPSV4 are the most eco-efficient DMUs. This shows that
HPSV road lighting can perform as good as LED lighting technology when energy, cost,
and environmental concerns are considered altogether in the model.

The eco-efficiency scores are quite similar to the technical efficiency scores for all HPSV
DMUs except for the DMU of HPSV4. HPSV4 is ranked at third by technical efficiency score
and rises to first by eco-efficiency score. This shows the importance of the environmental
variable in the model as when the carbon dioxide emission variable is included in the
model; the result demonstrates that HPSV lighting technology is able to perform as good as
LED lighting technology. This finding supports the findings by Tähkämö and Halonen [17]
from their environmental performance assessment using life cycle assessment (LCA) of
road lighting. Although they found that the environmental performances of the HPS and
LED luminaires are on the same level during the study period, none of the previous studies
has included energy, cost, and environmental concern altogether in one model.

The average eco-efficient score for LED road lighting technology is 74.77%, and this
is way above the performance of the HPSV road lighting, which is only at 40.06%. Our
finding concurs with the findings of Khan and Abas [79] who support LED luminaires that
are being recognised as environmentally efficient solutions for roadway lighting [47].

4.5. Comparing Eco-Efficiency Groups Test

This section aims to compare the eco-efficiency scores of HPSV and LED road lighting
by performing the non-parametric (Wilcoxon Signed-Rank Test) test. Table 10 presents
the results.
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Table 10. The Wilcoxon Signed-Rank Test of eco-efficiency score for HPSV and LED Road Lighting.

Test Statistics Wilcoxon Signed-Rank Test

Mean Rank z Sig.

LED to HPSV 2.5 −1.826 0.068

The results in Table 10 show the results of the Wilcoxon signed-rank test, where the
p-value of 0.068 is more than 0.05 (p > 0.05). However, as p < 0.10, it can be still concluded
that the eco-efficiency scores between HPSV and LED road lighting are still statistically
different but at the 10% significance level.

4.6. Comparative Efficiency between CCR and DDF Approach

This section compares the findings in Section 4.2 (Table 7) and Section 4.4 (Table 9)
from the DEA CCR and DDF approach summarised in Figure 3. Findings from Figure 3
clearly depict the better performance of LED, thus emphasizing the importance of the
environmental factor in measuring the impact of adopting LED road lighting technology in
the Penang Bridge highway.
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Figure 3. Comparative efficiency scores between CCR and DDF approach for HPSV and LED Road
Lighting: (a) technical efficiency for HPSV Road Lighting Technology; (b) eco-efficiency for HPSV
Road Lighting Technology; (c) technical efficiency for LED Road Lighting Technology; (d) eco-
efficiency for LED Road Lighting Technology.
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From Figure 3, there is an increase in the number of fully efficient DMU when we
considered the environmental concern variable in the model. By the CCR model, only LED4
is considered fully technical efficient but with the DDF model, HPSV4 is also recognised
as fully eco-efficient, together with LED4. It can be also observed that the eco-efficiency
score is less than the technical efficiency score for HPSV lighting technology except for
HPSV4. The increase of the eco-efficiency score as compared to the technical efficiency score
for LED lighting technology is in accordance with the findings from Enongene, Murray,
Holland and Abanda [66] and Khorasanizadeh, Parkkinen, Parthiban and Moore [20]. The
study revealed that the implementation of LED lighting produces much lower carbon
dioxide emissions as compared to the conventional lighting of CFL and incandescent
lamps in residential buildings. Hence, this proved the environmental benefits of LED
lighting technology. Carbon dioxide is the primary greenhouse gas (GHG) emission and
the main contributor to climate change [80]. This study has also proven that carbon dioxide
emission is an important variable that should not be neglected when measuring the impact
of adopting road lighting technology.

