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 This paper presents a comparative experimental analysis of horizontal, 

vertical, and 45° tilt photovoltaic (PV) panel orientations, evaluated with and 

without load conditions in a tropical environment. Simultaneous 

measurements of open-circuit voltage (Voc), short-circuit current (Isc), and 

average power were conducted over three consecutive days to facilitate 

orientation-specific performance comparisons. Results show that the 

horizontal orientation demonstrated robust midday performance, achieving 

3.65 W with load on one of the test day, but declined sharply in post-noon 

periods. The vertical orientation consistently produced lower average power 

outputs, approximately 3.1 W with load. As a reference, the 45° tilt 

consistently produced the highest output, with average load powers of 3.77 

W, 3.41 W, and 3.64 W over the three days. This performance exceeded 

horizontal orientations by 2–5% and vertical orientations by 15–20%. Both 

horizontal and tilt orientations consistently surpassed internet of things (IoT) 

operational thresholds of 3.3–5.0 V and 100–200 mA required for low-

power sensor nodes, ensuring excess energy for storage. In contrast, the 

vertical orientation posed a risk of inadequate current in late afternoon 

periods. Thus, the results indicate that the orientation selection should be 

environment-driven. Horizontal or tilted orientations are suitable for rural 

and open-field IoT settings, while vertical orientations are advantageous for 

space-constrained or dust-prone environments. 
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1. INTRODUCTION 

The integration of solar photovoltaic (PV) technology with internet of things (IoT) systems is 

transforming the potential for autonomous, efficient, and sustainable operations across various sectors by 

enabling real-time monitoring, intelligent control, and autonomous operation [1]-[3]. This synergy is 

especially beneficial in off-grid and energy-insecure areas, where dependable power sources are limited and 
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operational continuity is crucial. IoT frameworks facilitate the deployment of intelligent, interconnected 

devices that can monitor, control, and optimise processes in real time, but their effectiveness is significantly 

dependent on a continuous power supply. Solar PV systems offer a clean, renewable, and modular energy 

source that satisfies these requirements, rendering them ideally suited for IoT-enabled applications. Recently, 

various applications of solar-powered IoT frameworks in agriculture, security, environmental monitoring, 

wildlife conservation, automation, and other domains have increasingly relied on renewable energy sources 

to ensure continuous operation in off-grid environments. Solar-integrated IoT devices are revolutionising 

resource monitoring and management across various areas. In precision agriculture, PV-powered IoT 

networks manage irrigation, monitor soil moisture and nutrient levels, and optimise water usage, thereby 

enhancing yields in areas with restricted electrical availability [4], [5]. In environmental monitoring, solar 

energy powers IoT sensor networks that monitor air quality, weather conditions, and water levels, producing 

vital datasets for disaster preparedness, climate modelling, and resource conservation [6], [7]. Wildlife 

conservation efforts utilise solar-powered IoT camera traps, global positioning system (GPS) tracking collars, 

and sound sensors to gather data in distant or environmentally sensitive environments without the need for 

intrusive infrastructure [8], [9]. 

Solar-powered IoT installations diminish reliance on fossil fuels, decrease greenhouse gas emissions, 

and facilitate the implementation of intelligent microgrids in underprivileged regions. The efficacy of these 

systems is closely correlated with the PV array’s capacity to provide adequate electricity under diverse 

environmental conditions, in addition to being influenced by factors such as solar irradiance, temperature, and 

shading. Panel orientation, defined by tilt and azimuth relative to the sun’s trajectory, is a critical technical factor 

influencing PV power generation. Orientation influences the amount of incident solar irradiance collected over 

time, thus impacting both daily energy output and the system’s reliability and long-term efficiency. Fixed systems 

may benefit from periodic adjustments to the tilt angle to account for seasonal variations in solar irradiance [10]. 

However, optimising the orientation and tilt angle for rural installations with space constraints is crucial for 

maximising energy output and ensuring system reliability [11]. In open-field IoT frameworks, where continuous 

power is essential and maintenance resources are frequently constrained, optimising panel orientation emerges as 

a critical technical challenge that directly influences sustainability, scalability, and cost-efficiency.  

