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Abstract

This study presents the design, implementation, and short-term experimental validation of a standalone
solar-powered smart street lighting system integrating LED illumination, CCTV surveillance, and
Internet of Things (IoT)-based real-time monitoring within a single pole-mounted platform. Load
profiling identified a total energy demand of 1176 Wh/day, which increased to 1529 Wh/day after
applying a 30% design margin. These requirements guided the selection of a 460 Wp monocrystalline
photovoltaic module, a 40 A maximum power point tracking charge controller, and a 12.8 V, 150 Ah
LiFePOa battery. Laboratory testing demonstrated the expected bulk/MPPT, boost, and float charging
stages, while accelerated battery testing at 0.27C measured a capacity of 151 Ah. During five
consecutive days of field testing under sunny to partly cloudy conditions, the post-charging state of
charge (SOC) ranged from 90.0% to 97.2%, while the next-morning SOC ranged from 58.6% to 68.4%.
The average nighttime SOC reduction was 32.8%, with a range of 25.1% to 37.3%. The IoT platform
provided real-time monitoring of photovoltaic generation, battery condition, and load operation, while
maintaining communication availability above 99% during the observation period. These results
demonstrate short-term autonomous operation and technical feasibility under the observed field
conditions. Longer seasonal testing and a complete life-cycle economic assessment remain necessary
to evaluate long-term reliability and financial feasibility.

Keywords: Solar Street Lighting, Standalone Photovoltaic System, MPPT Solar Charge Controller,
LiFePOs Battery, loT-Based Monitoring.

I. INTRODUCTION

Rapid urbanization and the increasing complexity of metropolitan environments have
accelerated the adoption of smart city concepts to address challenges related to energy sustainability,
public safety, and infrastructure efficiency. Smart cities leverage information and communication
technologies (ICT), renewable energy resources, and Internet of Things (IoT) platforms to enhance
operational performance and improve urban services. Within this context, public street lighting
represents a fundamental urban infrastructure, providing not only nighttime illumination but also
improved traffic safety and urban security. However, conventional grid-powered lighting systems
remain energy-intensive, costly to operate, and vulnerable to outages, particularly in rapidly growing
cities and developing regions [1], [2].

From an energy perspective, street lighting contributes significantly to municipal electricity
expenditure, accounting for approximately 1-1.5% of national electricity consumption and up to 30—
50% of local government energy costs in some cities [2]. Traditional technologies such as high-pressure
sodium and mercury vapor lamps suffer from low luminous efficacy, limited lifetimes, and high
maintenance requirements. In contrast, light-emitting diode (LED) luminaires offer energy savings of
50—-80%, luminous efficacy above 150 Im/W, and lifetimes exceeding 50,000—100,000 hours, resulting
in lower operational and maintenance costs [2], [3], [4], [5]. These advantages have promoted the
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transition toward LED-based smart lighting systems integrated with digital control and monitoring
platforms.

The integration of renewable energy further enhances the sustainability of lighting
infrastructure. Solar photovoltaic (PV) technology has experienced rapid global growth and now
represents one of the largest contributors to renewable electricity generation, accounting for
approximately 4.5% of global output [6]. Continuous improvements in conversion efficiency and
declining system costs strengthen the feasibility of PV-powered applications [7], [8], [9]. Nevertheless,
PV performance is strongly affected by irradiance variability, temperature, and environmental factors,
necessitating maximum power point tracking (MPPT) techniques to optimize energy harvesting, which
can improve efficiency by up to 30—40% compared to fixed operating points [10], [11], [12], [13].

Indonesia, located near the equator, possesses abundant solar potential suitable for off-grid
public infrastructure. Surabaya, one of the largest metropolitan cities in the country, has actively
implemented smart city initiatives and achieved high rankings in the Indonesia Smart City Index
through ICT integration and sustainable development programs [14], [15]. Deploying solar-powered
lighting systems aligns with these initiatives by reducing dependence on fossil-fuel-based electricity,
lowering operational costs, and improving resilience during grid disturbances [10], [16]. In addition,
urban safety remains a priority, particularly in areas with higher crime rates, where continuous
surveillance is required. Integrating CCTV and communication devices into lighting poles provides
efficient infrastructure utilization but introduces continuous 24-hour loads that demand reliable energy
storage and system-level management [17].

