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ABSTRACT 

	This study focuses on the energy production of solar installations and evaluates the impact of aerosol deposits on the electrical performance of photovoltaic modules under the climatic conditions of Ouagadougou in the Sudano-Sahelian region. We designed and installed an experimental set-up comprising two identical 50 Wp monocrystalline modules exposed under the same conditions. Each module incorporated an IoT system comprising two microcontrollers, sensors, and a data acquisition system for monitoring power output. The results indicate a gradual reduction in the electrical current generated by the soiled module, with weekly relative losses ranging from 4.27% to 9.58%, together with increasing variability in the effect of soiling. This current behaviour contrasts with the voltage trend, which remained relatively stable under the experimental conditions. The power-output profile closely followed the current profile, indicating that the observed power reduction was mainly associated with changes in current. In energy terms, the effect was reflected in production losses during the sunniest hours, with estimated weekly power losses ranging from 8.65% to 19.50%. Furthermore, increasing daily loss rates, declining production efficiency indicated by the soiling ratio, and the average weekly losses support the importance of reliable, continuous, and autonomous monitoring of photovoltaic system performance using IoT-based systems, particularly in Sahelian environments subject to frequent dust events.
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1. INTRODUCTION 

Solar energy is a suitable form of renewable energy because it is readily available, environmentally friendly, and non-polluting (Jacobson et al., 2017; Millstein et al., 2017). The African continent, particularly its northern and southern regions, has enormous solar energy potential that is well suited to photovoltaic conversion (Lu & Wang, 2025; Neher et al., 2020). Several previous studies based on in situ measurements and satellite observations have demonstrated substantial solar potential in northern regions, particularly the Sahel and the Sahara, where average monthly irradiance can reach up to 6 kWh/m²/day (Goni et al., 2019; Bado et al., 2019; Niang et al., 2023). According to the International Energy Agency, photovoltaic systems could supply around 11% of global electricity by 2050 and avoid approximately 2.3 gigatonnes of carbon dioxide (CO₂) emissions per year (Shaik et al., 2023). In the context of the global energy transition, renewable energy plays a central role in strategies for sustainable development by reducing greenhouse gas emissions and improving access to clean, sustainable energy (Almulhim & Abubakar, 2026). In Burkina Faso, solar photovoltaic energy is emerging as a preferred solution to electricity-access challenges in a context characterised by abundant sunshine and reliance on highly polluting fossil fuels (Bado et al., 2019). However, solar photovoltaic energy production is intermittent and depends on several climatic and environmental factors that affect the efficiency of photovoltaic modules (Bado et al., 2026). The efficiency of a solar photovoltaic system depends heavily on solar radiation, which is variable (Mondol et al., 2007) and is influenced by weather conditions, seasonal variations, location, time of day, and the sun's position and altitude (Fouad et al., 2017; Prema & Uma Rao, 2015). Furthermore, the performance of photovoltaic modules is significantly affected by aerosol deposits, an issue that has not yet been sufficiently studied in the West African climatic context. Burkina Faso, like most Sahelian countries, experiences recurring Saharan dust storms and dry haze, exacerbated by north-easterly Harmattan winds (Bado et al., 2024). Particles suspended in the air gradually settle on the glass surfaces of the panels, reducing the transmission of solar radiation and, consequently, the energy efficiency of the installations (Khodakaram-Tafti et al., 2025; Said et al., 2018). These atmospheric particles, particularly aerosols, absorb or scatter solar radiation, thereby reducing the amount transmitted for photovoltaic conversion (Mani & Pillai, 2010). However, dust deposition is influenced by environmental factors such as wind speed, humidity, convective systems, emission sources, particle type, and the nature of the PV module surface (Shaik et al., 2023). Field-based evaluation of photovoltaic systems also supports the use of performance indicators to assess actual system operation under local conditions (Vekariya et al., 2024). Recent experimental and review studies further show that surface soiling can reduce photovoltaic power output and that effective mitigation depends on monitoring, cleaning strategy, and local environmental conditions (Alkharusi et al., 2024; Ammari et al., 2024; Parsay et al., 2025). More specifically, recent work in Burkina Faso's Sudano-Sahelian zone has modelled photovoltaic soiling losses using site-specific environmental and particulate variables, underscoring the importance of locally resolved assessment (Kaboré et al., 2026). Despite the recognised importance of aerosol soiling, continuous, site-specific monitoring that links aerosol accumulation with the electrical response of photovoltaic modules under the climatic conditions of Ouagadougou remains necessary. In this context, Internet of Things (IoT) technologies provide opportunities for real-time monitoring of photovoltaic panel performance. Thus, the overall objective of this study is to evaluate the impact of aerosol deposits on the electrical performance of photovoltaic solar installations using an IoT system under the Sudano-Sahelian climatic conditions of Ouagadougou, Burkina Faso. Specifically, this study aims to design a monitoring system based on microcontrollers coupled with sensors that measure dust concentration and electrical parameters; experimentally compare the electrical performance of a clean, regularly cleaned panel with that of a soiled panel over a period of continuous measurement; and, finally, analyse the collected data to quantify efficiency losses caused by soiling.