The physical orientation of the solar panels, which controls the quantity of solar irradiance gathered 

over time, significantly impacts the efficiency of PV-powered IoT devices. To optimise the annual energy 

generation in fixed systems, conventional installation standards recommend orienting PV modules toward the 

equator with a tilt angle equal to the site's latitude [12]. Although this method performs satisfactorily in many 

areas, it is not always the best option for all operational or environmental circumstances. To overcome 

orientation-related performance limitations, researchers have thus looked into alternate designs, both fixed 

and adaptive. Fixed horizontal systems with optimal tilt angles have been extensively researched owing to 

their mechanical simplicity, cost-effectiveness, and reliable performance under stable solar exposure 

conditions [13], [14]. Nevertheless, these systems may exhibit reduced efficiency during low solar angles or 

considerable seasonal variation in solar position. Adaptive tracking systems, comprising single-axis and dual-

axis trackers, dynamically modify the tilt and azimuth of PV modules to align with the sun's path. Field 

studies indicate that adaptive tracking can enhance energy yield by as much as 45% relative to fixed 

installations, particularly in rural and open-field settings where space is abundant [15]. Meanwhile, vertical 

PV systems have gained attention due to their operational advantages in particular settings. In contrast to 

horizontal arrays, vertical systems exhibit less vulnerability to dust deposition and shadowing from adjacent 

structures, hence decreasing maintenance frequency and maintaining performance in dusty or polluted 

conditions [16]. They also provide enhanced integration capabilities in space-limited environments, such as 

urban facades, fences, or sound barriers, where ground-mounted systems are unfeasible. In agrivoltaic 

systems, vertical PV arrays facilitate concurrent agricultural production and energy generation by reducing 

shading on crops, which helps to produce up to three times more electricity per unit of farmland lost 

compared to traditional ground-mounted systems [17]. Their versatility in various terrains makes them 

appealing for ecologically sensitive areas, where the preservation of natural landscapes is crucial [18].  

Beyond these technical benefits, PV orientation strategies serve as a critical design factor for urban 

energy requirements, where integration into building façades or constrained-space installations is essential 

[16], as well as for sustainable development in rural and conservation-orientated regions [18]. Vertical or 

suitably inclined horizontal PV systems can deliver dependable, low-maintenance energy for IoT-based 

remote monitoring systems used in agriculture, forestry, and environmental conservation [5], [19]. The 

compatibility is crucial given the minimal but ongoing power demands of IoT setups. A conventional remote 

sensing IoT node, equipped with temperature, humidity, or soil moisture sensors, a microcontroller unit 

(MCU) (such as an ESP32 or Arduino), and a low-power communication module (such as long range (LoRa), 

narrowband (NB-IoT), or Zigbee), typically requires between 0.5 and 2 W for uninterrupted operation. The 

overall daily energy usage typically ranges from 5 to 20 Wh when integrated with intermittent operations like 

wireless data transfer or image capturing, contingent upon the duty cycle and communication range. 
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Consistently meeting this demand in remote locations depends mainly on panel orientation, as inadequate 

alignment may result in extended battery charging durations and subsequent service disruptions. These 

challenges are particularly critical in off-grid IoT implementations, where maintenance visits are both 

expensive and infrequent. 

Although prior research has examined the energy performance of horizontal and vertical PV panels 

separately, it has not directly compared both orientations under uniform environmental circumstances for 

IoT-enabled systems [6], [12], [20]. Current orientation research predominantly focuses on general PV 

applications, such as residential rooftop systems, grid-connected commercial arrays, or extensive solar farms, 

while neglecting the operational requirements specific to IoT deployments, where power continuity, spatial 

limitations, and maintenance accessibility are paramount. Moreover, limited research has investigated the 

impact of PV orientation on system performance in both loaded and unloaded states, despite the variable duty 

cycles, intermittent communications, and battery-buffered energy supply typical of IoT devices. In addition, 

existing literature rarely combines environmental, spatial, and economic factors within a unified comparative 

framework. Horizontal PV orientations are known for their high energy yields in unobstructed environments, 

but they may experience issues related to dust accumulation or shading in urban and desert settings [21]. In 

contrast, vertical PV systems offer benefits such as land preservation, integration into building façades, and 

decreased soiling losses [22]. However, their performance relative to horizontal designs in rural IoT settings 

has not been systematically evaluated under the same conditions. Without context-specific comparative 

analysis, there is a lack of empirical evidence to determine the optimal PV orientation for IoT-based remote 

monitoring, environmental sensing, and other autonomous applications, particularly in off-grid deployments 

where performance reliability is critical and maintenance resources are limited. 