Previous studies have investigated solar-powered street lighting, adaptive illumination, loT-
based monitoring, and smart utility poles [18], [19], [20], [21], [22], [23]. However, the literature
reviewed in this study primarily addresses these functions separately or evaluates prototype-scale
lighting control systems [3], [24]. Limited experimental evidence is available for a full-scale pole-
mounted system that simultaneously integrates photovoltaic generation, LiFePOa storage with battery
management, CCTV surveillance, coordinated AC and DC protection, and real-time monitoring of
generation, storage, and load parameters. Furthermore, few studies report both controlled laboratory
characterization and field-scale energy-balance evaluation within the same implementation framework.

To address this gap, this study designs, implements, and evaluates a standalone solar-powered
smart street lighting pole integrating LED illumination, CCTV surveillance, and IoT-based monitoring,.
The main contributions are: (i) systematic load, photovoltaic, battery, and electrical-protection sizing
for a multifunctional smart pole; (ii) hardware integration of photovoltaic generation, LiFePOs storage,
AC and DC loads, surveillance, and remote monitoring within a single pole-mounted platform; and (iii)
laboratory characterization of battery and MPPT operation followed by five-day field validation of SOC
variation, energy consumption, and communication availability. The study focuses on short-term
technical feasibility, while seasonal reliability and complete life-cycle economics are identified as
subjects for further investigation.

II. METHOD

This study adopts an engineering design—implementation methodology to develop and validate
a standalone solar-powered smart street lighting pole that integrates LED illumination, CCTV
surveillance, and IoT-based real-time monitoring within a single autonomous infrastructure. The
methodological framework combines analytical load assessment, photovoltaic (PV) and battery sizing,
component selection, electrical protection coordination, and system-level hardware—software
integration to ensure reliable off-grid operation under realistic urban environmental conditions. The
overall workflow begins with quantification of the electrical demand profile, which serves as the basis
for determining energy generation and storage requirements. Subsequently, appropriate power
conditioning devices, protection schemes, and monitoring subsystems are incorporated to achieve
operational safety, efficiency, and maintainability. All subsystems are then physically integrated into a
compact pole-mounted configuration to enable practical field deployment.
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A. Load Profile and Energy Demand Analysis

Accurate load estimation constitutes the foundation of standalone PV system design because
generation capacity, storage requirements, and economic feasibility are directly dependent on daily
energy demand. In off-grid applications, miscalculation may propagate throughout the design process,
leading either to undersized systems that compromise reliability or oversized installations that increase
capital costs unnecessarily [26], [27]. Therefore, a detailed load profiling procedure is conducted to
evaluate the operational requirements of each subsystem.

The proposed smart pole comprises three primary loads: (i) a 30 W LED luminaire operating
for 12 h during nighttime, (ii) a CCTV camera operating continuously for 24 h, and (iii) an [oT
communication modem operating continuously. The instantaneous electrical power of each load is
defined by (1).

P i = Vi x1 i (1)
The daily energy consumption of each load is calculated as (2). Where E; represents the daily energy
consumption (Wh/day) and t; is the daily operating duration (h/day).

Ei = Pi xt; (2)
The total daily electrical energy demand of the system is obtained by summing the energy consumption
of all individual loads as in (3). To account for system losses and non-ideal operating conditions, the
design energy requirement is defined by applying a safety factor k as in (4). Where k>1 represents the
loss compensation factor. In this study, a value of k = 1.3 is adopted to accommodate conversion
losses, wiring losses, temperature effects, and inverter inefficiencies.

- (3)
Etotar = Z E;
i=1
Edesign = k x Etotar 4)

Using this formulation, the lighting load consumes 360 Wh/day, the CCTV consumes 576
Wh/day, and the modem consumes 240 Wh/day, yielding E;,1q;=1176 Wh/day. After applying the
safety margin, the design energy requirement becomes E g9, =1529 Wh/day. The rated power of each
device was used as a conservative design input to prevent undersizing of the photovoltaic and battery
subsystems.

LED technology is selected due to its high luminous efficacy (>150 Im/W), long lifetime
(>50,000 h), and compatibility with intelligent control systems, making it well suited for solar-powered
and smart city applications [2]. Although LED luminaires may be directly supplied by DC sources, an
AC-based commercial luminaire is adopted for standardization and maintenance practicality; hence, a
pure sine-wave inverter is employed to minimize harmonic distortion and extend driver lifetime [28],
[29].

