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ABSTRACT This paper presents a road lighting control system that uses a light-dependent resistor sensor
cooperating with an Internet protocol camera to the lower energy consumption during unnecessary use of
a lighting system. A microcontroller was used as a control circuit to automatically control the brightness
of a light-emitting diode (LED) luminaire, increasing or decreasing the brightness depending on traffic
density. The proposed lighting control system was integrated into a nanogrid solar road lighting system
and analysed through an experimental setup. Furthermore, nanogrid solar road lighting systems in LED solar
stand-alone and grid-connected operations, with and without the proposed lighting control, were investigated
and compared with a conventional existing road lighting system in terms of economic feasibility, based on the
following indicators: discounted payback period, net present value, internal rate of return, and profitability
index. The results indicate that the use of the Internet protocol camera with the LED sensor can automatically
control the on/off state or illuminance levels of the LED luminaire, thereby lowering the energy consumption
of the road lighting system when lighting is not required. The economic assessment results indicate that the
nanogrid solar road lighting system in LED solar stand-alone and grid-connected road lighting modes exhibit
feasibility for investment; the latter providesmore economic feasibility. However, when the proposed lighting
control is included, the nanogrid solar road lighting system in both modes have lower initial investment costs
and save more energy. Consequently, the economic results are improved. The use of the proposed lighting
control is thus economically feasible for road lighting systems.

INDEX TERMS Nanogrid, solar systems, LED luminaires, road lighting systems, economic evaluation,
adaptive lighting control.

I. INTRODUCTION
A road lighting system is designed to provide safety and
visual clarity for drivers throughout the night. Sufficient light-
ing can decrease night-time accidents by 30–35% compared
with an inefficient road lighting system [1], [2]. However, the
quality of a large scale road lighting system is brought to the
required standard [3] by providing high electrical energy uti-
lization; sometimes, this exceeds 40% of total energy demand
in cities [4], [5]. In Thailand, the energy consumption of road
lighting systems is an increasing burden on the government
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authority’s budgets in the free-of-charge services, which was
approximately 211 GWh in 2019 [6].

In practice, the consumption of road lighting relies on the
type of luminaire used. Existing several road lighting systems
in Thailand still use conventional light sources, and the light
is on continuously during the dark, leading to high energy
consumption. These concerns were addressed by introducing
light-emitting diode (LED) luminaires tominimize the energy
consumption; LED luminaires are more effective compared
with conventional luminaires in terms of lighting quality,
lifetime, colour rendering, light distribution efficacy, and
energy saving [7], [8]. However, the introduction of LED
road lighting systems is only a first step, because energy
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consumption in road lighting systems can be decreased fur-
ther using intelligent controls.

In addition to the energy efficiency of LED technologies,
automatic on/off control has generated new opportunities
for minimizing energy consumption in road lighting sys-
tems [9]–[14]. Here, road lighting systems are controlled to
activate and deactivate according to the presence of natu-
ral light and object detection using embedded sensors, such
as light-dependent resistors (LDRs) [9], [14], infrared (IR)
sensors [10]–[12], [14], and cameras [13]. The LDR sensor
controls the road lighting function completely based on the
availability of natural light [9], [14]. The IR and camera are
used to detect objects such as vehicles and pedestrians on
the road [10]–[14]. In addition, the camera can provide other
benefits of monitoring [15], [16] such as crime detection [9]
and dimming control [17], [18]. However, the automatic
on/off control still cannot vary light intensity based on traf-
fic volumes, causing excessive energy consumption during
unnecessary utilization.

Owing to the rapid convergence of new technologies such
as LED lighting, sensors, and small-size controllers, smart
lighting control has become feasible. The brightness of road
lighting systems can control on/off functions and the light
intensity depending on use [19]–[29] to decrease unnecessary
utilization, and hence save more energy. Ref. [21] adopted
passive infrared (PIR) sensors to track vehicle movement to
optimize the illuminance levels of a road lighting system.
Refs. [26] and [22] investigated intelligent control strate-
gies for energy optimization. Additionally, improved reliabil-
ity, enhanced safety, lower cost, and more user satisfaction
were discussed. The proposed strategies can save energy
by 66–82% depending on the variations in daylight hours.
Moreover, wireless sensor networks were applied to dim road
lighting systems to achieve high energy efficiency and low
implementation costs [25]. In Ref. [23], a deterministic model
for a light on demand (LoD) system was employed to control
the intensity of road lights in relation to real-time traffic
volumes.

Furthermore, smart lighting control systems are integrated
with other attractive features based on innovations in Internet-
of-Things (IoT) technologies [10], [19], [28], [30] and soft
computing methods [15], [20], resulting in lower energy con-
sumption, better energy management, higher visual comfort,
and higher safety. For instance, an IoT technique for a control
network to control the light intensity of road lighting systems
was presented in [19], [30]. In addition, the IoT technologies
provided services for road comfort and safety to the driver.
In addition to using IoT to control road lighting systems,
Ref, [28] adopted an IoT network with wireless control based
on a mesh communication network to address environmental
detection, security, maintenance, and energy management
improvement. Furthermore, soft computing methods used
in road lighting systems include artificial intelligence (AI),
artificial neural networks (ANNs), and fuzzy logic controllers
(FLCs). Ref. [15] employed AI to design intelligent manage-
ment for road lighting systems to lower electricity costs and

maintain maximum visual comfort in required traffic areas.
Ref. [20] used anANN and FLC to create an efficient decision
process using sensors for demand based on road utilization
and to avoid the unnecessary use of road lighting systems.
In that study, a 13.5% reduction in energy consumption was
achieved.