This study presents a comprehensive experimental comparison of horizontal and vertical PV panel 

orientations for IoT-based applications under consistent environmental conditions. Moreover, this study 

conducts side-by-side performance measurements to ensure a controlled and unbiased comparison of energy 

yields, in contrast to previous studies that analysed each orientation in isolation. The analysis includes both 

with and without load conditions, highlighting the impact of orientation on the operational performance of 

IoT devices and the potential for open-circuit energy generation.  

 

 

2. METHOD 

The experimental setup aimed to assess and compare the performance of solar PV panels oriented 

horizontally, vertically, and at a 45° inclination for powering IoT-based systems in real-world situations. This 

methodology directly tackles the knowledge deficiencies highlighted in the Introduction section, specifically 

the absence of side-by-side comparisons between orientations under uniform environmental circumstances 

and the lack of performance assessments with and without load conditions. The chosen orientations represent 

a horizontal (0° tilt), which is frequently utilized when the installation surface is aligned with the ground, a 

vertical (90° tilt), which is appropriate for installations constrained by space, characterized by high dust 

levels, or installed on façades, and a 45° angle, which is the estimated ideal fixed tilt for the latitude of the 

test location at the Parit Raja test site in Batu Pahat, Johor (1.852493° N, 103.084092° E), functions as the 

reference orientation [1], [3]. Testing was performed outdoors at a consistent location to guarantee uniform 

irradiance exposure across all orientations over the three consecutive measurement days (19/12/2025 until 

21/12/2025). Solar irradiance was monitored at 60-minute intervals using a calibrated solar power meter 

(model: SM206-solar) positioned adjacent to the PV modules to ensure accurate site-level readings. Peak 

irradiance on Day 1 was 850–950 W/m² under clear-sky conditions, Day 2 was 500–700 W/m² affected by 

intermittent cloud cover, and Day 3 was 880–950 W/m² under clear-sky conditions. During the measurement 

period, ambient air temperatures ranged from 28 to 33 °C, with PV module surface temperatures estimated at 

40 to 50 °C around midday due to solar heating. The experimental procedure follows established PV 

performance evaluation standards [23], modified for IoT system integration.  

 

2.1.  Hardware system architecture 

The experimental hardware system was developed to assess the energy generation performance of 

solar PV modules across three orientations and their capacity to provide continuous power to an IoT-based 

monitoring system. The configuration incorporates solar energy generation, charge regulation, energy 

storage, and real-time load operation within a modular and replicable framework. Figure 1 shows the block 

diagram of the experimental hardware system. The hardware architecture comprises five main components: 

the solar PV panel, a solar charge controller (DC–DC converter), an energy storage unit (12 V lead-acid 

battery), an IoT load, and measurement instruments. The solar PV panel (SWOM-03 mono-crystalline 

module) is the main energy source, transforming incident solar irradiance into direct current (DC) electrical 

power. Three orientations were tested: horizontal (0° tilt, facing the equator), vertical (90° tilt), and tilted at 
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45°. The 45° orientation was chosen as a reference orientation due to its appropriateness for the latitude of 

the test location, aligning with established optimal-tilt guidelines [6], [12]. The specifications of the solar PV 

panel are provided in Table 1. The generated DC power is fed into a charge controller (DC–DC converter), 

which manages voltage and current to ensure safe charging of the energy storage unit (12 V lead-acid 

battery) while providing a regulated output to the IoT load. The charge controller regulates battery charging 

and discharging, thereby maintaining stable operation in off-grid settings. The IoT load consists of a standard 

low-power monitoring node, which includes a MCU, environmental sensors, and a wireless communication 

module. This load replicates practical IoT implementations in areas such as environmental sensing, 

agricultural monitoring, and wildlife monitoring. The measurement instruments, specifically a calibrated 

digital multimeter, are connected at critical points in the circuit to record electrical parameters such as open-

circuit voltage (Voc), short-circuit current (Isc), and load voltage/current (for power output) during operation. 
  