B. Photovoltaic Calculation and Consideration
Photovoltaic systems convert solar energy into electrical energy through the photovoltaic effect
[8]. The photovoltaic subsystem is sized to satisfy the design energy requirement while maintaining
operational reliability under varying irradiance. Among available PV technologies, monocrystalline
silicon modules are selected due to their superior conversion efficiency, compact form factor, and
suitability for pole-mounted installations with limited surface area [7], [30].
The required PV capacity is estimated using the Peak Sun Hour (PSH) method [30]. Assuming
a conservative PSH of 4.5 h for Surabaya, the minimum capacity is calculated by (5).
Edesign 1529 (5)
Py = PSH — 4t = 339.77 Wp
To improve operational reliability and provide sufficient margin under cloudy or partially shaded
conditions, a single 460 Wp monocrystalline PV module is selected. The expected daily energy
production from the selected module, Ey,, in Wh/day is calculated as in (6).
Epy, =460 x 4.5 = 2070 Wh/day (6)
Eysapie = 0.9 x 2070 = 1863 Wh/day 7
Assuming an overall system efficiency of 90%, which accounts for MPPT conversion losses, wiring
losses, and temperature derating, the usable daily energy, E; 5451 becomes (7). This value exceeds the
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required daily energy consumption, ensuring adequate energy reserve for stable battery charging and
continuous system operation. A single-module configuration is intentionally adopted to simplify wiring,
minimize mismatch losses, reduce installation complexity, and enhance reliability. Multi-module arrays
are susceptible to current—voltage mismatches that may reduce output power by up to 25% [31], [32].

C. Solar Charge Controller System

The PV output must be regulated before battery storage to prevent overcharging and premature
degradation. Therefore, a Maximum Power Point Tracking (MPPT) solar charge controller is employed.
MPPT controllers dynamically adjust operating voltage to extract maximum available power under
varying irradiance and temperature conditions, offering higher energy utilization compared with PWM-
based alternatives [13], [33], [34], [35].

Given the 460 Wp module and 12 V battery system, the maximum theoretical charging current
can be approximated as in (8).

By, 460 (8)
Ichargemax - Vbatt - 12 =3834

Accordingly, a 40 A MPPT controller is selected to provide safe thermal margins and long-term
reliability. The controller also integrates protection against overcharge, overdischarge, overload, and
overheating, thereby ensuring autonomous field operation.

D. Battery Energy Storage System and Battery Management

Proper battery sizing is essential to ensure system reliability, extend service life, and prevent
premature degradation, since the selected capacity directly influences operational constraints and long-
term performance [36]. The Battery Energy Storage System (BESS) guarantees continuous power
supply during nighttime and low-irradiance periods.

Lithium iron phosphate (LiFePO.) chemistry is selected due to its high cycle life, superior
thermal stability, deep discharge capability, and intrinsic safety compared with conventional lead-acid
batteries [37]. A blade-type prismatic cell configuration is adopted to enhance mechanical strength,
improve volumetric compactness, and facilitate integration within the street lighting pole structure [38].

Considering the mechanical constraints of pole-mounted solar street lighting, the elongated
blade geometry enables a linear and slim arrangement compatible with the cylindrical lighting pole.
Consequently, the battery pack is arranged longitudinally and mounted vertically within the pole
structure below the PV module to optimize space utilization and simplify installation. The enclosure is
constructed from galvanized metal for corrosion resistance, while all external connectors are rated IP66.
The assembly is fully sealed to provide waterproof and dustproof protection suitable for outdoor
environments. The mechanical configuration of the battery pack is illustrated in Figure 1.
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Figure 1. Proposed Battery Energy Storage System
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Battery capacity is determined from the daily energy demand, system voltage, allowable DoD,
and required autonomy. For the proposed system, E;,¢,; denotes the daily load energy (Wh/day), E;otar
= 1176 Wh/ day, while N,,,; represents the autonomy duration (days), N,,,; = 1 day. The required
battery energy capacity is defined as (9). Considering DoD limitations at 0.8, the nominal rated energy
becomes (10). The corresponding battery capacity in ampere-hours, C,;, is calculated as (11) with the
battery system voltage, Vs,,=12.8V.