Although, as previously mentioned, the use of LED tech-
nologies and smart lighting control systems can result in
many benefits of lower energy consumption [7]–[30], road
lighting systems still consume a significant share of energy
from electrical grids. Hence, this results in high energy costs
and greenhouse emissions. This is addressed by integrating
solar systems into the road lighting system; these convert
solar energy into electrical energy to supply the road light-
ing system [7], [11], [27]–[32], [36], [37]. In Ref. [31],
replacing a conventional road lighting system with a solar
system resulted in benefits such as cost effectiveness, energy
efficiency, high durability, higher lumen output, and environ-
mental friendliness. An economic evaluation to investigate
the integration of a solar system into a road lighting system
was discussed in [32]. The study observed that, if a road
lighting system already exists and requires no modernization,
there is satisfied for investment. For smart solar road lighting
systems, Ref. [11] claimed that using automatic on/off light-
ing control with the use of solar energy can be an effective
solution for saving energy. Ref. [29] conducted control-based
traffic detection to adjust light intensity to decrease lighting
consumption for a solar stand-alone road lighting system.
Through this technique, the energy cost and energy utilization
can be reduced by 29 and 47%, respectively. In conclusion,
integrating solar systems into the road lighting systems could
be a promising solution for increasing the energy efficiency of
these systems [7], [11], [27]–[32], [36], [37]. However, owing
to the high initial and operation costs of additional solar
systems, their economic feasibility proves unsatisfactory for
investment [36], [37].

In practice, many papers focus on the economic evaluation
of refurbished road lighting [32]–[35]. An investigation of the
economic benefits of investing in a solar system and LED
technologies in existing or developed road lighting systems
were discussed in [32]. Economic indicators such as the inter-
nal rate of return (IRR), profitability index (PI), discounted
payback period (DPP), and net present value (NPV) were
used to compare the developed road lighting systems. The
study claimed that the integration of a solar system into a road
lighting system can be achieved if the latter already exists
and requires no modernization. Reference [33] presented an
economic evaluation model for replacing conventional lumi-
naires with LED ones in a road lighting system. Although
the cost of LED luminaires is still the main barrier to invest-
ment, their use is economically advisable owing to decreased
maintenance and low energy consumption. Reference [34]
proposed a step-by-step process for the lighting, energy, and
economic analysis of road lighting refurbishment designs.
When road lighting systems are refurbished, the annual costs
could be reduced by up to 33% because of the decrease
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in electricity and maintenance costs. Hence, the economic
evaluation based on a payback indicator demonstrated accept-
able investments. However, the payback value is sensitive to
variations in electricity cost. Another paper [35] on adopting
LED technologies proved that using LED luminaires as sub-
stitutes for conventional light sources is economically worthy
based on the analysis of various factors: power consumption,
maintenance costs, carbon dioxide emissions, and road safety.
From paper [32]–[37], it is pointed that although the solar
road lighting systems with lighting control systems provide
significant energy saving, the additional investment costs of
these technologies require to be considered.

In this field, we proposed improving road lighting energy
efficiency through economic analysis, by adopting LED tech-
nologies to replace conventional light sources [7], inves-
tigating the feasibility of various energy storage systems
for LED solar stand-alone road lighting systems [36], and
developing road lighting systems using nano-grid technolo-
gies [37], [41]. However, our papers state that the integration
of a solar stand-alone system into a road lighting system
provides an unsatisfactory economic aspect owing to high
initial investment costs of the additional solar system. In this
study, we applied smart lighting control to dim solar road
lighting systems according to vehicle detection to lower the
energy consumption during unnecessary utilization. Further-
more, the economic analysis of the solar road lighting systems
with and without the proposed lighting control is discussed in
the paper.

The contributions of this paper are summarized as follows:
- To cope with high installation costs in the nanogrid
solar road lighting system due to a large demand of the
lighting system operation at nighttime, a road-lighting
control based on adaptive traffic conditions using an
LDR sensor in conjunction with an Internet protocol (IP)
camera to eliminate unnecessary energy consumption is
proposed.

- The adaptive lighting control integrated into the
nanogrid solar road lighting system in LED solar
stand-alone and grid-connectedmodeswas designed and
tested by using an experimental setup. Additionally, the
energy efficiency of using the proposed lighting control
system was also compared to the system without light
control.

- To prove the energy efficiency and economic feasibil-
ity of the proposed control lighting system, we stud-
ied the economic feasibility of nanogrid solar road
lighting systems in LED solar stand-alone and LED
solar grid-connected modes, both with and without
the proposed lighting control adopted, were analysed
and compared with the conventional road lighting
system.

The remainder of the paper is structured as follows.
Section 2 provides nanogrid solar road lighting systems
integrated with a lighting control concept, encompassing
road lighting control, nanogrid solar road lighting systems
with and without lighting control. Section 3 introduces

experimental setup and results in cases of nanogrid solar
road lighting with and without lighting control. In Section 4,
an economic feasibility analysis, including the investigation
outline, system component design, and economic evaluation
results, is described. Section 5 presents the discussion of
economic aspects. Finally, Section 6 presents the conclusions,
summarizing the main contributions and suggesting direc-
tions for future studies.

II. NANOGRID ROAD LIGHTING SYSTEMS INTEGRATED
WITH LIGHTING CONTROL CONCEPT
A. NANOGRID SYSTEMS WITHOUT CONTROL
In this research, the concept of a nanogrid solar road lighting
system is a road lighting system that uses a solar system to
generate electrical energy, enabling operation in stand-alone
and grid connection modes [37], [41], is undertaken.

Two major infrastructures for installing solar cell systems
with road lighting systems exist: solar systems to generate
power to supply the road lighting systems during the dark,
which is an LED solar stand-alone road lighting system,
and feeding it to the electrical grid, which is a LED solar
grid-connected road lighting system. Thus, the latter systems
do not relate to the operation of road lighting systems. Both
solar road lighting systems have features that provide differ-
ent advantages and disadvantages depending on the purpose
of use.

Fig. 1 show the integration of nanogrid solar systems into
road lighting systems which can operate in the LED solar
stand-alone and grid-connected road lighting modes. The
former operation comprises solar panels, a solar charger,
an energy storage system, LED luminaires, and an inverter as
shown Fig. 1(a). During the daytime, electrical energy gener-
ated from solar panels is stored in the central energy storage
system using the solar charger, which controls the voltage and
power for charging. The solar charger is employed to extract
electrical energy from the energy storage system to supply
the LED luminaires via the inverter, which is used to con-
vert direct current into alternating current. In comparison,
the LED solar grid-connected road lighting system operation
consists of solar panels, a central grid-tied inverter, and LED
luminaires as shown Fig. 1(b). During the daytime, if the
electrical energy generated from the solar panels is more than
the energy used in the road lighting system, the surplus energy
will be sent into the electrical grid via the central grid-tied
inverter. At night, the system has ability to draws electric
energy from the electrical grid to supply the road lighting
system when the batteries are run out.

