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A B S T R A C T 

This experiment investigates the performance optimization of a stand-alone 

photovoltaic water pumping system (PVWPS) in the tropical region of Yogyakarta, 

Indonesia (7S latitude), specifically during the December Solstice. While conventional 

designs often utilize fixed latitude-based tilt angles, this research proposes a seasonal 

micro-adjustment strategy to address the sun's extreme Southern position during the 

rainy season. An experimental comparison was conducted between two low-tilt 

configurations (5 vs. 10) on a 1.65 kWp off-grid system powering a 290 W surface 

pump. Data were collected under real operating conditions (10:00–14:00) and filtered 

to exclude cloud-edge anomalies. The results reveal that the 5 tilt angle outperforms 

the 10 configuration, achieving an average electrical efficiency of 17.5% compared to 

16.6%. The near-flat orientation minimizes cosine losses and maximizes direct 

irradiance capture when the sun is at the Tropic of Capricorn. This study recommends 

a seasonal manual adjustment to 5 during the December planting season to enhance 

water discharge reliability in remote agricultural areas. 
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1. Introduction 

Solar photovoltaic (PV) technology has a 

significant role in the global energy transition, 

particularly for agricultural applications in remote 

areas. In developing countries, water pumping for 

irrigation and domestic use heavily relies on diesel 

generators, which are costly and environmentally 

detrimental [1]. The transition from diesel to solar 

photovoltaic water pumping systems (PVWPS) has 

been identified as a sustainable solution to ensure 

water security and reduce carbon emissions, as 

comprehensively reviewed in recent literature [2], 

[3], [4], [5], [6]. In the context of Indonesia, 

specifically in karst regions like Gunungkidul, the 

implementation of sustainable water supply systems 

is crucial for disaster resilience and community 

reconstruction, as highlighted in early studies by 

Setiawan et al. [7], [8]. The immense solar energy 

potential in tropical regions offers a viable 

opportunity to address these water scarcity challenges 

through efficient stand-alone PV systems [9]. Recent 

advancements in this field have emphasized the 

integration of smart water management technologies, 

utilizing microcontrollers and real-time sensor data to 

enhance the self-sufficiency of rural populations [10]. 

The efficiency of a PV system is highly influenced 

by the amount of solar irradiation incident on the 

module’s surface. One of the critical parameters 

affecting this is the tilt angle. Conventional 

installations often employ a fixed-tilt configuration 

based on the site's latitude to minimize installation 

complexity and costs [11]. However, recent studies 

indicate that relying solely on latitude-based fixed 

angles does not yield maximum energy output 

throughout the year due to the seasonal variation of 

the sun's position [12]. Tamoor et al. [13] 

demonstrated that optimizing the tilt angle, rather 

than using a static position, can significantly enhance 

system efficiency and reduce the Levelized Cost of 

Energy (LCOE). To move beyond traditional 

empirical rules, hybrid frameworks integrating 

machine learning and localized climatic data are now 

being utilized to predict monthly optimal tilt angles 

across diverse climate zones [14]. Furthermore, 

simplified calculation models have been developed to 

reveal annual variation patterns, indicating that in 

low-latitude cities, the monthly optimal tilt angle can 

even decrease to negative values [15]. While these 

computational advancements provide valuable 

theoretical insights, there remains a need for 

empirical field validation in specific tropical 

microclimates. Experimental investigations by 

Arslan and Çunkaş [16] emphasized that the optimal 

tilt angle varies for each site and requires precise 

determination based on local climatic conditions, 

rather than general rules of thumb [17], [18], [19], 

[20].  

 

 

In tropical regions near the equator, the strategy 

for tilt angle optimization differs significantly from 

high-latitude regions. Previous research by Kristiyana 

et al. [21] studied the PV modules’ performance at 

various angles (5°–25°), suggesting that a 20° tilt is 

generally optimal for annual performance. However, 

there is a lack of specific studies focusing on the 

"December Solstice" phenomenon in the Southern 

Hemisphere, where the sun reaches its southernmost 

point. During this specific rainy season, cloud cover 

and diffuse radiation become dominant factors. 