Epar = Erorar X Ngye = 1176 x 1 = 1176 Wh ©)
Epae 1176 (10)

Erqteqd = DO‘Z = g = W470Wh
_ Eratea _ 1470 (11)

Can = Vys 128
Thus, the minimum required capacity is 114.8 Ah. To provide a safety margin for aging, temperature
variations, and conversion losses, a 150 Ah battery is selected ( Cap_seiece)- The usable energy capacity
can be calculated using (12), and the resulting autonomy (Ngy¢ gctuqr) 1S obtained in (13). Hence, the
selected LiFePOus battery provides sufficient usable energy and extended autonomy to maintain reliable
operation during low-solar or cloudy conditions.
Eysabiepatt = Vsys X Can_setect X DoD = 12.8 x 150 x 0.8 = 1536 Wh (12)
Eusable _ @ (13)

N = =22
aut_actual Etotal 1176

E. Electrical Protection System Design

The proposed standalone photovoltaic (PV) street lighting system integrates a 460 Wp PV
generator, an MPPT charge controller, a 12.8 V lithium battery energy storage system (BESS), low-
voltage DC loads, and a single-phase AC inverter. Since the system operates on a low-voltage, high-
current DC architecture, the dominant electrical risks include short-circuit currents, overload conditions,
surge transients, and battery-related faults. Therefore, a coordinated multi-layer protection strategy is
implemented to ensure operational safety, equipment reliability, and selective fault isolation. The
protection framework combines surge protection devices (SPD), fuses, DC miniature circuit breakers
(MCB), a smart Battery Management System (BMS), and an AC residual current breaker with
overcurrent protection (RCBO).

At the PV input stage, protection is designed according to standard PV safety multipliers. With
a typical maximum power voltage of approximately 41 V, the operating current is calculated in (14).
Considering the short-circuit margin as in (15). Following standard PV protection practice, the fuse
rating is selected as in (16). Therefore, the PV-side protection is specified as a 25 A DC fuse and a 25
A DC MCB.

va_actual 460 = 11.07 A (14)

Imaxi = -
maximumpower VmaximumpoweT 41.55

Ise = 1.25 X ILpgximumpower = 1.25x11.07 = 13.83 A (15)

Iryse = 1.56 x I = 21.57 A (16)

The battery subsystem consists of a 12.8 V, 150 Ah LiFePO. pack equipped with a 100 A smart

BMS providing cell-level monitoring and electronic protection. The battery branch current was

evaluated separately for charging and discharging conditions because the MPPT charging current and

load-discharge current flow in opposite directions. During charging, the maximum controller output

current is 40 A. During discharging, the maximum estimated current is approximately 25 A, comprising

the inverter and auxiliary DC loads. Therefore, the maximum battery-branch operating current is

determined as in (17).

Lprotect_batt = max(lcharge,ldischarge) = max(40,25) =404 (17)

A 63 A DC MCB was selected to accommodate the maximum branch current and transient conditions

while remaining below the 100 A BMS protection threshold. The MCB rating was also coordinated
with the current-carrying capacity of the battery conductors.
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For the low-voltage DC branch, the modem (10 W) and CCTV unit (24 W) produce a combined
demand of 34 W. Applying a 125% design factor, the protection current is calculated using (18). A 6 A
DC MCB is therefore selected to accommodate transient startup currents from DC—DC converters while
ensuring adequate overload and short-circuit protection.

Ppcioad 34 (18)
Iprotect_DCload =125x — = 1.25x m =344
Sys .

The inverter supplies a 30 W LED lamp and a 100 W AC outlet, resulting in a total AC load of 130 W.
Considering an inverter efficiency of 85%, the required DC input power becomes (19) including a 125%
design margin. A 20 A DC MCB is therefore adopted to accommodate continuous operation and
inverter inrush currents while ensuring reliable short-circuit protection.

PAClaad 130 (19)

Lyrotect imvercer = 125 x =282 — 125 % — 14935 A4
sys .

On the AC side, the maximum current is calculated using (20). A 3 A residual current circuit breaker
with overcurrent protection (RCBO) is installed to provide both overload protection and earth-leakage
detection. This device enhances user safety by preventing electric shock hazards and insulation faults
at the load terminals.

PACload _ (20)

130
Iprotect_AC = 125 X 220 == 125 X m = 074A

Selective coordination ensures localized fault isolation without interrupting the entire system,
improving reliability and maintainability. A summary of protection ratings is presented in Table 1.

Table 1. Summary of Protection Ratings

Location Device Type Rating
PV string Fuse + DC MCB 25 A
Battery main DC MCB 63 A
DC load branch DC MCB 6 A
Inverter input DC MCB 20 A
AC output RCBO 3A

F. System Architecture and Design

The complete system integrates energy generation, storage, power conditioning, electrical
protection, and loT-based monitoring within a single pole-mounted smart platform. The photovoltaic
(PV) module is installed at the top of the pole to maximize solar irradiance exposure and minimize
shading losses. Directly below the PV module, the LED luminaire and CCTV unit are mounted to ensure
optimal illumination distribution and surveillance coverage, supporting both public safety and urban
monitoring functions.