B. NANOGRID SYSTEMS WITH LIGHTING CONTROL
The nanogrid solar road lighting system operated in LED
solar stand-alone and grid-connectedmodes can be integrated
with the proposed lighting control using an Internet pro-
tocol camera, as shown in Figs. 2(a) and (b), respectively.
As the figure shows, a vehicle is moving forward at a high
speed on the main road. Road lighting systems are installed
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FIGURE 1. Diagram of nanogrid solar system application.

symmetrically. Thus, installing detection devices, i.e. IP cam-
era and LDR sensor, on every road lighting pole is not nec-
essary. The LED luminaires are grouped to receive control
signals from the central control system. The LDR sensor is
used to switch the LED luminaires on or off based on ambient
light, while the IP camera is employed to detect vehicles
to adaptively adjust the illuminance of the LED luminaire
according to traffic volume. The road lighting systems are
not operated at full capacity all the time, which lowers the
energy consumption. The required sizes of the solar panels
and energy storage systems decrease because of the lower
solar system cost.

III. EXPERIMENT AND RESULTS OF THE NANOGRID
ROAD LIGHTING SYSTEMS
A. NANOGRID SOLAR ROAD LIGHTING SYSTEMS
WITHOUT LIGHTING CONTROL
From previous work [37], [41], the proposed nanogrid solar
road lighting system was investigated in a laboratory to
analyse power quality parameters and its performance. The
experimental setup was designed to into two parts: an LED
solar stand-alone and an LED solar grid connection oper-
ation modes. Fig. 3 presents the schematic diagram of the
proposed nanogrid solar road lighting system, consisting
of stand-alone operation and grid connection operation as
depicted in Figs. 3(a) and (b), respectively.

For the nanogrid solar road lighting system based on
stand-alone operation (see Fig. 3(a)), The experimental setup

received three-phase voltage (AC) of 400/230 V (denoted
by number 1) from a laboratory to supply the PV simulator
(denoted by number 2); a PV simulator was used to simulate
a solar panel of 300 W. The 24 V, 120 Ah lead-acid battery
(denoted by number 7) was used as an energy storage system.
The battery was charged by electrical energy from the PV
simulator by the 24 V, 30-amp charge controller (denoted by
number 6). The 120WLED luminaire (denoted by number 5)
was supplied by the electrical energy from the battery using
the charge controller through a 500 W pure sine wave
inverter (denoted by number 8) to convert the battery’s DC
into AC.

In Fig. 3(b), the nanogrid solar road lighting system based
on grid connection operation was presented. The experimen-
tal setup received three-phase voltages (denoted by number 1)
from the laboratory to supply the PV simulator (denoted
by number 2). Thus, the characteristic of a 300 W solar
panel was determined to be an energy source. The energy
generated from the PV simulator was fed into the electrical
grid (denoted by number 7) with a voltage of 220 V and
frequency of 50 Hz related to the electrical grid conditions.
A 250 W microinverter (denoted by number 6) was used to
convert the direct current of the solar energy system into the
alternating current of the electrical grid. For the road lighting
system, the 120WLED luminaire (denoted by number 5) was
supplied by the electrical grid.

The power quality meter (denoted by number 3) was
employed to measure and record data, while the current

202626 VOLUME 8, 2020



P. Chiradeja et al.: Economic Analysis of Improving the Energy Efficiency of Nanogrid Solar Road Lighting

FIGURE 2. Diagram of nanogrid solar road lighting systems with lighting control.

TABLE 1. Power quality parameters of a 120 w led luminaire

waveform was also observed using the oscilloscopes denoted
by number 4.

The measurement results of a 120 W LED luminaire based
on the LED solar stand-alone and the grid connection oper-
ation were presented in Tables I. It is found that whether the
systems operate in stand-alone or grid connection modes, the
system must supply the active power for the luminaire equal
to 121 W. Although LED luminaires are used in road lighting
systems to save energy, they provide a constant light value at
their rated value. However, the road does not always contain
a high traffic density; thus, there is an energy loss. For this
reason, a lighting control system dependable on traffic usage
is necessary for saving energy consumption in the nanogrid

solar road lighting system. Additionally, further results like
power quality, battery charging, solar generation, and electri-
cal grid impacts has caried out and discussed in [37], [41].

B. NANOGRID SOLAR ROAD LIGHTING SYSTEMS WITH
LIGHTING CONTROL
By considering a lighting control system applied for the
nanogrid solar road lighting system, Fig.4 shows a schematic
of lighting control based on an IP camera in the nanogrid
solar road lighting system divided into stand-alone and grid
connection modes (see in Figs. 4(a) and (b) respectively). A
1-phase AC source (denoted as 1) used to supply an LED
luminaire and LED driver. When the nanogrid solar road
lighting system operated in stand-alone mode, the AC source
from batteries is employed. However, when batteries are run
out, the nanogrid solar road lighting system will be operated
in grid connection mode. Thus, the AC source from the
electrical grid is utilized. The light control system comprises
the following: a 1-phase AC source (denoted as 1) used to
supply an LED luminaire and LED driver; a power quality
meter (2) used to measure electrical parameters; an oscillo-
scope (3) used to record the waveforms; an LED luminaire
(4) used as the light source for the road lighting system; an
LED driver (5) used to convert high voltages of alternating
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FIGURE 3. The schematic diagram of the proposed nanogrid solar road
lighting system.

current to low voltages of direct current and to maintain the
voltage and current flowing through the LED circuit at their
rated levels; a light control circuit (6) cooperating with an
Arduino Uno R3 microcontroller (7); a computer (8) used
to process the data obtained from the IP camera; a power-
over-Ethernet (PoE) injector (9) used to supply power to the
camera and split the signals from the camera to the computer;
and an IP camera (10) used to detect moveable objects such
as vehicles with high accuracy using infrared light, making
it useable under low-brightness conditions. The IP camera
constitutes a closed-circuit television (CCTV) with a net-
work system, consisting of image processing, compression
video analysis, and network functions. In the case study,
a bullet-style Axis P1425-LE camera was used to provide
high-definition images. The camera features include a power-
efficient infrared LED technology for automatic illumination
of a scene in complete darkness of 0.25 lx and a controllable
frame rate of 25–30 s. The outdoor-ready camera includes the
international protection rating 66 (IP 66).