5. Conclusions

This study employed Techno-Economic Analysis (TEA) and Data Envelopment Analy-
sis (DEA) to measure the performance of HPSV and LED road lighting technology in the
Penang Bridge, Malaysia. Under the TEA approach, this study applies the payback period,
cash flow, net present value (NPV), internal rate of return (IRR), and return on investment
(ROI) to appraise the profitability of investment on LED road lighting adoption in the
Penang Bridge. The positive NPV and IRR obtained indicate the opportunity of possible
profitable returns. The ROI of greater than one signifies that the investment can bring profit
after 3 to 4 years of LED road lighting adoption. Therefore, there is positive evidence in
terms of the financing costs and structures when adopting LED road lighting technology.

Specifically, the application of CCR DEA techniques in this study evaluates the perfor-
mance of LED in substitution for high-pressure sodium vapour (HPSV) road lighting in
the Penang Bridge. By modelling energy (energy consumption), cost (installation cost and
operation cost), and environment (carbon dioxide emissions), the findings reveal that the
mean performance of technical efficiency for LED road lighting technology is two times
higher than HPSV road lighting, with 66.31% and 37.38%, respectively. This study confirms
that the efficiency of road lighting on the Penang Bridge highway is improved with the
adoption of LED, where the installation cost is the most important item in evaluating the
performance of road lighting technology. The crucial aspect in the installation cost is the
lantern price; thus, a future direction of this study is to investigate the competitiveness
of the current LED price as compared to the HPSV price which further encourages the
adoption of the latest LED technology.

The other significant empirical finding is discovered from the DDF DEA model, in
which the average eco-efficient score for LED (74.77%) exceeds the performance of HPSV
(40.06%) road lighting. By comparing efficiency of the CCR and DDF models, it can gener-
ally be observed that the HPSV technology produces lower eco-efficiency than the technical
efficiency scores while the LED technology generates higher eco-efficiency compared to its
technical efficiency scores. This finding could suggest that environmental-friendly road
lighting technology would further improve the efficiency level of road lightings or lanterns,
and undesirable output is an important variable that must be taken into account when
measuring the impact of adopting road lighting technology.

Nevertheless, not considering the variables for the meteorological conditions in the
model development of this study is a limitation of this study. Future study may include
weather and meteorological parameters in modelling the performance of LED road lighting.

The substitution of energy-inefficient lights with energy-efficient lights in road lighting
is a very crucial step to reduce the costs energy generation as well as the emissions of carbon
dioxide. This study demonstrates that LED road lighting technology has a great potential
in energy savings, powerful and quality lightings besides promising investment returns.
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Moreover, carbon dioxide emission is a critical variable that should not be neglected when
assessing the performance of road lighting technology. With the exponential increase in
the number of streetlights, there would be a rapid increase in the energy demand and the
most preferred road lighting technology would be the one that is not only cost effective, but
significantly reduces carbon emissions. The LED renewable energy industry that promotes
zero carbon emissions has the potential to establish an affordable, clean, carbon-free energy
system for road lighting both in the urban and rural areas.

Author Contributions: Conceptualization, N.S.A.R., S.W.P. and M.A.T.A.M.; methodology, N.S.A.R.
and S.W.P.; validation, N.S.A.R., S.W.P. and M.A.T.A.M.; formal analysis, N.S.A.R.; resources, N.S.A.R.,
S.W.P. and M.A.T.A.M.; writing—original draft preparation, N.S.A.R.; writing—review and editing,
S.W.P. and M.A.T.A.M.; supervision, S.W.P. and M.A.T.A.M.; project administration, S.W.P.; funding
acquisition, S.W.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Malaysia Ministry of Higher Education under Long-Term
Research Grant Scheme Wide Band Gap Semiconductor, grant number LR001B-2016A and the APC
was funded by Malaysia Ministry of Higher Education under Long-Term Research Grant Scheme
Wide Band Gap Semiconductor, grant number LR001B-2016A.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This study is supported by the Long-Term Research Grant Scheme (LRGS)
provided by the Ministry of Higher education Malaysia; project number: LR001B-2016A. Besides that,
the authors also thanks to the PLUS Malaysia Berhad for the support given.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Arbabzadeh, N.; Jafari, M. A Data-Driven Approach for Driving Safety Risk Prediction Using Driver Behavior and Roadway