 

Solar PV Panel

(Module SW0M-03)

Horizontal / Vertical / 45° 

DC Power
Regulated 

DC Output

Regulated 

DC Output

Solar Charge Controller 

(DC-DC) 

Battery 

(Energy Storage) 

IoT Load

(Microcontroller Unit)

Measurement Instrument 

(Multimeter)

 
 

Figure 1. Block diagram of the experimental hardware system 
 

 

Table 1. Specification of the solar PV panel 
Specification Value 

Model type SW0M-3 

Solar cell type Mono-crystalline 
Peak power (pm) 10 W 

Maximum power voltage (vmp) 17.9 V 

Maximum power current (imp) 0.55 A 
Open circuit voltage (voc) 21.2 V 

Short circuit current (isc) 0.61 A 

 

 

Figure 2 shows the configuration used to measure electrical parameters for assessing the 

performance of solar PV modules in three orientations under two operational conditions. In the without-load 

condition, as shown in Figure 2(a), the IoT load is severed by disconnecting the breaker between the charge 

controller and the load, resulting in a no-load or open-circuit condition. This configuration allows for the 

assessment of the PV module's Voc and Isc independent of load consumption, thereby reflecting the module's 

maximum generation potential under specified orientation and irradiance conditions. Meanwhile, in the with-

load condition, as shown in Figure 2(b), the breaker to the IoT load is closed, allowing the PV module to 

deliver regulated DC power to both the IoT load and the battery through the charge controller. This with-load 

setup replicates field operations, wherein the PV system must support uninterrupted IoT device functionality 

while preserving battery charge. In both arrangements, the PV panel assessed in horizontal, vertical, and 45° 

tilt orientations serves as the principal energy source, transforming solar irradiance into DC electrical power.  
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Figure 2. Schematic diagram of the experimental solar PV system measurement setup under two operational 

conditions; (a) without a load (open-circuit condition) and (b) with a load powering the IoT system 
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2.2.  System flow and test scenarios 

The experimental procedure enabled a systematic and reproducible evaluation of solar PV 

performance across horizontal, vertical, and 45° tilt orientations under both loaded and unloaded conditions. 

Upon mounting the PV module to an adjustable frame, the tilt was calibrated using a digital inclinometer, and 

the azimuth was established at true south (180°) for all experiments. The hardware connections followed the 

configurations shown in Figures 1 and 2, and all breakers, fuses, and measurement points were verified prior 

to the measurement of each test session. 

Each orientation was subjected to two test settings. In the no-load condition, the IoT load was 

detached, and the module's Voc and Isc were measured to evaluate maximum potential generation. In the with-

load condition, the IoT system was linked via the charge controller, enabling the PV panel to concurrently 

supply electricity to the load and charge the battery, thereby replicating field operation conditions. 

Concurrent measurements of Voc and Isc for all three orientations were conducted every 60 minutes 

from 09:00 to 17:00 local time. This method ensured that the measurements for each orientation were 

obtained under identical solar and environmental conditions. Instantaneous power (P) was calculated for each 

timestamp using the equation P=V×I. The average daily power output (Pavg) for each orientation and 

condition was then determined from all measurements obtained throughout the day.  

Figure 3 shows the flowchart of the experimental procedure for the comparison of solar PV 

orientations. Readings for all three orientations and both settings were conducted at each 60-minute interval 

prior to advancing to the subsequent scheduled time point. After all measurements for the day were collected, 

the data were analysed to compare the performance of horizontal, vertical, and 45° tilt orientations with and 

without load conditions. Performance analysis involved a comparison of Voc, Isc, and Pavg across three 

orientations and two operational settings. This analysis offers a quantitative framework for assessing the 

appropriateness of various PV orientations for powering IoT systems in off-grid settings, where reliability 

and efficiency are critical. 
 
 

Install Solar PV Panel in Horizontal / 

Vertical / 45° Orientations

Setup and Checking System Configuration

(Figure 1 and Figure 2)

Is the current 

time a scheduled 

60-min interval?