An AVR microcontroller board (Arduino) of the UNO R3
model was employed as the control circuit to control the
brightness of the LED luminaire. The IP camera was used as
a sensor to detect signals from traffic conditions. It perceived
the movement of a vehicle before it arrived at a road light-

ing pole, by observing the headlights and movement of the
vehicle using LabVIEW software. The LabVIEW software
was employed to create commands for the IP camera to
detect the movement and headlights of vehicles, enabling it
to distinguish which objects were vehicles or pedestrians.
Subsequently, the signal from the LabVIEW software was
sent to the AVR microcontroller to control the brightness via
a light control circuit. When several vehicles moved through
the detection area, the brightness of the road lighting system
was increased. In contrast, the brightness was decreased if an
insufficient number of vehicles passed through the detection
area. Furthermore, the microcontroller was connected to an
LDR sensor installed in the light control circuit of the LED
luminaire and was used to control the on/off switching of the
LED luminaire automatically depending on the ambient light.

Fig. 4 (c) shows the flowchart of the proposed road lighting
control. The operation of the light control circuit began with
the LDR sensor detecting the brightness from the external
environment. If the voltage generated from the LED sensor
was less than 3.7 V, the microcontroller sent a signal to switch
on the LED luminaire to the lowest brightness. Subsequently,
the IP camera detected traffic density to control the light
intensity of the luminaire to make it suitable for driving in
each period. The traffic density detection comprised two con-
ditions: vehicles moving over both assumption lines written
in the LabVIEW software (Fig. 5(a)) and brightness values in
a reference frame as high as the determined value (Fig. 5(b)).
The former condition was used to identify object movement
and the latter to check whether the object was a vehicle.
When both conditions were satisfied, the software began
counting vehicles and timers. If vehicles passed by within
the following 5 s, the number of vehicles was counted up.
By contrast, if vehicles disappeared, the number of vehicles
was counted down by one. Hence, the number of vehicles
detected by the camera varied with the brightness of the road
lighting system. When the brightness of daylight increased
until the LDR sensor receives voltage values greater than 3.7
V, the light control circuit sent signals to turn off the LED
luminaire.

The signal used to control the LED luminaire was a pulse
width modulation (PWM) signal from the AVR microcon-
troller and was generated by mixing triangle and sine wave
signals. The result of the mixing of such signals were pulse
signals that had two statuses: an open state or a high signal
(1) which meant the LED luminaire was fully lit, and a closed
status or a low signal (0) which meant the LED luminaire was
turned off

By observing the high-frequency control signal used to
adjust the brightness of the LED luminaire, the microcon-
troller generated the control signal, i.e. the PWM signal
in the term of duty cycle adjustment, from a comparison
of the signal with a sawtooth waveform. When the latter
was less than the former, the PWM signal was in a high
state (1), and the LED luminaire was switched on. Otherwise,
it was in the low state (0), and the LED luminaire was
switched off.
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FIGURE 4. The schematic diagram of light control with an internet protocol camera.

The power quality from the light control of the road light-
ing system with the IP camera was measured using an oscil-
loscope. The oscilloscope observed the input voltage of the
LED driver, while the brightness was controlled by adjusting
a duty cycle (Fig. 6). The PWM signal used to control the

LED luminaire’s brightness was smooth and had no ripples.
Thus, the light control circuit applied for the LED road light-
ing system did not cause a severe voltage spike when the LED
luminaire was dimmed.We confirmed that, although the used
PWM signal had a high frequency, i.e. 489.649 Hz, it did not
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FIGURE 5. The traffic density detection concept.

affect the LED luminaire lifetime. In addition, the lighting
control system operated at high-frequency ranges, leading to
a fast-response brightness control. Hence, it did not harm the
lighting quality for drivers.

If the LDR sensor observed an ambient light lower than
the set value, the LED luminaire was ignited by the designed
control system and was controlled to the lowest illuminance
(Table II)—an illuminance value of 24.69 lx, controlled by
a voltage of 2.99 V. When a vehicle moved into the detec-
tion zone, the designed light control circuit automatically
increased the voltage according to the specified conditions.
As a result, the road lighting system had more brightness.
The increased illuminance values were varied according to
the number of vehicles that the IP camera could detect.
We observed that the designed road lighting system could
adjust brightness depending on traffic density to be suit each
period. However, higher brightness caused higher energy
consumption.

In terms of energy efficiency, the proposed light control
system using the IP camera could significantly decrease
energy consumption, as it was not always necessary for the
nanogrid solar road lighting system to provide the maximum
brightness. When no vehicle passed through the detected
area, the illuminance was controlled to the minimum value
of 24.69 lx. However, when vehicle movement was detected,
the illuminance was increased to a value between 34.13 and
55.11 lx, depending on the traffic density.

With the proposed lighting control system, the nanogrid
solar road lighting system could save themaximum amount of
energy consumption, up to 60%. Additionally, an economic

FIGURE 6. Duty cycle signal of LED driver used to control brightness.

TABLE 2. The power quality of the nanogrid solar road lighting system
based on the number of vehicles.

evaluation of the nanogrid solar road lighting systems in
the LED solar stand-alone and grid-connection modes with
the proposed lighting control is presented here. Owing to the
movement characteristics of vehicles travelling in the same
direction, the IP camera was used to detect vehicles in a
wide range based on the proposed technique. Consequently,
installing an IP camera on every road lighting pole to control
the lighting was not necessary. In addition, the IP camera had
a network system feature to send output signals to the control
circuit installed with the LED luminaire(s) to control the illu-
minance levels of the LED luminaires under consideration.

IV. ECONOMIC FEASIBILITY ANALYSIS
This section analyses the economic feasibility of using the
proposed lighting control for the nanogrid solar road lighting
system. However, in order to evaluate economic feasibility of
the proposed lighting control, the nanogrid solar road lighting
system is taken separately to consider LED solar stand-alone
and grid-connected systems, which can apparently verify the
economic gain benefits of each system operation. A conven-
tional road lighting system in Thailand is used to compare the
energy efficiency of the proposed systems.