Information Data. IEEE Trans. Intell. Transp. Syst. 2018, 19, 446–460. [CrossRef]
2. Peña-García, A.; Sedziwy, A. Optimizing Lighting of Rural Roads and Protected Areas with White Light: A Compromise among

Light Pollution, Energy Savings, and Visibility. Leukos 2019, 16, 147–156. [CrossRef]
3. Yoomak, S.; Ngaopitakkul, A. Investigation and Feasibility Evaluation of Using Nanogrid Technology Integrated Into Road

Lighting System. IEEE Access 2020, 8, 56739–56754. [CrossRef]
4. Gorgulu, S.; Kocabey, S. An energy saving potential analysis of lighting retrofit scenarios in outdoor lighting systems: A case

study for a university campus. J. Clean. Prod. 2020, 260, 121060. [CrossRef]
5. Lobão, J.A.; Devezas, T.; Catalão, J.P.S. Energy efficiency of lighting installations: Software application and experimental validation.

Energy Rep. 2015, 1, 110–115. [CrossRef]
6. Pagden, M.; Ngahane, K.; Amin, M.S.R. Changing the colour of night on urban streets—LED vs. part-night lighting system.

Socio-Econ. Plan. Sci. 2020, 69, 100692. [CrossRef]
7. Fotios, S. LRT Digest 1 Maintaining brightness while saving energy in residential roads. Lighting Res. Technol. 2013, 45, 7–21.

[CrossRef]
8. Peña-García, A.; Hurtado, A.; Aguilar-Luzón, M.C. Impact of public lighting on pedestrians’ perception of safety and well-being.

Saf. Sci. 2015, 78, 142–148. [CrossRef]
9. Hung, S.T.; Chen, C.H.; Hsu, S.W.; Wu, K.N. Characterizations of LED road lighting for expressway by various on-site measure-

ment and analysis methods. In Proceedings of the Fifteenth International Conference on Solid State Lighting and LED-Based
Illumination Systems, San Diego, CA, USA, 31 August 2016.

10. Electrical Management Unit of Malaysian Public Works Department. Ujian Pencahayaan Lampu LED. Bul. Senggara Fasiliti Jalan
Suku Tahunan No. 18 JKR 21601-0012-12. Hardcopy Magazine, December 2012; pp. 20–21.

11. Mohd Yunin, N.A.; Shabadin, A.; Mohd Zulkifli, N.S.; Syed Mohamed Rahim, S.A. Effectiveness of Light-Emitting Diode (LED)
Street Lighting in Improving Drivers’ Vision and Perception; Malaysian Institute of Road Safety Research (MIROS): Kajang, Selangor,
Malaysia, 2015.

12. TEEAM. Technical Report: Suitability of LED for Road lighting in Malaysia; The Electrical and Electronics Association of Malaysia:
Kuala Lumpur, Malaysia, 2012.

13. Energy Commission. Malaysia Energy Statistics Handbook 2020; Energy Commission: Putrajaya, Malaysia, 2021.
14. Ministry of Energy Green Technology and Water Malaysia (KeTTHA). Green Technology Master Plan Malaysia 2017–2030; Ministry

of Energy Green Technology and Water Malaysia: Putrajaya, Malaysia, 2017.

http://doi.org/10.1109/TITS.2017.2700869
http://doi.org/10.1080/15502724.2019.1574138
http://doi.org/10.1109/ACCESS.2020.2978897
http://doi.org/10.1016/j.jclepro.2020.121060
http://doi.org/10.1016/j.egyr.2015.04.001
http://doi.org/10.1016/j.seps.2019.02.007
http://doi.org/10.1177/1477153512464141
http://doi.org/10.1016/j.ssci.2015.04.009


Energies 2022, 15, 4589 19 of 21

15. TNB. Electricity Tariff Schedule—Tenaga Nasional Berhad. Available online: https://www.tnb.com.my/ (accessed on
1 May 2022).