Record Voc and Isc concurrently for all 

three orientations

Compute instantaneous power and average 

power

Compare performance across orientations 

and settings

Wait until next scheduled time

Start

End

No

Yes

 
 

Figure 3. Flowchart of the experimental procedures for different orientations of the PV panels 

 

 

3. RESULTS AND DISCUSSION 

This section presents the experimental results and their interpretation, focusing on the comparative 

performance of solar PV panels positioned in horizontal, vertical, and 45° tilt orientations. The evaluation is 

based on the electrical characteristics of the panels, specifically Voc and Isc, in addition to the average power 

outputs recorded under both with and without load conditions. The analysis of these parameters over three 

consecutive days reveals orientation-dependent variations in generation capacity. It provides insights into 

their implications for powering open-field IoT systems in off-grid environments. 
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3.1.  Electrical parameters under three orientations 

Figure 4 shows the variation of Voc and Isc over Day 1 for horizontal, vertical, and 45° tilt 

orientations. Across all orientations, Voc and Isc followed a diurnal profile consistent with solar irradiance 

patterns, as they increased progressively after 09:00, peaked close to solar noon (12:00–13:00), and then 

decreased in the evening. The Voc peaked at about 20.7 V at midday for the horizontal orientation, as shown 

in Figure 4(a), whereas Isc increased to 0.52 A before progressively declining. In the afternoon, the vertical 

orientation, as shown in Figure 4(b), yielded much lower Isc values, dropping below 0.36 A around 14:00, but 

a similar peak Voc (approximately 19.2 V). As the solar altitude rose, the effective irradiance on the vertically 

installed module decreased, which is consistent with the findings reports in [24]. The performance was stable 

with the 45° tilt orientation, as shown in Figure 4(c), with Isc maintaining values above 0.35 A for most of the 

afternoon and Voc peaking near to 20.8 V. These results indicate that aligning the tilt orientation with site 

latitude maximises current generation and voltage stability [25]. 

 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 

Figure 4. Variation of Voc and Isc for; (a) horizontal, (b) vertical, and (c) 45° tilt orientations over Day 1 

 

 

Meanwhile, Figure 5 shows the variation of Voc and Isc for horizontal, vertical, and 45° tilt 

orientations during Day 2. As on Day 1, both parameters followed a diurnal profile consistent with solar 

irradiance patterns, as they increased progressively after 09:00, peaked close to solar noon (12:00–13:00), 
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and then decreased in the evening. In the horizontal orientation, as shown in Figure 5(a), Voc peaked at just 

under 19.9 V about midday, marginally lower than on Day 1. At the same time, Isc attained roughly 0.37 A 

before experiencing a gradual decline in the afternoon. The current curve exhibited a wider plateau between 

11:00 and 13:00, indicating more diffuse irradiance conditions that marginally diminished the peak while 

extending the duration of elevated energy production. In the vertical orientation, as shown in Figure 5(b), the 

voltage attained values similar to other orientations (approximately 19.8 V), although the current output 

remained the lowest among the three orientations. Isc reached a maximum of approximately 0.33 A at noon 

and subsequently decreased to 0.26 A after 14:00. This trend indicates the reduced effectiveness of vertically 

oriented modules in capturing noon irradiance due to adverse incidence angles, a limitation consistently 

emphasised in previous research [26]. The 45° tilt orientation, as shown in Figure 5(c), exhibited the most 

balanced performance. The Voc reached a maximum of approximately 19.7 V, similar to the horizontal 

condition. At the same time, Isc surpassed 0.33 A and sustained this level until after 15:00. In comparison to 

the horizontal orientation, the inclined setup produced a more consistent afternoon current profile, 

highlighting its robustness under fluctuating irradiance. The results are consistent with theoretical 

expectations, which indicate that a latitude-matched tilt maximises current stability and ensures sustained 

energy yield [27].  

 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 

Figure 5. Variation of Voc and Isc for; (a) horizontal, (b) vertical, and (c) 45° tilt orientations during Day 2 
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Finally, Figure 6 shows the variation of Voc and Isc profiles for horizontal, vertical, and 45° tilt 

orientations on Day 3. Similar to the previous days, both voltage and current increased in the morning, peaked 

near solar noon, and then decreased in the evening as they followed the diurnal solar irradiance cycle. 