The LiFePO. battery pack is installed longitudinally inside a sealed IP-rated enclosure
positioned within the pole structure to enhance mechanical stability, thermal management, and
environmental protection against moisture, dust, and vandalism. This vertical blade-type arrangement
improves structural rigidity while maintaining compact integration within limited pole dimensions. All
power electronic components—including the MPPT charge controller, DC and AC protection devices,
inverter, and communication modules—are housed in a lockable panel box located at an accessible
height to ensure operational safety, simplified maintenance, and secure access control.

Energy flows hierarchically through a modular DC bus architecture, beginning with PV energy
conversion via the MPPT controller, followed by battery storage regulation, and subsequently
distributed to DC and AC loads. This structured topology allows independent branch protection,
selective coordination, and simplified fault diagnosis. The integration of loT-based wireless monitoring
enables real-time observation of voltage, current, state of charge (SOC), temperature, and load status,
facilitating predictive maintenance and remote system management.
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The unified mechanical—electrical configuration enhances structural durability, operational
resilience, and scalability. By consolidating all subsystems within a single smart pole platform, the
design minimizes external wiring complexity, reduces installation footprint, and supports modular
expansion for future smart city applications. An illustration of the overall system architecture is
presented in Figure 2, while the detailed mechanical and physical design of the proposed installation is
shown in Figure 3.
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Figure 3. Proposed System Design

III. RESULTS AND DISCUSSION
A. Solar Irradiance Survey and Installation Site Selection
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Figure 4. Solar Irradiance Survey and Installation Site Selection
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An on-site solar irradiance survey was conducted to verify that the selected installation site
could provide sufficient solar exposure to sustain the designed daily energy demand of 1529 Wh/day.
Accurate characterization of local solar resources is essential for standalone photovoltaic (PV) systems
because energy yield strongly depends on irradiance variability, shading conditions, and installation
geometry, which directly influence charging reliability, battery recovery, and overall system autonomy
[10], [30]. Field measurements were performed using a Lutron SPM-1116SD solar power meter, as
illustrated in Figure 4(a), where the sensor was positioned in an open area free from surrounding
obstructions to ensure representative global horizontal irradiance readings. Measurements were
recorded at regular intervals over three consecutive clear-sky days in Keputih Village, Surabaya,
covering morning, midday, and afternoon periods to capture the complete diurnal profile.
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The measured results, as seen in Figure 4(b), peak solar intensity occurred between 11:30 and
13:30, reaching 890—-1144 W/m?, while morning and late-afternoon values declined to approximately
180-320 W/m? due to lower solar elevation angles. The calculated daily Global Horizontal Irradiance
(GHI) averaged 5.1 kWh/m?/day, which exceeds the conservative design assumption of 4.5 Peak Sun
Hours (PSH) used during system sizing. This additional irradiation margin increases the expected daily
PV energy yield, enhances battery charging recovery, and reduces the risk of energy deficits during
partially cloudy or transient weather conditions.

Based on these findings, the 460 Wp monocrystalline PV module was installed in an
unobstructed location with northward orientation and a 10° tilt angle to maximize annual solar capture,
consistent with Surabaya’s latitude and local installation recommendations [39], [40]. The geographical
placement of the system is shown in Figure 4(c), located near the intersection of JI. Raya Marina Asri
and J1. Medokan Keputih. This site was selected not only for its high solar exposure and minimal
shading losses but also for its functional urban advantages. The intersection provides an elevated and
wide field of view for the integrated CCTV, enabling broader surveillance coverage of vehicular and
pedestrian activities, particularly near Taman Harmoni public park. Consequently, the selected location
simultaneously optimizes renewable energy harvesting and public safety monitoring. The irradiance
survey confirms that the site offers sufficient and reliable solar resources to sustain autonomous system
operation, while the strategic placement supports enhanced surveillance capability. These results
validate both the technical feasibility and functional suitability of the proposed smart pole deployment
within an urban smart city context.

B. Battery Pack Performance Testing

Experimental characterization of the 4S 150 Ah lithium iron phosphate (LiFePO.) battery pack
was conducted to validate the actual capacity, voltage stability, and the effectiveness of the integrated
Battery Management System (BMS), since reliable storage performance is fundamental in standalone
photovoltaic systems where available stored energy directly determines nighttime autonomy and overall
system reliability. Testing was performed using a DK-Tester DSF40 under controlled charge—discharge
cycling with continuous monitoring of voltage, current, and accumulated capacity. The experimental
setup is presented in Figure 5(a), where the battery pack is connected to the programmable tester for
regulated current injection and real-time data acquisition. Prior to testing, state-of-charge (SOC)
calibration was executed by fully charging all cells and synchronizing the BMS to 100% to ensure that
measured capacity accurately reflected the usable energy.