A main road lighting system implemented on an M2-type
road with four lanes and an average traffic flow of 90 km/h
were considered for the case study. The lighting quality used
for road safety and visual comfort for the driver based on
standard installations of main roadways in Thailand was set
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FIGURE 7. The energy consumption of the road lighting system using the proposed lighting control compared to the conventional one.

to have minimum average illuminance of 21.5 lx and unifor-
mity of 0.4 [7-8]. In this category, 250-W HPS luminaires,
which had a staggered-pole arrangement, light pole heights
of 9 m, and distances between light poles of 36 m were
installed [7-8]. Owing to the difficulty of finding historical
data of traffic volume in Thailand to adjust the brightness of
an area, the energy consumption of the road lighting systems
with the lighting control system was assumed as shown in
Fig. 7. The proposed lighting control was observed to reduce
energy consumption by up to 30%.

The economic evaluation was performed based on the
geography of Thailand, which is a tropical country located
near the Equator. Several areas in Thailand have great solar
power potential, with solar irradiation of 17–20 MJ/m2 per
day [39]. The average solar irradiation throughout the year
of Thailand is 17.6 MJ/m2 per day, which is reduced from
the previous solar power potential report [38]. Hence, the
brightness of the road lighting systems relied on natural light
from 6 a.m. to 6 p.m. during the day. Thus, road lighting
systems can function 12 h a day, for approximately 4380 h
over annual operation. This location has a large solar irradi-
ance, resulting in high solar generation performance, with an
average of 1000 W/m2 for approximately 5 h per day. The
economic study used dynamic methods to account for the
time value of money by discounting the cash inflows of the
project, which are the DPP, NPV, IRR, and PI. The economic
indicator formulas were already derived as indicated in [39].

In the economic evaluation, a 1-km road distance was con-
sidered. Staggered pole arrangements with a distance of 36 m
between light poles were used. Thus, there were 56 lumi-
naires in total. For solar road lighting systems, central energy
storage and energy management were implemented because
of lower investment costs than using individual storage and
management systems [36]. One group was designed to cater

to 14 luminaires. Thus, there were four groups in the 1-km
roadway.

Tables III and IV show the investment costs and details
of different road lighting systems, i.e. the conventional, LED
solar stand-alone, and LED solar grid-connected road lighting
systems with and without lighting control. The investment
costs are divided into road lighting costs, solar system costs,
lighting control costs, and operation andmaintenance (O&M)
costs.

A. CONVENTIONAL ROAD LIGHTING SYSTEM
Most road lighting systems in Thailand use HPS luminaires
owing to their high luminous efficiency against the energy
used. However, the use of HPS luminaires results in low
energy efficiency, leading to high energy consumption.

1) ROAD LIGHTING COMPONENT
A 250-W HPS luminaire is typically used on the main roads
in Thailand, as they provide lighting quality satisfying the
standard. However, the power required to use an HPS lumi-
naire is 289 W in total owing to a ballast loss within the
luminaire. Thus, the conventional road lighting system con-
sumes an energy of 70886 Wh per year. Furthermore, the
use of grid electrical energy has hidden costs, which are fuel
energy, transmission lines, transformers, protection systems,
etc., used to produce and distribute electrical energy from
a power plant to the road lighting system. For this reason,
installation costs for electric generators were considered.

2) ROAD LIGHTING SYSTEM COST
Road lighting system cost comprises the costs of luminaires,
light poles, power wire, electric generator installation, and
electrical equipment (other). As Tables III and IV, although
the HPS luminaire had a lower cost than the LED luminaire,
the total cost of road lighting using the LED luminaire was
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TABLE 3. Costs of different road lighting systems without lighting control

lower. The LED luminaire is energy efficient, leading to
lower electrical power consumption than the conventional
luminaire. Hence, the power wire cost decreased.

3) OPERATION AND MAINTENANCE COST
The labour cost used in the case study referred to theMinistry
of Labour in Thailand. The conventional road lighting system
is a general lighting system installation, which has an average
cost of 22 USD per luminaire.

The maintenance cost of the conventional road lighting
system was calculated as 10% of the initial installation cost
combined with the cost of HPS lamp replacement. The HPS
lamp has a lifespan of 20000 h. Therefore, in a project period
of 20 years, the HPS lamp must be replaced four times.

B. LED SOLAR STAND-ALONE ROAD LIGHTING SYSTEM
WITHOUT LIGHTING CONTROL
The system was designed to produce electrical energy from a
solar system and use the generated electrical energy for a road
lighting system during the night. Hence, the electrical energy
produced from the solar system was sufficient for a one-day
backup of the road lighting system.

1) ROAD LIGHTING COMPONENT
A 120-W LED luminaire was selected as it has already been
proven to be an efficient replacement for the conventional

250-W HPS luminaire on the main road [7-8]. The road
lighting system was designed to operate for 12 h per day,
resulting in a daily energy consumption of 1440 Wh.

2) ROAD LIGHTING SYSTEM COST
The LED solar stand-alone road lighting system provided a
lower road lighting system cost, as the road lighting system
used electrical energy produced from the solar system. Thus,
no installation cost for the electric generators was incurred.
However, the LED solar stand-alone road lighting system still
had a power wire cost as with other road lighting systems,
because the stand-alone solar system installed on the road
lighting system is a central system. As a result, the power
wire was used to transmit electrical energy from the energy
storage system to road lighting systems

3) SOLAR SYSTEM COMPONENT
The solar system components consisted of solar panels, bat-
teries, a charge controller, and an inverter. The power of the
solar system depended on the solar panel size and system
location. In the case study, the solar irradiance of Thai-
land was employed, which is 20 MJ/m2 or 5.6 kWh/m2 per
day [38]. A monocrystalline solar panel providing an average
efficiency of 20% was selected. The size of a solar panel for
the daily energy consumption of the luminaire was calculated
using Thailand’s solar irradiance of 5.6 kWh/m2 per day,
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TABLE 4. Costs of different road lighting systems with lighting control

a solar panel efficiency of 20%, and a power loss factor of
0.8. Thus, a 300-Wp solar panel (dimension of 1640×992×
35 mm) was used.