However, Day 3 displayed more variability around midday, which was expected due to intermittent cloud 

cover. In the horizontal orientation, as shown in Figure 6(a), Voc exceeded 20.8 V, comparable to Day 1, while 

Isc peaked at approximately 0.52 A at 12:00 before a sharp decline. The abrupt midday peak and subsequent 

sharp decline indicate transient shading or fluctuations in irradiance, resulting in increased variability relative 

to the more consistent profiles observed on Day 2. The horizontally oriented panels indicate the sensitivity to 

fluctuations in short-term irradiance. In the vertical orientation, as shown in Figure 6(b), the voltage 

performance was similar to that of the other orientations (approximately 18–19 V), although the current output 

remained the lowest. Peak Isc was observed at approximately 0.31 A around noon, subsequently decreasing 

gradually to below 0.16 A by late afternoon. Although the current output of the vertically oriented panel is 

lower, it demonstrated greater stability, exhibiting reduced midday fluctuations compared to the horizontal 

orientation. This trend is consistent with previous findings, which indicates that vertical modules, while not 

optimal for energy yield, display reduced sensitivity to transient irradiance variations [28]. The 45° tilt 

orientation, as shown in Figure 6(c), exhibited performance characteristics that integrated the benefits of the 

other two orientations. The Voc reached a maximum of approximately 20.9 V, with the Isc peaked at 0.52 A and 

remained above 0.30 A until after 15:00. Although Day 3 demonstrated midday variability, the tilted 

orientation exhibited smoother transitions, mitigating the significant spikes and declines observed in the 

horizontal orientation. This observation supports previous theoretical and experimental findings, which 

indicate that tilt alignment with site latitude improves stability under varying sky conditions [29]. 
  

 

 
(a) 

 

 
(b) 

 

 
(c) 

 

Figure 6. Variation of Voc and Isc for; (a) horizontal, (b) vertical, and (c) 45° tilt orientations on Day 3 
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Table 2 summarises orientation-dependent performance peak Voc, peak Isc, and post-noon Isc values 

(after 14:00) for horizontal, vertical, and 45° tilt orientations over three consecutive measurement days. The 

horizontal orientation yielded the highest peak currents (Isc=0.45–0.52 A), which confirmed its capability for 

maximum instantaneous output, but exhibited a sharp decline in the post-noon. The vertical orientation, while 

maintaining voltages similar to the other orientations (approximately 19.9–20.3 V), consistently produced the 

lowest currents (Isc≤0.34 A), frequently dropping below 0.25 A after post-noon (14:00). In contrast, the 45° 

tilt orientation demonstrated a balanced performance with high peak currents (Isc=0.38–0.48 A) and sustained 

post-noon current (>0.29 A) across all test days, thereby confirming its robustness under varying 

environmental conditions. From the perspective of IoT systems, these performance differences are critical. 

Low-power wireless sensor nodes typically require supply voltages between 3.3 and 5.0 V and continuous 

currents of 100 to 200 mA for reliable operation. Both the horizontal and 45° tilt orientations consistently 

exceeded these thresholds during daytime operation, thus ensuring surplus energy for storage. In contrast, the 

vertical orientation presented a risk of inadequate current during late-afternoon hours, which could 

compromise continuous operation in off-grid IoT applications unless supported by larger storage capacity or 

hybrid energy sources. The findings support previous studies indicating that tilt-optimised orientations 

typically achieve greater and more consistent energy capture. In contrast to exhibiting inferior electrical 

performance, vertical orientations are beneficial in particular deployment scenarios, including environments 

with high dust exposure, spatial constraints, or applications integrated with agricultural and wildlife 

conservation systems. 

 

 

Table 2. Electrical parameters across three days for different panel orientations 
Orientation Day Peak Voc (V) Peak Isc (A) Post-noon Isc (A) Key observations 

Horizontal 1 20.7 0.52 0.36 Consistently highest peaks, but sharper 

post-noon decline; sensitive to variability  2 20.0 0.37 0.26 
 3 20.7 0.52 0.29 

Vertical 1 20.3 0.50 0.36 Stable voltage, but lowest current across all 

days  2 19.9 0.33 0.30 
 3 20.0 0.32 0.28 

45° tilt 1 20.8 0.51 0.40 Balanced output; sustained post-noon 

current; most robust orientation  2 19.7 0.33 0.29 

 3 20.9 0.52 0.29 

 

 

3.2.  Average power output with and without load 

Figures 7-9 show the average power output of the solar PV panels for three orientations (horizontal, 

vertical, and 45° tilt) under both without-load (open-circuit, connected only to the controller and battery) and 

with-load (IoT system powered) conditions for Days 1-3, respectively. The measured power consistently 

exceeded that of without-load conditions when compared to with-load conditions, indicating the anticipated 

voltage drop and current draw linked to powering an actual IoT load.  