16. Ramli, R.M.; Arief, Y.Z.; Aziz, P.D.A. Application of LED technology into public road lighting in Malaysia for replacing the
high pressure sodium vapour lighting. In Proceedings of the International Conference on Sustainable Energy Engineering and
Application ICSEEA, Bandung, Indonesia, 5–7 October 2015; pp. 76–81.

17. Tähkämö, L.; Halonen, L. Life cycle assessment of road lighting luminaires—Comparison of light-emitting diode and high-
pressure sodium technologies. J. Clean. Prod. 2015, 93, 234–242. [CrossRef]

18. Babatunde, M.O.; Akinbulire, T.O.; Oluseyi, P.O.; Emezirinwune, M.U. Techno-economic viability of off-grid standalone PV-
powered LED street lighting system in Lagos, Nigeria. Afr. J. Sci. Technol. Innov. Dev. 2019, 11, 807–819. [CrossRef]

19. Jiang, Y.; Li, S.; Guan, B.; Zhao, G. Cost effectiveness of new roadway lighting systems. J. Traffic Transp. Eng. (Engl. Ed.) 2015, 2,
158–166. [CrossRef]

20. Khorasanizadeh, H.; Parkkinen, J.; Parthiban, R.; Moore, J.D. Energy and economic benefits of LED adoption in Malaysia. Renew.
Sustain. Energy Rev. 2015, 49, 629–637. [CrossRef]

21. Bang, Y.Y.; Lee, D.S.; Lim, S.R. Identification of principal design features to develop environmental friendly Light-Emitting Diode
(LED) bulbs. J. Nanoelectron. Optoelectron. 2016, 12, 625–630. [CrossRef]

22. Halonen, L.; Tetri, E.; Bhusal, P. (Eds.) Guidebook on Energy Efficient Electric Lighting for Buildings; Aalto University: Espoo, Finland,
2010.

23. Charnes, A.; Cooper, W.W.; Rhodes, E. Measuring the efficiency of decision making units. Eur. J. Oper. Res. 1978, 2, 429–444.
[CrossRef]

24. Farrell, M.J. The measurement of productive efficiency. J. R. Stat. Soc. Ser. A (Gen.) 1957, 120, 253–281. [CrossRef]
25. Mardani, A.; Zavadskas, E.K.; Streimikiene, D.; Jusoh, A.; Khoshnoudi, M. A comprehensive review of data envelopment analysis

(DEA) approach in energy efficiency. Renew. Sustain. Energy Rev. 2017, 70, 1298–1322. [CrossRef]
26. Ashuri, B.; Wang, J.; Shahandashti, M.; Baek, M. A data envelopment analysis (DEA) model for building energy benchmarking.

J. Eng. Des. Technol. 2019, 17, 747–768. [CrossRef]
27. Ervural, B.C.; Ervural, B.; Zaim, S. Energy Efficiency Evaluation of Provinces in Turkey Using Data Envelopment Analysis.

Procedia-Soc. Behav. Sci. 2016, 235, 139–148. [CrossRef]
28. Dyson, R.G.; Allen, R.; Camanho, A.S.; Podinovski, V.V.; Sarrico, C.S.; Shale, E.A. Pitfalls and protocols in DEA. Eur. J. Oper. Res.

2001, 132, 245–259. [CrossRef]
29. Ramli, N.A. Modeling Undesirable Factors in Efficiency Evaluation with an Application to the Malaysian Manufacturing Sector.