Central energy storage systems were used to store energy
produced from solar panels. One group of the energy storage
system was designed to cater to four solar road lighting
systems. Thus, there were four groups of energy storage
systems for the 1-km road. The deep-cycle lead-acid battery
was the recommended type for use in the solar stand-alone
road lighting system. In the case study, the batteries were
designed for one-day backup. The daily energy consumption
of each set was 20160 Wh. The daily energy consumption
used was divided by 0.7 for battery losses and to avoid the
depth of discharge which causes a decrease in a battery’s
lifetime. Therefore, the battery capacity required for one set
was 28800 Wh per day. A total of 16 lead-acid batteries of

150 Ah and 12 Vwere selected. The batteries were connected
in series (150 Ah, 192 V) to lower the current rate of the
system, leading to a system voltage of 192 V.

The solar charge controller size was calculated from the
maximum current generated from one set of solar panels and
the voltage level depending on the battery size. Therefore,
a 40 A/192 V charge controller was selected. An inverter was
used to convert the DC voltage from the batteries to supply
the LED luminaires with AC voltage. Thus, the size of the
inverter was determined by the size of the LED luminaires,
which was higher than 1680 W. Hence, a 2000 W inverter
was used in the study.

4) SOLAR SYSTEM COSTS
The solar system in the LED solar stand-alone road light-
ing system had a higher initial installation cost than the
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grid-connected one because of the additional cost of the
energy storage system, i.e. batteries, inverters, and solar
charge controllers (Tables III and IV). However, the inverters
used in the LED solar stand-alone road lighting system were
cheaper than the other one because they are only used to
convert power from the energy storage systems to supply the
road lighting system without the grid connection function.
By considering the costs of the power wire, the stand-alone
system had higher power wire costs than the grid-connected
system because of the limitations of the DC voltage system
design which relate the voltage levels of the solar charge
controllers and batteries. In this case study, a 192-V DC
voltage system was employed.

5) OPERATION AND MAINTENANCE COST
The road lighting systems that integrated solar systems
required to employ engineering skills with specific knowl-
edge to control the installation, resulting in an increase of
costs to 40 USD per luminaire.

The LED luminaire has a lifespan of more than 50000 h.
Thus, the LED luminaire would be replaced once during the
project period. However, replacing an LED luminaire has a
higher cost than replacing an HPS lamp replacement, as the
LED luminaire is expensive. Thus, using LED luminaire
results in a higher maintenance cost than the use of the HPS
luminaire.

For the solar system, maintenance costs arise from solar
panels, energy storage devices, solar charge controllers,
inverters, wiring, connection, etc. The energy storage devices
have a lifetime less than 20 years (approximately 5 years for
a deep cycle lead-acid battery [36]). In addition, battery life
relies on the state of charge and charge-discharge current.
Thus, the energy storage devices are assumed to require
replacement three times throughout the project lifetime to
maintain the efficiency of energy storage; this results in a high
maintenance cost.

C. LED GRID-CONNECTED ROAD LIGHTING SYSTEM
WITHOUT LIGHTING CONTROL
The system was designed to install solar panels on a road
lighting pole. In this scenario, the electrical energy generated
from the solar system was supplied directly into the elec-
trical grid. At night, the road lighting system was supplied
with the electrical energy from the electrical grid. Thus, the
initial investment costs of an energy storage system were
eliminated.

1) ROAD LIGHTING COMPONENT
A120W-LED luminaire was used in the road lighting system,
which was supplied power from the electrical grid. Hence, the
installation costs of an electric generator were included.

2) ROAD LIGHTING SYSTEM COST
The cost of the road lighting system cost did not differ from
that of the conventional road lighting system using LED

luminaires because the system still required electrical energy
from the electrical grid to supply the LED luminaires.

3) SOLAR SYSTEM COMPONENT
Solar system components consist of solar panels and grid-
tied inverters. Because the size of the solar system size does
not depend on road lighting energy consumption, the sizes
of solar panels can be designed as required. However, for
comparison with the scenario of the stand-alone solar system,
a 300-W solar panel was installed on the light pole. The
grid-tied inverter size was determined by the used solar panel
capacity. One set of the grid-tied inverter was designed to
cater to 14 solar road lighting systems. Thus, the required
rating for the grid-tied inverter was 4200 W. A 5000-W grid-
tied inverter was selected.

4) SOLAR SYSTEM COSTS
The main cost of LED solar grid-connected system was
caused by solar panel and inverters. In addition, the solar
system was designed to send the power to the electrical grid.
Thus, the cost of an energy storage system was cut off, result-
ing in lower costs than the stand-alone system. Furthermore,
the DC voltage level of the grid-connected system can be
independently designed based on the maximum voltage input
of the grid-tied inverter. Thus, the solar panels in one group
were connected in series to increase the voltage level, which
had a DC voltage level of 510 V. Thus, the grid-connected
system required a lower current, resulting in a cheaper power
wire cost.

5) OPERATION AND MAINTENANCE COST
Similarly, the road lighting systems that integrated solar
systems required to employ engineering skills with specific
knowledge to control the installation, resulting in an increase
of costs to 40 USD per luminaire.

For the solar system, there is increase in maintenance
costs from solar panels, inverters, power wire, etc. However,
the maintenance cost of an LED solar grid-connected road
lighting system is lower than that of the stand-alone system
because the solar system does not require an energy storage
system, lowering maintenance costs in this aspect.

D. LED SOLAR STAND-ALONE ROAD LIGHTING SYSTEM
WITH LIGHTING CONTROL
The system was designed as the same function as the LED
solar stand-alone road lighting system, but there was the
application of the proposed lighting control in the system
(see Table IV).

1) ROAD LIGHTING COMPONENT
A 120 W-LED luminaire was employed in the road lighting
system, which was a function similar to the LED solar stand-
alone road lighting system.

2) ROAD LIGHTING SYSTEM COST
The cost of road lighting system was similar to the case of
LED solar standalone road lighting system without lighting
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control, as adopting the proposed lighting control does not
had an effect on sizes of luminaires, power wire, and the
others.

3) SOLAR SYSTEM COMPONENT
Owing to the use of the proposed lighting control, which can
save energy up to 30%, the sizes of solar and energy storage
systems could be designed to be smaller. Initially, the road
lighting required the power of 120 W for 12 h, which was a
consumption of 1440Wh.With the proposed lighting control,
the system could save energy by 30%. Therefore, the energy
consumption of road lighting systemwas lowered to 1000Wh
per day. Thus, a 200-Wp monocrystalline solar panel with an
average efficiency of 20% (dimension of 1320×992×35mm)
was employed.