During charging, a constant current—constant voltage (CC—CV) profile of 20 A (0.133 C-rate)
was applied until the terminal voltage reached 14.4 V, after which the current gradually tapered. The
resulting charge curve shown in Figure 5(b) exhibits the characteristic LiFePOs voltage plateau,
indicating stable electrochemical behavior and effective cell balancing across the series-connected pack.
For discharge-capacity verification, a constant current of 40 A, equivalent to approximately 0.27C for
the 150 Ah battery pack, was applied as an accelerated laboratory test as presented in Figure 5(c). This
current was intentionally higher than the typical field-operating demand of approximately 5 A and was
not intended to reproduce normal operating conditions. The objective was to reduce the test duration
while evaluating the delivered capacity, voltage stability, and BMS cutoff behavior under a controlled
and more demanding condition.

Because the available capacity and terminal-voltage response of lithium-ion batteries depend
on the discharge rate [41], the measured capacity of 151 Ah is reported specifically at a discharge rate
of 0.27C. The result should therefore not be interpreted as the exact capacity available under the lower
field-operating current. Future work will include a low-rate discharge test that reproduces the actual
lighting, CCTV, and modem load profile.
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C. Laboratory-Scale System Testing: MPPT Charging Performance
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Figure 6. Laboratory-Scale System Testing: MPPT Charging Performance Experimental Setup

Laboratory-scale testing was performed to validate the energy harvesting and charging
performance of the PV-MPPT-battery subsystem. The setup consisted of a 460 Wp photovoltaic
module, a40 A MPPT controller, and a 150 Ah LiFePOas battery with representative DC loads. Electrical
parameters were monitored using a digital power meter and data acquisition system. The measurements
from 07:32 to 15:44 showed a typical daily PV generation pattern, with increasing morning output, a
midday peak, and a gradual afternoon decrease. The PV system generated a total energy of 1309 Wh
with a maximum power output of approximately 256 W, as shown in Figure 7(a).
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Figure 7. PV and MPPT Charging Performance
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Although the measured output was below the module’s rated capacity of 460 Wp due to
environmental factors such as irradiance variation, temperature effects, and system losses, the MPPT
controller effectively optimized energy extraction. The normalized peak output ratio of 55.7% (256/460
W) indicates realistic field performance under non-ideal conditions. The MPPT charging profile
demonstrated proper three-stage operation (bulk, boost, and float), ensuring efficient energy storage and
voltage regulation. During testing, the battery SOC increased from 50% to 90% while supporting active
loads, confirming that the PV-MPPT-battery subsystem provided sufficient energy generation and
storage capability. These results validate the reliability and feasibility of the proposed standalone smart
street lighting system for continuous operation of lighting, surveillance, and communication devices

D. Field Testing: Daily Energy Consumption, SoC, and DoD

Field testing over five consecutive days, from January 16 to January 20, 2026, was conducted
to evaluate the real-world energy balance and short-term system autonomy. Across the five-day
observation period, the post-charging SOC measured at 18:00 ranged from 90.0% to 97.2%, while the
next-morning SOC ranged from 58.6% to 68.4%. The SOC-based nighttime energy consumption was
estimated by multiplying the observed SOC reduction by the predefined usable battery-energy window
of 1536 Wh, corresponding to an allowable depth of discharge of 80%. The average nighttime SOC
reduction was 32.8%, corresponding to approximately 504 Wh/night. The recorded nighttime
reductions ranged from 25.1% to 37.3%, equivalent to 386-573 Wh/night.

The LED luminaire consumed 300-320 Wh/night, with an average of 308 Wh/night. The
difference between the SOC-based total night-time energy and the directly metered lighting energy
ranged from 66 to 273 Wh/night, with an average of 196 Wh/night. The rated CCTV and modem power
values were used as conservative inputs during system sizing. The lower field-measured night-time
energy consumption compared with the nameplate-based estimate indicates that the actual operating
power of these auxiliary loads may have been lower than their rated values. However, their individual
energy consumption was not measured separately. This remaining energy was associated with the
CCTV, communication modem, power-conversion losses, and uncertainty in SOC-based energy
estimation. Therefore, lighting remained the largest single night-time load, although the auxiliary
consumption was not negligible. During the monitored field period, daytime charging was sufficient to
restore the battery SOC to 90.0-97.2%. This result indicates a positive short-term energy balance under
the observed weather and load conditions. This operating profile may help limit excessive battery
discharge and supported continuous service during the five-day observation period. The summarized
results in Table 2 verify that the proposed 460 Wp PV and 150 Ah storage configuration reliably
supports autonomous field operation.