Ph.D. Thesis, University of Malaya, Kuala Lumpur, Malaysia, 2013.
30. Seiford, L.M.; Zhu, J. Modeling undesirable factors in efficiency evaluation. Eur. J. Oper. Res. 2002, 142, 16–20. [CrossRef]
31. Halkos, G.; Petrou, K.N. Treating undesirable outputs in DEA: A critical review. Econ. Anal. Policy 2019, 62, 97–104. [CrossRef]
32. Yang, H.; Pollitt, M. Incorporating both undesirable outputs and uncontrollable variables into DEA: The performance of Chinese

coal-fired power plants. Eur. J. Oper. Res. 2009, 197, 1095–1105. [CrossRef]
33. Zhang, B.; Bi, J.; Fan, Z.; Yuan, Z.; Ge, J. Eco-efficiency analysis of industrial system in China: A data envelopment analysis

approach. Ecol. Econ. 2008, 68, 306–316. [CrossRef]
34. Alfredsson, E.; Månsson, J.; Vikström, P. Internalising external environmental effects in efficiency analysis: The Swedish pulp and

paper industry 2000–2007. Econ. Anal. Policy 2016, 51, 22–31. [CrossRef]
35. Halkos, G.; Papageorgiou, G. Spatial environmental efficiency indicators in regional waste generation: A nonparametric approach.

J. Environ. Plan. Manag. 2016, 59, 62–78. [CrossRef]
36. Giacomella, L. Techno Economic Assessment (TEA) and Life Cycle Costing Analysis (LCCA): Discussing Methodological Steps and

Integrability; University of Ferrara: Ferrara, Italy, 2020.
37. Zimmermann, A.W.; Wunderlich, J.; Müller, L.; Buchner, G.A.; Marxen, A.; Michailos, S.; Armstrong, K.; Naims, H.; McCord, S.;

Styring, P.; et al. Techno-economic assessment guidelines for CO2 utilization. Front. Energy Res. 2020, 8, 5. [CrossRef]
38. Islam, M.T.; Huda, N.; Saidur, R. Current energy mix and techno-economic analysis of concentrating solar power (CSP)

technologies in Malaysia. Renew. Energy 2019, 140, 789–806. [CrossRef]
39. Yoomak, S.; Jettanasen, C.; Ngaopitakkul, A.; Bunjongjit, S.; Leelajindakrairerk, M. Comparative study of lighting quality and

power quality for LED and HPS luminaires in a roadway lighting system. Energy Build. 2018, 159, 542–557. [CrossRef]
40. Beccali, M.; Bonomolo, M.; Lo Brano, V.; Ciulla, G.; Di Dio, V.; Massaro, F.; Favuzza, S. Energy saving and user satisfaction for a

new advanced public lighting system. Energy Convers. Manag. 2019, 195, 943–957. [CrossRef]
41. Ochs, K.S.; Miller, M.E.; Thal, A.E., Jr.; Ritschel, J.D. Proposed method for analyzing infrastructure investment decisions involving

rapidly evolving technology: Case study of LED streetlights. J. Manag. Eng. 2014, 30, 41–49. [CrossRef]
42. Tähkämö, L.; Ylinen, A.; Puolakka, M.; Halonen, L. Life cycle cost analysis of three renewed street lighting installations in Finland.

Int. J. Life Cycle Assess. 2012, 17, 154–164. [CrossRef]
43. Campisi, D.; Gitto, S.; Morea, D. Economic feasibility of energy efficiency improvements in street lighting systems in Rome.

J. Clean. Prod. 2018, 175, 190–198. [CrossRef]
44. Kim, J.T.; Hwang, T. Feasibility study on LED street lighting with smart dimming systems in Wooi Stream, Seoul. J. Asian Archit.