The size of the central energy storage system for one
backup day decreased, as the energy consumption of one set
decreased, which was 14000 Wh. With the battery loss and
avoiding of the depth of discharge factor, the battery capacity
used for one set was 20000 Wh per day. Eight lead-acid
batteries of 200 Ah and 12 V were employed. Thus, the
system voltage was determined to be 96 V. The solar charge
controller size based on the maximum current of solar panels
and the battery voltage was 40 A/ 96 V. Because the size of
an inverter determined is by the size of the LED luminaires,
a 2000 W inverter was selected.

4) SOLAR SYSTEM COSTS
The use of the proposed lighting control resulted in a decrease
in road lighting energy consumption. Hence, as Tables IV
shows, the solar systems were designed to be smaller, thus
decreasing the size of the solar panels, solar charge con-
trollers, and inverters. Thus, the initial investment costs of
solar systems for the LED solar stand-alone road lighting
system were minimized.

5) LIGHTING CONTROL COMPONENT
The proposed lighting control was designed to control the
luminaires in a group related to the central solar energy
management of the stand-alone system. The lighting con-
trol and processing systems were installed with the central
energy management of the solar energy systems. Thus, one
group of the road lighting systems had central solar energy
management and central lighting control systems, which was
convenient for energymanagement, road lighting control, and
maintenance. One group of the proposed lighting control sys-
tem had the IP camera and LDR sensor, which were installed
on the first road lighting pole to detect traffic volumes and
ambient light.

6) LIGHTING CONTROL SYSTEM COSTS
In addition to the cost of the road lighting and the solar
systems, there was an additional lighting control cost. In this
case study, the road lighting system was implemented on a
main road, on which vehicles move at high speeds in the for-
ward direction. Thus, sensor devices were not required to be

installed on every road lighting pole. The sensor devices were
installed on the first lighting pole to detect the traffic volumes
and send the data for processing at a central control system
which controlled the brightness of grouped luminaires. In the
case study, the proposed lighting control was determined
to control fourteen 120W-LED luminaires. Thus, the road
distance of 1 km with a staggered-pole arrangement offered
the lighting control of four groups.

7) OPERATION AND MAINTENANCE COST
For LED solar stand-alone road lighting system with the pro-
posed lighting control, in addition to the maintenance costs of
the road lighting and solar systems, the maintenance costs of
the proposed control lighting are considered. However, LED
solar stand-alone road lighting systems with lighting control
require lower maintenance costs than the system without
lighting control because the systems consume less energy.
The capacity of the devices, including batteries, is decreased,
resulting in less maintenance and replacement costs.

E. LED GRID-CONNECTED ROAD LIGHTING SYSTEM WITH
LIGHTING CONTROL
The system was designed as the same function as the LED
solar grid-connected road lighting system, but there was the
application of the proposed lighting control in the system
(see Table IV).

1) ROAD LIGHTING COMPONENT
A 120 W-LED luminaire was employed in the road lighting
system, which was a function similar to the LED solar grid-
connected road lighting system.

2) ROAD LIGHTING SYSTEM COST
The road lighting system cost had not changed compared to
the LED grid-connected road lighting systemwithout lighting
control. Consequently, using the lighting control did not have
an influence on the road lighting system cost,

3) SOLAR SYSTEM COMPONENT
A solar panel of 200-Wwas installed on the light pole. Hence,
the required grid-tied inverter rating for one set was 2800 W.
A 3000 W grid-tied inverter was selected.

4) SOLAR SYSTEM COSTS
The use of the proposed lighting control resulted in a decrease
in road lighting energy consumption. Hence, as Tables IV
shows, the solar systems were designed to be smaller, thus
decreasing the size of the solar panels and grid-tied inverters.
Thus, the initial investment costs of solar systems for LED
solar grid-connected road lighting system were minimized.

5) LIGHTING CONTROL COMPONENT
The lighting control was designed which have a similar func-
tion to the LED solar stand-alone road lighting system. For
this reason, one group of the road lighting systems had a

VOLUME 8, 2020 202635



P. Chiradeja et al.: Economic Analysis of Improving the Energy Efficiency of Nanogrid Solar Road Lighting

TABLE 5. Cost analysis and economic assessment results

central lighting control system consisting of the IP camera
and LDR sensor.

6) LIGHTING CONTROL SYSTEM COSTS
Because the design and installation of the lighting control
system was no different from the stand-alone system with
lighting control, the cost of the lighting control system used
in economic evaluation was the same as the LED solar
stand-alone road lighting system with lighting control.

7) OPERATION AND MAINTENANCE COST
In addition to the operation and maintenance costs from road
lighting and solar systems, the operation and maintenance
costs of using the proposed lighting control are implemented.
However, in this case, the maintenance cost was hardly dif-
ferent from the system without lighting control, since the
reduced solar panels and grid-tied inverter capacity did not
significantly affect maintenance costs.

V. DISCUSSION
The cost analysis and economic evaluation of solar road
lighting systems with and without the proposed control sys-
tems compared with the conventional road lighting system
are shown in Table V. The economic indexes are calcu-
lated based on the project lifetime of 20 years and consid-
ering a discounted rate of 10%. Additionally, the electricity
cost, which, including value-added tax (VAT) in Thailand,
is 0.167 USD/kWh, is evaluated [40].

Although the conventional road lighting system exhibits
the lowest initial investment cost, it consumes the highest
annual energy, resulting in the highest annual electricity cost.
LED solar stand-alone systems with and without control sys-
tems exhibited high initial installation costs compared with

solar grid-connected systems because of the additional energy
storage system costs. However, using the proposed lighting
control system can lower the road lighting energy consump-
tion, leading to solar panels and energy storage systems
designed to be smaller. Hence, initial investment costs are
decreased. However, the initial investment costs of the LED
solar grid-connected system with and without light control
systems are not significantly different as smaller solar panels
and grid-tied do not differ in price.