Table 2. Daily SOC and Nighttime Energy Consumption During Five-Day Field Testing

SoC 18:00 SoC 06:00 Night Nighttime Lighting
Date Weather GMT+7 (%) GMT+7 next Drop (%) Energy Energy
day (%) (Wh) (Wh)

2026-01-16  Partly cloudy 90.0 58.6 314 482 300
2026-01-17 Sunny 96.4 59.1 373 573 300
2026-01-18 Sunny 97.2 60.0 37.2 571 320
2026-01-19 Sunny 96.9 63.8 33.1 508 320
2026-01-20  Light clouds 93.5 68.4 25.1 386 300
Average 94.8 62.0 32.8 504 308

Note:

Nighttime energy was estimated from the SOC reduction relative to the predefined usable battery-
energy window of 1536 Wh
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E. Functional and IoT System Performance Testing and Implications for Smart City Deployment
\ = : —_— ‘
SN |

Figure 8. Proposed System Implementation and Operation

Field implementation verified the successful integration of illumination, surveillance, and [oT-
based monitoring within a single autonomous smart pole. Figure 8(a) presents the complete solar smart
pole installed on-site, integrating a photovoltaic module, LED luminaire, CCTV camera, and
communication devices into a compact standalone structure. The internal electrical configuration is
depicted in Figure 8(b), which shows the organized arrangement of the LiFePOa battery pack, MPPT
charge controller, inverter, protection components, and IoT modules. Nighttime functionality is
confirmed in Figure 8(c), where the luminaire automatically operates according to the RTC schedule,
while Figure 8(d) demonstrates the smartphone-based CCTV live-stream interface, validating remote
accessibility and real-time surveillance capability. Collectively, these results confirm cohesive
subsystem integration and reliable operation under real outdoor conditions.

Figure 9 illustrates the IoT monitoring framework that enables comprehensive supervision of
system generation, storage, and consumption. Figure 9(a) shows the Battery Management System
(BMS) interface reporting battery voltage, current, temperature, and state-of-charge (SOC) for
continuous assessment of storage health. Figure 9(b) presents the MPPT dashboard displaying
photovoltaic voltage, charging current, and instantaneous power to evaluate real-time harvesting
efficiency. Figure 9(c) depicts AC-side energy measurements from the loT power meter for the lighting
subsystem, while Figure 9(d) summarizes daily accumulated energy records to support trend analysis
and energy-balance evaluation. These unified dashboards facilitate remote diagnostics, preventive
maintenance, and operational optimization.

Functional tests further demonstrated stable and synchronized performance. The RTC-based
lighting controller achieved automatic switching, ensuring accurate scheduling. The CCTV subsystem
operated continuously with stable 8 MP H.265X video streaming. The IoT communication system
achieved an availability above 99% during the observation period, and no prolonged communication
interruption or system shutdown was observed.

From a smart city perspective, the integrated architecture provides several practical benefits.
The solar-powered configuration avoids grid-electricity purchases during autonomous operation,
continuous surveillance enhances situational awareness, and centralized IoT monitoring supports
remote diagnostics and data-driven infrastructure management. Overall, the system demonstrates short-
term technical feasibility and energy autonomy under the observed conditions, indicating its potential
for further development as sustainable smart city infrastructure.
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Figure 9. The Performance of the [oT-Based Real-Time Monitoring System

F. Study Limitations and Future Validation

The field campaign was conducted for five consecutive days at a single urban location.
Therefore, the results demonstrate short-term technical feasibility under the observed sunny, partly
cloudy, and lightly cloudy conditions, but they do not establish year-round system reliability. The
measurement period did not capture prolonged low-irradiance events, heavy wet-season rainfall,
seasonal changes in solar geometry, extended shading, module soiling, battery aging, or site-to-site
environmental variability.

Previous photovoltaic street-lighting studies have demonstrated that monthly solar-resource
variation, storage-system characteristics, and local operating conditions can substantially influence
energy production, reliability, and economic performance [5], [23], [42]. Future work will therefore
extend field monitoring across dry and wet seasons and at multiple installation sites. The extended
evaluation will include daily energy balance, loss-of-load probability, battery temperature and
degradation, communication availability, module soiling, maintenance events, and component-
replacement requirements.