Build. Eng. 2017, 16, 425–430. [CrossRef]
45. PLUS Malaysia Berhad, Road Lighting Application. 2019.

https://www.tnb.com.my/
http://doi.org/10.1016/j.jclepro.2015.01.025
http://doi.org/10.1080/20421338.2019.1586112
http://doi.org/10.1016/j.jtte.2015.03.004
http://doi.org/10.1016/j.rser.2015.04.112
http://doi.org/10.1166/jno.2017.2065
http://doi.org/10.1016/0377-2217(78)90138-8
http://doi.org/10.2307/2343100
http://doi.org/10.1016/j.rser.2016.12.030
http://doi.org/10.1108/JEDT-08-2018-0127
http://doi.org/10.1016/j.sbspro.2016.11.009
http://doi.org/10.1016/S0377-2217(00)00149-1
http://doi.org/10.1016/S0377-2217(01)00293-4
http://doi.org/10.1016/j.eap.2019.01.005
http://doi.org/10.1016/j.ejor.2007.12.052
http://doi.org/10.1016/j.ecolecon.2008.03.009
http://doi.org/10.1016/j.eap.2016.05.002
http://doi.org/10.1080/09640568.2014.983592
http://doi.org/10.3389/fenrg.2020.00005
http://doi.org/10.1016/j.renene.2019.03.107
http://doi.org/10.1016/j.enbuild.2017.11.060
http://doi.org/10.1016/j.enconman.2019.05.070
http://doi.org/10.1061/(ASCE)ME.1943-5479.0000177
http://doi.org/10.1007/s11367-011-0345-z
http://doi.org/10.1016/j.jclepro.2017.12.063
http://doi.org/10.3130/jaabe.16.425


Energies 2022, 15, 4589 20 of 21

46. Tähkämö, L.; Räsänen, R.-S.; Halonen, L. Life cycle cost comparison of high-pressure sodium and light-emitting diode luminaires
in street lighting. Int. J. Life Cycle Assess. 2016, 21, 137–145. [CrossRef]

47. Chang, Y.; Wei, Y.; Zhang, J.; Xu, X.; Zhang, L.; Zhao, Y. Mitigating the greenhouse gas emissions from urban roadway lighting
in China via energy-efficient luminaire adoption and renewable energy utilization. Resour. Conserv. Recycl. 2021, 164, 105197.
[CrossRef]

48. Duman, A.C.; Güler, Ö. Techno-economic analysis of off-grid photovoltaic LED road lighting systems: A case study for northern,
central and southern regions of Turkey. Build. Environ. 2019, 156, 89–98. [CrossRef]

49. Beccali, M.; Bonomolo, M.; Leccese, F.; Lista, D.; Salvadori, G. On the impact of safety requirements, energy prices and investment
costs in street lighting refurbishment design. Energy 2018, 165, 739–759. [CrossRef]

50. Carli, R.; Dotoli, M.; Pellegrino, R. A decision-making tool for energy efficiency optimization of street lighting. Comput. Oper. Res.
2018, 96, 222–234. [CrossRef]

51. Djuretic, A.; Kostic, M. Actual energy savings when replacing high-pressure sodium with LED luminaires in street lighting.
Energy 2018, 157, 367–378. [CrossRef]

52. Juntunen, E.; Tetri, E.; Tapaninen, O.; Yrjana, S.; Kondratyev, V.; Sitomaniemi, A.; Siirtola, H.; Sarjanoja, E.M.; Aikio, J.; Heikkinen,
V. A smart LED luminaire for energy savings in pedestrian road lighting. Lighting Res. Technol. 2015, 47, 103–115. [CrossRef]

53. Bunjongjit, S.; Ananwattanaporn, S.; Ngaopitakkul, A.; Jettanasen, C.; Patcharoen, T. Design and application of daylight-based
lighting controller on LED luminaire. Appl. Sci. 2020, 10, 3415. [CrossRef]

54. Pipattanasomporn, M.; Rahman, S.; Flory, I.; Teklu, Y. Engineering design and assessment of a demand-sensitive LED streetlighting
system. Sustain. Energy Technol. Assess. 2014, 7, 136–146. [CrossRef]

55. Yun, G.Y.; Jung, H.; Kim, J.T. Energy-saving potential of LED lighting systems. Indoor Built Environ. 2013, 22, 235–241. [CrossRef]
56. Filimonova, A.A.; Barbasova, T.A.; Shnayder, D.A. Outdoor Lighting System Upgrading Based on Smart Grid Concept. Energy