Recent geospatial studies by Télesphore et al. [22] in 

Benin and Apriani et al. [23] in Indonesia propose 

that low-tilt angles (near-flat) might offer superior 

performance in equatorial zones by minimizing self-

shading and maximizing diffuse radiation capture, a 

Figure 1. The experimental procedure in this study 
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concept also supported by Vineesh and Bhattacharya 

[24] and others [25], [26]. While efforts to maximize 

energy capture often involve complex electronic 

control strategies, such as combining metaheuristic 

optimizers with direct torque control for induction 

motors [27], there remains a critical need for cost-

effective physical optimization. Empirical validation 

of this low-tilt strategy specifically for pump 

applications during the critical planting season in 

December remains limited. 

This study aims to address this research gap by 

experimentally investigating the stand-alone 

PVWPS’ performance under two specific low-tilt 

angle configurations (5° and 10°) during the 

December Solstice period in Yogyakarta, Indonesia. 

Unlike previous general optimizations or complex 

computational frameworks, this study focuses on the 

"seasonal micro-adjustment" required to maximize 

water discharge when the sun is in the extreme South. 

The study builds upon the pioneering work of solar 

pumping in the region by Setiawan et al. [28], 

integrating modern data cleaning techniques to filter 

cloud-edge effects and throttling anomalies, 

providing a robust efficiency analysis for tropical 

seasonal optimization. 

2. Materials and Methods 

The overall experimental procedure, from system 

sizing to data analysis, is systematically illustrated in 

the flowchart presented in Figure 1. 

 

2.1. Experimental Site and Setup 

 The experimental study was conducted in the 

special region of Yogyakarta, Indonesia 

(Coordinates: 7° 46’S, 110° 23’E), which represents 

a typical tropical climate in the Southern Hemisphere. 

The data collection campaign was carried out during 

the December Solstice period (December 2025), 

characterized by the sun's position at the Tropic of 

Capricorn (23.5°S). Following the experimental 

validation approach by Arslan and Çunkaş [16], this 

study utilized a real-time outdoor measurement 

method. Two inclination configurations were tested 

sequentially: a near-flat tilt (5°) and a standard low tilt 

(10°), both oriented towards the North to face the 

sun's trajectory. The 5° angle was selected as the 

minimum practical threshold required to ensure self-

cleaning from dust and effective rainwater drainage 

in tropical environments, as recommended by Chiteka 

et al. [29], while maximizing the capture of direct 

solar irradiance during the solstice. The 10° angle 

serves as a baseline for standard low-tilt installations 
 

 

Figure 2. (a) PV Array 3×550Wp; (b) 290 Watt AC Water Pump Testing; (c) Inverter and Measurement Tools 

Set up; (d) The schematic diagram of the experiment 
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in the region. The physical installation of the test bed, 

illustrating the adjustable mounting structure and the 

placement of the PV array, as well as the schematic 

diagram, are shown in Figure 2. 

 

2.2 PV Pumping System Specifications 

 

Table 1. System Components and Specifications 

Component Parameter Value 

PV Module 

Model Longi Hi-MO 

5m (LR5-

72HPH-550M) 

Cell Type Mono-

crystalline 

STC Pmax 550 Wp 

STC Voc 49.80 V 

STC Isc 13.98 A 

Module 

Efficiency 

21.3 % 

Configuration 3 Modules in 

Series (Total 

1.65 kWp) 

Inverter 

Type Hybrid Off-

Grid Inverter 

Rated Power 4.2 kW 

System 

Battery 

Voltage 

24 VDC 

Waveform Pure Sine 

Wave 

Battery 

Bank 

Nominal 

Voltage 

24 V 

Capacity 100 Ah 

Pump 

Type Surface 

Centrifugal 

Pump 

Rated Output 

Power 

125 W 

Rated Input 

Power 

0.29 kW (290 

W) 

Max. Suction 

Head 

9 m 

Max. Total 

Head 

33 m 

Max. 