 

 

 
 

Figure 7. The average power output for three panel orientations with and without load on Day 1 

 

 

On Day 1, as shown in Figure 7, the horizontal and 45° tilt orientations produced the highest 

without-load power outputs of 6.76 W and 7.04 W, respectively. Under load conditions, these outputs 

decreased to 3.65 W and 3.77 W. The vertical orientation generated 6.43 W without load and decreased to 
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3.11 W when powering the IoT system. However, on Day 2, as shown in Figure 8, variations in weather 

affected overall performance across all orientations. The average without-load power decreased to 4.24 W for 

the horizontal orientation, 4.12 W for the vertical orientation, and 4.42 W for the 45° tilt orientation. The 

power values with-load were consistently lower, ranging from 3.15 W (vertical) to 3.41 W (45° tilt). As 

shown in Figure 9, by Day 3, there was partial performance recovery. The 45° tilt orientation produced the 

highest average power (5.10 W without-load and 3.64 W with-load), while the horizontal orientation yielded 

4.91 W and 3.58 W, respectively. The vertical orientation exhibited the lowest power values with 4.61 W 

without-load and 3.15 W with-load.  

 

 

 
 

Figure 8. The average power output for three panel orientations with and without load on Day 2 

 

 

 
 

Figure 9. The average power output for three panel orientations with and without load on Day 3 

 

 

Table 3 presents the key observations of average power output for the panel orientations over three 

days, under both without- and with-load conditions. It confirms that load conditions significantly diminish 

overall power availability, as expected due to current draw and related system losses. The power delivery 

outcomes presented in Table 3 reflect the comparative patterns for Voc and Isc shown in Table 2. The results 

confirm that aligning the panel tilt with site latitude enhances irradiance capture efficiency during the day. 

The horizontal orientation exhibited average power values that were only slightly lower than the tilt 

orientation, particularly under load conditions, where the difference was less than 0.2 W on most days. The 

vertical orientation exhibited consistent underperformance, with load averages stabilising at approximately 

3.1 W across all days, indicating a 10–15% deficit relative to the tilt orientation. All orientations provided 

adequate voltage for IoT operation, but variations in current generation primarily influenced overall power 

availability.   

The horizontal orientation generated the highest peak currents, but it experienced more pronounced 

declines after noon, resulting in diminished load power in the later part of the day. While maintaining a stable 

voltage output, the vertical orientation consistently yielded the lowest current and, as a result, the lowest 

average power, with load values stabilising at approximately 3.1 W over several days. The 45° tilt orientation 

demonstrated a balanced profile, sustaining strong post-noon currents exceeding 0.30 A and achieving 
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optimal and consistent power delivery in both with and without load conditions. The correlation between 

electrical parameters and power outcomes highlights that current sustainability, rather than voltage level, is 

essential for ensuring a reliable energy supply in IoT applications. The findings are consistent with previous 

research that points out the importance of sustainable current output and stable diurnal profiles in off-grid 

solar applications [30]. Further long-term monitoring across various seasonal and weather conditions would 

enhance the validation of these trends and offer more comprehensive insights into year-round reliability. 

 

 

Table 3. Key observations on average power output for different panel orientations with and without load 
Orientation Day Average power output 

Horizontal 1 High no-load power, but load reduces the output by nearly 46% 

 2 Moderate; remains above the IoT thresholds 

 3 Consistent recovery; relatively stable load performance 
Vertical 1 Weakest load delivery; <50% of no-load 

 2 Narrow load/no-load margin, indicating inefficiency 

 3 Similar pattern; lowest with-load reliability 
45° tilt 1 Highest overall, load output close to horizontal 

 2 Best resilience under cloudier conditions 

 3 Sustained superiority; consistently above the IoT thresholds 

 

 

3.3.  Comparative analysis between horizontal and vertical panel orientations 

Depending on the environmental and infrastructural context, we can strategically leverage the 

specific benefits of integrating vertical and horizontal orientations in IoT systems. The horizontal orientation 

consistently produced higher current and power outputs than the vertical orientation over the three days. 