Procedia 2017, 111, 678–688. [CrossRef]
57. Zissis, G.; Bertoldi, P.; Serrenho, T. Update on the Status of LED-Lighting World Market Since 2018; Publications Office of the European

Union: Luxembourg, 2021.
58. Cree LED Lamps. Available online: https://www.creelighting.com/products/ (accessed on 13 May 2022).
59. GE LED Lamps. Available online: https://www.gelighting.com/led-lights (accessed on 13 May 2022).
60. Philips Lighting. Available online: http://www.lighting.philips.com/main/prof (accessed on 13 May 2022).
61. Qu, X.; Wang, H.; Zhan, X.; Blaabjerg, F.; Chung, H.S.-H. A lifetime prediction method for LEDs considering real mission profiles.

IEEE Trans. Power Electron. 2017, 32, 8718–8727. [CrossRef]
62. Rofaie, N.S.A.; Phoong, S.W.; Talib, M.A. Sulaiman A. Light-emitting diode (LED) research: A bibliometric analysis during

2003–2018. Qual. Quant. 2022. [CrossRef]
63. Sun, B.; Fan, X.; Ye, H.; Fan, J.; Qian, C.; van Driel, W.; Zhang, G. A novel lifetime prediction for integrated LED lamps by

electronic-thermal simulation. Reliab. Eng. Syst. Saf. 2017, 163, 14–21. [CrossRef]
64. Tannous, S.; Manneh, R.; Harajli, H.; El Zakhem, H. Comparative cradle-to-grave life cycle assessment of traditional grid-

connected and solar stand-alone street light systems: A case study for rural areas in Lebanon. J. Clean. Prod. 2018, 186, 963–977.
[CrossRef]

65. Enongene, K.E.; Murray, P.; Holland, J.; Abanda, F.H. Energy savings and economic benefits of transition towards efficient lighting
in residential buildings in Cameroon. Renew. Sustain. Energy Rev. 2017, 78, 731–742. [CrossRef]

66. Santos, L.; Soares, I.; Mendes, C.; Ferreira, P. Real Options versus traditional methods to assess renewable energy projects. Renew.
Energy 2014, 68, 588–594. [CrossRef]

67. Thanassoulis, E. Introduction to the Theory and Application of Data Envelopment Analysis; Springer: New York, NY, USA, 2001.
68. Coelli, T.; Rao, D.S.; Battese, G.E. Efficiency measurement using data envelopment analysis (DEA). In An Introduction to Efficiency

and Productivity Analysis; Springer: Bostan, MA, USA, 1998; pp. 133–160.
69. Färe, R.; Lovell, C.A.K. Measuring the technical efficiency of production. J. Econ. Theory 1978, 19, 150–162. [CrossRef]
70. Golany, B.; Roll, Y. An application procedure for DEA. Omega 1989, 17, 237–250. [CrossRef]
71. Banker, R.D.; Charnes, A.; Cooper, W.W.; Swarts, J.; Thomas, D. An introduction to data envelopment analysis with some of its

models and their uses. Res. Gov. Nonprofit Account. 1989, 5, 125–163.
72. Azad, M.A.K. Modeling bank efficiency in Malaysia: An adaptive network Data envelopment analysis approach. Ph.D. Thesis,

University of Malaya, Kuala Lumpur, Malaysia, 2018.
73. Cook, W.D.; Tone, K.; Zhu, J. Data envelopment analysis: Prior to choosing a model. Omega 2014, 44, 1–4. [CrossRef]
74. Touqeer, J.A.; Memon, H.H.; Soomro, S.A.; Tunio, N.A. Economic and environmental analysis of converting grid supplied HPS

lights to solar PV powered LEDs in street lighting at Khairpur Mirs’ Pakistan. Indian J. Sci. Technol. 2016, 9, 1–6. [CrossRef]
75. Ang, B.W.; Su, B. Carbon emission intensity in electricity production: A global analysis. Energy Policy 2016, 94, 56–63. [CrossRef]
76. Al Irsyad, M.I.; Nepal, R. A survey based approach to estimating the benefits of energy efficiency improvements in street lighting

systems in Indonesia. Renew. Sustain. Energy Rev. 2016, 58, 1569–1577. [CrossRef]
77. George Allwyn, R.; Al Abri, R.; Malik, A.; Al-Hinai, A. Economic Analysis of Replacing HPS Lamp with LED Lamp and Cost