Capacity 

33 L/min 

Pipe Size 1 inch (Suction 

& Discharge) 

The stand-alone PVWPS consists of a set of 

photovoltaic generators, a hybrid inverter, a battery 

bank, and a surface centrifugal pump. The 

specifications of the system components are detailed 

in Table 1. The PV array comprises three mono-

crystalline silicon modules (Longi Hi-MO 5), each 

with a peak power of 550 Wp, connected in series to 

achieve a total capacity of 1.65 kWp. The system 

utilizes a 4.2 kW off-grid hybrid inverter integrated 

with a 24V battery bank to stabilize the voltage 

supply to the pump, ensuring continuous operation 

during intermittent cloud cover [30]. The coupling of 

the battery bank ensures stable motor operation, 

mitigating the intermittency issues common in direct-

coupled systems [31], [32]. 

The centrifugal pump was selected with a rated 

total head of 33 m to represent the technical 

requirements for small-scale irrigation in the karst 

areas of Southern Java, where water sources are often 

located at significant depths [28]. However, to ensure 

a stable and controlled load for the electrical 

efficiency analysis, the experimental setup in this 

study utilized a closed-loop configuration with a 

static head of approximately 0.5 m. In this setup, the 

actual electrical input power (Pin) required by the 

pump is approximately 290 W, while the rated 

hydraulic output power is 125 W. This configuration 

allows the research to focus on the PV array's 

conversion efficiency and the system's response to tilt 

angle optimization under a consistent mechanical 

load. 

 

2.3 Data Acquisition and Processing 

 

Table 2. Specifications of Measurement Instruments 
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Data acquisition was carried out using a set of 

calibrated instruments as detailed in Table 2. Solar 

irradiance (G) was measured on the plane of the array 

(POA) using a Kipp & Zonen CMP3 pyranometer, 

which complies with ISO 9060 Spectrally Flat Class 

C standards and features a non-linearity of less than 

±3%. Electrical parameters, including PV voltage 

(Vpv), current (Ipv), and power (Ppv), were recorded 

using the inverter’s built-in monitoring system. While 

Ppv was recorded directly, the values correspond to 

the product of real-time voltage and current (𝑃 = 𝑉 ×
𝐼). This data was then cross-validated using a Fluke 

376 True-RMS clamp meter to ensure measurement 

consistency. This instrument provides a DC voltage 

accuracy of 1% ± 5 digits and a DC current accuracy 

of 2% ± 5 digits. 

Data were logged at 5-minute intervals from 10:00 

to 14:00 local time. This specific time window was 

selected to capture the peak solar window and ensure 

the experimental site was free from external shading. 

The research site is located within a university 

environment characterized by dense vegetation and 

trees exceeding 3 meters in height, which cast 

significant shadows outside of this four-hour period. 

To ensure the accuracy of the efficiency analysis, 

a rigorous data cleaning procedure was applied. Raw 

data were filtered to exclude anomalies caused by the 

"Cloud Edge Effect" (irradiance spikes >1200 W/m²) 

and "Throttling Mode" (where the inverter limits 

power because the battery is full). Only data points 

where the system operated under Maximum Power 

Point Tracking (MPPT) mode with a consistent load 

were retained. 

Furthermore, an uncertainty analysis was 

performed using the Root Sum Square (RSS) method 

based on standard experimental procedures [33]. The 

total uncertainty of the efficiency calculation uη is 

expressed in Equation (1): 

 

𝑢𝜂 = √(𝑢𝐺)2 + (𝑢𝑉)2 + (𝑢𝐼)2 (1) 

Where uG, uV, and uI represent the percentage 

uncertainties of the pyranometer (3%), voltage 

measurement (1%), and current measurement (2%), 

respectively. By substituting these values, the 

maximum expected uncertainty is calculated as 

±3.74%, which is well within the acceptable threshold 

for field experiments, indicating a high level of 

reliability for the acquired data. 

 

2.4 Performance Calculation 

 

The instantaneous power output (Ppv) of the PV 

array is calculated as the product of voltage and 

current. The electrical conversion efficiency (η) of the 

PV system is calculated using Equation (2), based on 

the standard definition provided by Duffie and 

Beckman [34] and utilized in similar pumping studies 

by Kristiyana et al. [21] and others [35]: 

 

𝜂 =
𝑃𝑝𝑣

𝐺 𝐴𝑝𝑣

 100% 
(2) 

Where Ppv is the output power (W), G is the solar 

irradiance on the tilted PV surface (W/m²), and Apv is 

the total area of the modules (m²). The results are then 

analyzed to determine the correlation between tilt 

angle (β), irradiance intensity (G), and power 

generation efficiency (η). 