The high annual energy consumption of the LED solar
stand-alone and grid-connected road lighting system result
from the use of 120-W LED luminaires. The use of the
proposed control system results in energy saving up to 30%.
Thus, the annual energy consumption of both LED solar road
lighting systems with the lighting control system is lower
than for scenarios without it. The LED solar stand-alone
systems consume electrical energy produced from their solar
systems, leading to non-annual electricity costs. By contrast,
the LED solar grid-connected systems still consume electrical
energy from the electrical grid, resulting in annual electricity
costs. However, the LED solar grid-connected system with
the lighting control system results in lower annual electricity
costs comparedwith the other systems, as a result of its higher
energy saving.

The annual electricity-saving costs are quantified through
comparison with the annual electricity cost of the tradi-
tional road lighting system. The LED solar stand-alone sys-
tems with and without the proposed lighting control system
exhibits the same and highest annual electricity-saving costs
because they do not use electrical energy from the electrical
grid. Thus, they exhibit the best efficient energy saving.
The LED solar grid-connected systems can save electricity
cost because of the use of LED luminaires, which can save
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energy compared with conventional ones. Furthermore, the
use of the proposed lighting control system can lower road
lighting energy consumption, positively affecting the saving
of the annual electricity cost. In addition, the LED solar
grid-connected systems are outstanding for feeding the elec-
trical energy from the solar systems into the electrical grid,
receiving annual energy generated into the grid cost. Because
the LED solar grid-connected systemwith the lighting control
system offers energy saving, the sizes of used solar panels
decreases. Thus, its annual energy generated into the grid cost
is lower than that with the lighting control system. The total
annual benefit cost is calculated by combining the annual
electricity-saving cost and annual energy generated into the
grid cost. It shows revenue from energy saving or production
obtained from using energy-efficient luminaires, solar sys-
tems, and the lighting control system.

The DPP, IRR, NPV, and PI were employed and com-
pared for economic analysis. The LED solar stand-alone road
lighting system, which encompasses solar and energy storage
systems, had higher initial installation and maintenance costs
because of battery replacement. Thus, it exhibits a long DPP
of 8.4 years, a low IRR of 17%, a small NPV of 32,895 USD,
and a low PI of 1.5. However, it has still provided economic
feasibility for investment. Subsequently, the LED solar grid-
connected road lighting system indicates satisfactory eco-
nomic feasibility than the stand-alone system because of the
electrical energy generated from the solar system directly
supplied into the electrical grid without requiring to use an
energy storage system. Although it requires to consume elec-
trical energy from the electrical grid to supply the luminaires,
resulting in an annual electricity cost, it has the advantage of
electricity-saving cost and energy generated into grid cost,
resulting in a higher total annual benefit cost than the LED
solar stand-alone road lighting system. Thus, it can provide
a better economic aspect, i.e. a DPP of 1.5 years, an IRR of
77%, an NPV of 79,769 USD, and a PI of 6.1.

With the proposed lighting control system, although using
the control system results in additional investment cost, the
energy consumption of the road lighting system decreases,
which is dependable on traffic conditions. Thus, the sizes
of the solar panel and energy storage system are decreased,
leading to a decrease in solar system costs. By considering the
LED solar stand-alone road lighting system with the lighting
control, the system can result in a lower initial investment
cost than the scenario without lighting control. In addition,
the system can still save electricity costs in a similar to
the scenario without lighting control. Hence, the use of the
proposed lighting control has a better economic feasibility,
for instance, a lower DPP of 5.1 years, a higher IRR of 26%,
a better NPV of 50,891 USD, and a higher PI of 2.1. However,
using the lighting control in the LED solar grid-connected
lighting system presents an insignificant change compared
with the system without lighting control, because the prices
of the solar panel and grid-tied inverter are not significantly
different when the size of the solar system is minimized.
However, the system has the economic benefit of electricity-

saving cost from using lighting control. Thus, the economic
feasibility evaluation is satisfied and better than the other
scenarios: the lowest DPP of 1.3 years, the highest of IRR
of 88%, the best NPV of 84,806 USD, and the highest PI of
6.9.

The economic assessment results indicate that the LED
solar stand-alone and grid-connected road lighting systems
are feasible for investment; the latter exhibits more economic
feasibility. However, when the proposed lighting control is
included, the LED solar stand-alone and grid-connected road
lighting systems have a lower initial investment cost and save
more energy. Consequently, the economic results increase.
The use of the proposed lighting control exhibits economic
feasibility.

VI. CONCLUSION
The proposed technique to control the brightness of the
road lighting system based on traffic density can operate
efficiently. The signal used to control the LED luminaire’s
brightness is smooth and has no ripples. Thus, the light
control circuit applied for the LED road lighting system does
not cause a severe voltage spike when the LED luminaire is
dimmed. Furthermore, it does not harm the life of the LED
luminaire. The use of the IP camera in cooperation with the
LED sensor can automatically control the on/off states or
illuminance levels of the LED luminaire, lowering the energy
consumption of the road lighting system during times when
it is not required.

The application of the lighting control for the nanogrid
solar road lighting systems results in an additional investment
cost. However, the energy consumption of the road lighting
system decreases depending on traffic conditions. Thus, the
sizes of the solar panel and energy storage system decrease,
leading to a lower solar system cost. By considering the LED
solar

road lighting system with the lighting control, the system
can result in a lower initial investment cost than without the
lighting control. In addition, the system can still save electric-
ity costs in the same manner as the scenario without lighting
control. For this reason, the use of the proposed lighting con-
trol indicates better economic feasibility. However, using the
lighting control in LED solar grid-connected lighting system
presents an insignificant change when compared with the
systemwithout lighting control because the prices of the solar
panel and grid-tied inverter are not significantly different
when the size of the solar system is minimized. However,
the system has an economic benefit of electricity-saving cost
when using lighting control.

In a future study, energy production from various sources
and optimal storage systems for road lighting systems will
be investigated in terms of the electrical engineering and
economic aspects. A feasibility evaluation using wind energy
and piezoelectric energy based on vehicle movement will
be discussed. Wind turbine location is designed to optimize
by considering the optimal distance and position in order
to keep the maximum energy production, while the position
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of piezoelectric device installation is studied for enhanced
the electric energy output of power generation pavements.
Different energy storage systems, e.g. lead-acid batteries,
lithium-ion batteries, and ultracapacitors will be evaluated.
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