G. Preliminary Economic Comparison

The designed system has an estimated daily energy demand of 1.176 kWh/day, corresponding
to approximately 429.24 kWh/year. For an equivalent grid-powered system, the annual electricity cost
can be estimated using (21).

Cgrid = Egnnuar * Tgrid (21
where Ejnpyar is the annual electricity consumption and Tgyiq is the applicable electricity tariff. Using
an illustrative public-street-lighting tariff of Rp1,699.53/kWh, the annual grid electricity expenditure is
approximately Rp729,506 per pole. The P-3/TR tariff was reported at Rp1,699.53/kWh, while the
Indonesian government maintained nonsubsidized tariff levels during subsequent tariff periods [43].

During autonomous operation, the proposed solar-powered system does not purchase electricity
from the grid. However, it requires higher initial investment due to the photovoltaic module, battery,
MPPT controller, inverter, protection devices, supporting structure, and installation. It also incurs future
battery and power-electronics replacement costs. Therefore, the present results demonstrate reduced
grid-electricity purchases rather than a confirmed reduction in total life-cycle cost. A complete
economic evaluation should include capital expenditure, grid-connection or grid-extension cost,
maintenance, battery replacement, discount rate, residual value, net present value, discounted payback
period, and levelized cost of electricity (LCOE) [5], [23], [42]. A preliminary comparison with an
equivalent grid-powered system is presented in Table 3.
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Table 3. Preliminary Comparison Table

Conventional Grid-Powered

Parameter System Proposed Solar-Powered System
Daily electrical demand 1.176 kWh/day 1.176 kWh/day
Annual electrical demand ~ 429.24 kWh/year 429.24 kWh/year

Annual grid-energy
purchase
INlustrative annual
electricity cost

429.24 kWh Approximately 0 kWh

Approximately Rp729,506 Approximately Rp0 for grid energy

Initial investment Lower if an existing grid connection Higher due to PV, battery, MPPT, and

is available inverter
Main long-term Electricity tariff and grid Battery and power-electronics
expenditure maintenance replacement
Main advantage LOWG.:I' initial cost in grid-served Energy autonomy and avoided grid
locations extension

Table 3 compares the conventional grid-powered system and the proposed solar-powered system in terms
of energy demand, cost, and operational advantages. Both systems require the same annual energy consumption
of 429.24 kWh/year, but the grid-based system depends entirely on purchased electricity, while the solar system
can reduce grid energy consumption to nearly zero. Although the solar system requires higher initial investment
for PV panels, batteries, MPPT, and inverter components, it provides long-term benefits through energy autonomy
and reduced dependence on grid infrastructure

IV. CONCLUSION

This study designed, implemented, and experimentally evaluated a standalone solar-powered
smart street lighting system integrating LED illumination, CCTV surveillance, and loT-based
monitoring within a single pole-mounted platform. Load analysis identified a demand of 1176 Wh/day
and a design requirement of 1529 Wh/day after applying a 30% margin. Based on these requirements,
a 460 Wp monocrystalline photovoltaic module, a 40 A MPPT charge controller, and a 12.8 V, 150 Ah
LiFePOs battery were selected. The design calculations estimated 1863 Wh/day of usable photovoltaic
energy and 1536 Wh of usable battery storage at an allowable depth of discharge of 80%. Accelerated
battery testing at 0.27C measured a capacity of 151 Ah, while laboratory testing demonstrated the
expected bulk/MPPT, boost, and float charging behavior.

During five consecutive days of field testing, the post-charging SOC ranged from 90.0% to
97.2%, the next-morning SOC remained between 58.6% and 68.4%, and the average nighttime SOC
reduction was 32.8%. The IoT platform enabled real-time monitoring of photovoltaic generation,
battery condition, and load operation, with communication availability exceeding 99% during the
observation period. These findings demonstrate short-term autonomous operation and technical
feasibility under the observed environmental and load conditions. The preliminary economic
comparison indicates that the proposed system can avoid grid-electricity purchases during autonomous
operation, but it does not establish lower total life-cycle costs. Long-term monitoring across dry and
wet seasons, low-rate battery testing under the actual load profile, multi-site deployment, component-
degradation assessment, and complete life-cycle cost analysis are required before year-round reliability
and economic competitiveness can be concluded.
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