3. Results and Discussion 

3.1. Environmental Conditions and System 

Response 

 

 
Figure 3. Solar Irradiance, G (W/m2) and PV Power, 

Ppv (Watt) vs Time 

 

The experimental data were acquired during the 

rainy season (December), characterized by high 

variability in solar irradiance due to rapid cloud 

movement. Figure 3 illustrates the daily profile of 

solar irradiance (G) and the corresponding PV power 

output (Ppv). 

As depicted in Figure 3, the irradiance profile 

exhibits severe fluctuations, repeatedly dropping 

from peak values above 1000 W/m² to below 200 

W/m² within minutes. This high variability is 

characteristic of the December monsoon season, 

driven by thick, fast-moving cumulus clouds. The 

system is highly responsive to these fluctuations, with 

the corresponding PV power curve (Ppv) closely 

tracking the irradiance drops. 

Despite these extreme drops in input energy and 

the intermittent conditions typical of the tropical wet 

season, the hybrid PV system successfully powered 

the pump (rated input: 290 W) continuously during 
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the effective sun hours (10:00 – 14:00). The 

integration of the battery bank successfully buffered 

these generation gaps, preventing the pump from 

stalling and proving the reliability of the hybrid 

configuration under adverse tropical weather. 

 

3.2. Effect of Tilt Angle on Power Generation 

 

To understand the direct impact of tilt angle (β) on 

energy generation, the generated PV power (Ppv) is 

plotted against solar irradiance (G) for both 5° and 

10° configurations, as shown in Figure 4: 

Figure 4. Solar Irradiance, G (W/m2) effect on the 

generated PV Power, Ppv (Watt) 

 

The linear regression analysis indicates a strong 

positive correlation for both angles. However, a 

divergence is observed at higher irradiance levels 

(>800 W/m²). The 5° tilt (represented by red 

triangles) consistently produces higher power output 

compared to the 10° tilt (blue squares). For instance, 

at peak irradiance (approx 1100 W/m²), the 5° setting 

configuration achieved a peak power of 

approximately 1480 W, slightly outperforming the 

10° setting configuration. This validates that the near-

flat orientation captures the solar angle more 

effectively during the solstice period. 

 

3.3 Efficiency Analysis 

 

The performance advantage of the lower tilt angle 

(β) is further clarified through the efficiency analysis 

presented in Figure 5. 

 
Figure 5. Scatter Plot of Solar PV Efficiency, η (%) 

vs Solar Irradiance, G (W/m2) 

 

The scatter plot reveals a distinct performance 

gap. The 5° tilt setting configuration demonstrates a 

superior conversion efficiency trend (pink dotted 

line) compared to the 10° setting configuration (green 

dotted line). The average efficiency for the 5° tilt was 

recorded at ~17.5%, whereas the 10° tilt averaged at 

~16.6%. The gain of approximately 0.9% in 

efficiency is significant for a standalone system, as it 

translates directly into increased water discharge 

volume over the course of a day. 

 

3.4. Discussion: Why 5° is Better in December? 

 

The superior performance of the lower tilt angle 

of 5° during December can be attributed to the 

specific solar geometry of the experimental location. 

The research site is located at 7°S latitude. During the 

December Solstice, the sun is placed at the Tropic of 

Capricorn 23.5°S. Hence, the sun's path is 

significantly south of the zenith. For a North-facing 

panel, a steep tilt (e.g., 10° or 15°) would result in a 

larger incidence angle relative to the sun's rays 

coming from the South. Conversely, a flatter surface 

(5°) effectively presents a better projection area to the 

sun overhead, minimizing cosine losses. 

This finding aligns with the geospatial 

optimization study by Télesphore et al. [22], who 

found that in equatorial regions (similar to Benin), 

optimal tilt angles (β) are often significantly lower 

than the site latitude to maximize annual yield. 