Estimation to Set Up PV/Battery System for Street Lighting in Oman. Energies 2021, 14, 7697. [CrossRef]

http://doi.org/10.1007/s11367-015-1000-x
http://doi.org/10.1016/j.resconrec.2020.105197
http://doi.org/10.1016/j.buildenv.2019.04.005
http://doi.org/10.1016/j.energy.2018.10.011
http://doi.org/10.1016/j.cor.2017.11.016
http://doi.org/10.1016/j.energy.2018.05.179
http://doi.org/10.1177/1477153513510015
http://doi.org/10.3390/app10103415
http://doi.org/10.1016/j.seta.2014.04.004
http://doi.org/10.1177/1420326X12470298
http://doi.org/10.1016/j.egypro.2017.03.230
https://www.creelighting.com/products/
https://www.gelighting.com/led-lights
http://www.lighting.philips.com/main/prof
http://doi.org/10.1109/TPEL.2016.2641010
http://doi.org/10.1007/s11135-022-01314-y
http://doi.org/10.1016/j.ress.2017.01.017
http://doi.org/10.1016/j.jclepro.2018.03.155
http://doi.org/10.1016/j.rser.2017.04.068
http://doi.org/10.1016/j.renene.2014.01.038
http://doi.org/10.1016/0022-0531(78)90060-1
http://doi.org/10.1016/0305-0483(89)90029-7
http://doi.org/10.1016/j.omega.2013.09.004
http://doi.org/10.17485/ijst/2016/v9i47/108656
http://doi.org/10.1016/j.enpol.2016.03.038
http://doi.org/10.1016/j.rser.2015.12.294
http://doi.org/10.3390/en14227697


Energies 2022, 15, 4589 21 of 21

78. Lindawati, L.; Nugraha, N.; Mayasari, M.; Supriatna, N. Financial estimation on street lighting using LED technology. J. Eng. Sci.
Technol. 2019, 14, 68–81.

79. Khan, N.; Abas, N. Comparative study of energy saving light sources. Renew. Sustain. Energy Rev. 2011, 15, 296–309. [CrossRef]
80. Zhang, Z.E.; Pan, S.Y.; Li, H.; Cai, J.C.; Olabi, A.G.; Anthony, E.J.; Manovic, V. Recent advances in carbon dioxide utilization.

Renew. Sust. Energ. Rev. 2020, 125, 109799. [CrossRef]

http://doi.org/10.1016/j.rser.2010.07.072
http://doi.org/10.1016/j.rser.2020.109799

	Introduction 
	Literature Review 
	Lamp Technologies 
	Concept of Efficiency in DEA 
	Input-Output Variables Selection 
	Techno-Economic Analysis of Road Lighting System 
	Energy Consumption 
	Lifetime of the Luminaire 
	Environmental Concern in Road Lighting System 


	Materials and Methods 
	Techno-Economic Analysis (TEA) 
	Data Envelopment Analysis (DEA) 
	CCR of DEA Model 
	DDF of DEA Model 

	Specification of Variables Selection 
	Determination of Research Area and Decision-Making Unit (DMU) 
	Determination of Input and Output Variables 
	Data Source 


	Results and Discussion 
	The NPV, IRR, ROI, Cash Flow, and Payback Period 
	Technical Efficiency 
	Comparing Technical Efficiency Groups Test 
	Eco-Efficiency 
	Comparing Eco-Efficiency Groups Test 
	Comparative Efficiency between CCR and DDF Approach 

	Conclusions 
	References