Horizontal orientation exhibited an average increase of 30–40% in Isc compared to vertical orientation, as 

indicated in Table 2. This difference corresponded to a 15–20% increase in load power, as presented in  

Table 3. On Day 1, horizontal orientation produced 3.65 W under load, while vertical orientation generated 

only 3.11 W, resulting in a 17% advantage. Despite less favourable irradiance conditions on Day 2, the 

horizontal orientation maintained a 4–6% higher output, which indicates that horizontal orientation, when not 

limited by spatial constraints, are better suited for rural IoT applications such as wildlife monitoring or 

deterrent systems and agricultural monitoring, where stable diurnal power availability is essential. The 

pronounced decline in performance observed in horizontal orientations post-noon suggests a sensitivity to the 

angle of irradiance, necessitating adequate energy storage to maintain reliability overnight.  

In contrast, despite generating considerably lower current and power, the vertical orientation 

maintained similar voltage stability and provided distinct practical advantages. Throughout the three days, 

vertical load power stabilized at approximately 3.1 W, indicating a deficit of 10–15% relative to horizontal 

orientation and a 15–20% deficit compared to the 45° tilt orientation. Vertical panels mitigate land-use 

conflicts, exhibit reduced susceptibility to dust accumulation, and facilitate seamless integration into building 

facades or fences, thereby rendering them particularly suitable for urban IoT applications. Facade-mounted 

vertical panels can support smart city devices, including air quality sensors, traffic monitors, and street-light 

communication modules, while preserving valuable ground space. In rural or conservation contexts, 

vertically mounted panels installed along perimeter fences can fulfil dual functions: powering electric fencing 

systems for wildlife deterrence and supplying energy to IoT-based monitoring devices, including motion 

sensors and camera traps. This integrated approach reduces land use, utilizes existing fencing, and improves 

sustainability in environmentally sensitive regions. Nonetheless, their 15–20% lower electrical yield indicates 

that larger-capacity batteries or supplementary energy sources are necessary to offset decreased current 

generation, particularly in the late afternoon. 

The results highlight the potential of hybrid PV systems that integrate multiple panel orientations. 

Horizontal panels optimize daytime energy yields, whereas vertical panels enhance early-morning or facade-

based generation, providing resilience to shading, orientation constraints, and spatial limitations. Dual-

orientation systems may decrease variability and provide a more continuous power profile, which is critical 

for IoT applications requiring uninterrupted operation. Recent studies on PV systems indicate that similar 

hybrid approaches enhance overall energy capture and system resilience [31]. The comparative analysis 

indicates that horizontal orientation exceeds vertical by 15–20% in electrical yield, but vertical systems 

maintain structural and contextual benefits in constrained environments. The 45° tilt orientation represents 

the optimal balance, offering stability and efficiency. Consequently, the orientation selection should be 

environment-driven, with hybrid orientations representing viable strategy for developing resilient and 

sustainable IoT energy solutions. 
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4. CONCLUSION 

This work performed a systematic comparative analysis of solar PV orientations in horizontal, 

vertical, and 45° tilts, in the context of powering IoT systems. The findings indicate that panel orientation 

affects electrical performance and long-term viability for IoT applications, especially in off-grid situations 

where a continuous power supply is essential. The 45° tilt consistently demonstrated the highest 

performance, yielding average with-load power outputs over three testing days. The values were 2–5% higher 

than horizontal orientations and 15–20% higher than vertical setups. Horizontal orientation exhibited 

comparable peak values but demonstrated increased variability in the post-noon period, indicating their 

reliance on solar altitude. Vertical orientation exhibited noticeably lower average with-load power. The 

consistency of these trends observed over three independent days indicates that the orientation effect is 

systematic, with tilt orientation identified as the most balanced solution for continuous IoT powering. Despite 

these findings, certain limitations remain. The dataset was limited to a span of three consecutive days within 

tropical conditions at a single geographic location. Extended monitoring across different seasons and 

latitudes is necessary for generalizing these findings, especially under varying solar angles and climatic 

conditions.  
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