Furthermore, our results empirically validate the 

simulation by Apriani et al. [23] in the Indonesian 

tropical context, which emphasizes the benefits of 

optimizing orientation to capture maximum 

irradiation. While some studies suggest sophisticated 

tracking systems for maximum yield [36], [37], or 

complex optimization algorithms [38], [39], [40], our 

results indicate that simple seasonal adjustments on 

fixed structures [13], [41], [42] offer a more cost-
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effective solution for small-scale farmers in 

developing regions. 

One might argue that a 0° (flat) tilt could be 

theoretically optimal. However, a minimum tilt is 

necessary for maintenance. The choice of 5° in this 

study is supported by Chiteka et al. [29], who suggest 

that a slight inclination is required to facilitate self-

cleaning of dust and water drainage, preventing 

soiling losses that are prevalent in tropical climates. 

Additionally, as noted by Vineesh and Bhattacharya 

[24] and other array studies [43], [44], lower tilt 

angles (β) in array configurations reduce inter-row 

shading, which is crucial for maintaining consistent 

voltage in string-inverter systems like the one used in 

this study. Therefore, this study confirms that for the 

specific period of the Southern Hemisphere summer 

(December), a seasonal micro-adjustment to a near-

flat angle (5°) is more advantageous than the standard 

latitude-based tilt (10°-15°) typically recommended 

in general literature [45], [46]. 

4. Conclusions 

This experimental study successfully investigated 

the impact of low-tilt angle (β) optimization on a 

stand-alone PVWPS during the December Solstice in 

the Southern Hemisphere tropical region. Based on 

the field measurements and data analysis, the 

following conclusions are drawn: 

1. Seasonal Solar Geometry: The hypothesis that a 

near-flat angle (5°) captures solar irradiance more 

effectively than the standard low angle (10°) 

during the December rainy season is confirmed. 

This is due to the sun's position at the Tropic of 

Capricorn (23.5°S), which favors a flatter 

orientation for North-facing panels in Yogyakarta 

(7°). 

2. Performance Enhancement: The 5° tilt 

configuration demonstrated a superior electrical 

efficiency of 17.5%, compared to 16.6% for the 

10° tilt. An absolute efficiency gain of 0.9% was 

achieved, particularly under high irradiance 

conditions (>800 W/m²). 

3. Practical Implication: For agricultural 

applications in tropical Indonesia, a fixed-tilt 

system is not optimal year-round. It is 

recommended to implement a seasonal manual 

adjustment strategy: employing a standard tilt 

(15°-20°) during the dry season (sun in the North) 

and reducing it to a near-flat angle (5°) during the 

planting season in December (sun in the South). 

4. Design Recommendation: Although a 0° tilt is 

theoretically viable, the 5° tilt is maintained as the 

minimum threshold to ensure self-cleaning 

against dust and effective water drainage, crucial 

for maintaining long-term reliability in off-grid 

remote areas. 

5. Limitations and Future Works: This study is 

primarily limited by its focus on a specific solstice 

period and the use of a controlled shallow-head 

setup (0.5 m) with a stable flow rate. This 

configuration was intentionally chosen to isolate 

and accurately measure the electrical conversion 

efficiency of the PV array without the 

compounding variables of hydraulic fluctuations. 

Future work should extend the measurement 

campaign across multiple seasons (dry and wet) 

and incorporate dynamic deep-well pumping 

loads to comprehensively evaluate the actual 

hydraulic efficiency and long-term water yield of 

the micro-adjusted PVWPS. 
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Nomenclature  

Apv Total PV modules active area (m2) 

G Solar irradiance (W/m2) 

Ipv Output current of PV array (A) 

Isc Short-circuit current/SCC (A) 

MPPT Maximum Power Point Tracking 

Pmax Maximum power at STC (W) 

Ppv PV Power output (W) 

PV Photovoltaic 

STC Standard Test Condition 

uη 
Standard uncertainty of efficiency 

calculation (%) 

uG 
Standard uncertainty of solar 

irradiance measurement (%) 
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uI 
Standard uncertainty of current 

measurement (%) 

uV 
Standard uncertainty of voltage 

measurement (%) 

Voc Open-circuit voltage/OCV (V) 

Vpv Output voltage of PV array (V) 

β Tilt angle () 

η 
Electrical conversion efficiency 

(%) 
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