2. MATERIAL AND METHODS

2.1 Photovoltaic modules and installation conditions 

The selected module was a low-power monocrystalline panel from the ET-M53650 series, which is well suited to degradation studies and precise experimental measurements. Its structure consists of an array of high-efficiency silicon cells protected by approximately 3 mm of tempered glass with an anti-reflective coating to optimise solar radiation transmission. Under standard test conditions, this module delivers a maximum power output of 50 watts. At its optimal operating point, the voltage is 18.22 V and the current is 2.75 A. Under open-circuit conditions, the measured voltage is 21.96 V, while the short-circuit current reaches 3.04 A. These electrical characteristics allow the module to withstand a maximum system voltage of 1,000 V DC, with a series fuse rated at 10 amps. For this study, two photovoltaic modules were installed at the Ouagadougou site (12.20° N, 1.40° W), located in the Sudano-Sahelian zone. In Burkina Faso, and more generally throughout the Northern Hemisphere, solar panels are oriented due south to capture the maximum amount of solar radiation and produce the greatest amount of electrical energy. In addition, the tilt of the modules depends on the site's latitude, which is 12.20° N; generally, a tilt equal to the latitude is recommended. However, to facilitate self-cleaning during rainfall, the module tilt should remain above 10°. The tilt angle of photovoltaic modules is highly dependent on the site's latitude because of variations in the sun's apparent altitude and, consequently, the angle of incidence of solar radiation on the plane of the modules (Yadav & Chandel, 2013). This explains why the tilt angle of the modules ranged from 12° to 15°. The study area was carefully selected for its exposure to natural and anthropogenic aerosols, particularly desert dust, and for its accessibility. The location was free from shading, which is important for preventing measurement errors and ensuring uniform exposure of the photovoltaic cells to sunlight throughout the day.

2.2 Experimental Protocol

The IoT system uses two microcontrollers with distinct functions. The Arduino UNO collects data from sensors measuring dust, temperature, humidity, current, and voltage. The ESP then retrieves these data through interfaces such as UART or I2C and transmits them to the ThingSpeak platform using Wi-Fi and the MQTT protocol. The designed IoT device therefore operates as an information-collection and transmission chain. The sensors continuously measure the relevant parameters, and these data are first transmitted to an Arduino UNO board, which acts as the local controller. Subsequently, a second electronic board, either the ESP32 or ESP8266, transmits the data via Wi-Fi to the ThingSpeak web platform, enabling observation and analysis (Gopal et al., 2020). We developed two separate IoT systems: one to monitor the output of the soiled panel that collects aerosol particles and the other to monitor the clean panel, which is cleaned regularly. The first IoT system for the soiled panel consists of a DHT22 temperature and humidity sensor, an INA226 current, voltage, and power sensor, a DMS501 dust sensor, and an LCD screen. The second system consists of a DHT11 temperature and humidity sensor, an ACS712 current sensor, and a B25 voltage sensor. It is connected to the reference panel, which is cleaned every two days. These sensors have virtually the same accuracy; therefore, this distinction does not affect the measurement readings. This configuration reflects the fact that one panel is exposed to the elements, whereas the other is cleaned regularly to prevent aerosol build-up, which explains the absence of a dust sensor in the second IoT system.

2.3 IoT System Architecture and Sensor Placement

The system is based on a structured IoT architecture designed to collect, process, and transmit environmental and electrical data in real time. At the centre of this architecture is the Arduino UNO, which acts as the main controller of the experimental device. Programmed to coordinate operations, this microcontroller interacts directly with all sensors. Specifically, the DSM501 sensor monitors the concentration of airborne particles, particularly PM2.5, allowing assessment of aerosol accumulation that could reduce the solar panel's efficiency. At the same time, the INA226 sensor measures the voltage, current, and power generated by the photovoltaic module, providing data for analysing its performance. Finally, the DHT22 sensor records ambient temperature and relative humidity. All sensors are powered by the Arduino, enabling a simple set-up and centralised data management. The Arduino UNO works in tandem with an ESP32 module to establish IoT connectivity. Sensor data collected by the Arduino are sent to the ESP32 via serial communication. The ESP32, powered by an external source, connects to the Wi-Fi network and uses the ThingSpeak API key to transmit these data to the IoT platform, where they are stored and displayed in real time as graphs. For the reference panel, the process remains the same, but the Arduino UNO interacts with an ACS712 current sensor and a B25 0-25 V DC voltage sensor, which tracks changes in the solar panel's output voltage. In addition, the DHT11 records ambient temperature and relative humidity. The ESP32 receives data from the Arduino UNO and sends them to the ThingSpeak platform for storage and visualisation.
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[bookmark: _Toc224934852][bookmark: _Toc233282689]Fig. 1. Block diagram of the component layout
2.4 Overview of the experimental setup

The experimental study is based on an instrumented photovoltaic system comprising two identical modules subjected to different levels of soiling. The first module is cleaned every two days and serves as the reference panel, while the second is intentionally left exposed to aerosol deposits and serves as the soiled panel. This configuration enables direct quantification of the impact of aerosol deposits on the modules’ electrical performance. Figure 2 below depicts both the clean and soiled panels, while Figure 3 illustrates the connectivity of the various components and sensors in the IoT system.
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[bookmark: _Toc224934854][bookmark: _Toc233282691]Fig. 2. Clean panel and recessed pane     Fig. 3. Illustration of the designed and built IoT system 

Each measurement chain is equipped with sensors that measure electrical and environmental parameters, namely current, voltage, power, ambient temperature, relative humidity, and airborne dust concentration. The data are recorded at 5-minute intervals throughout the measurement campaign, covering several weeks of continuous operation. These data, recorded every 5 minutes for each system on the ThingSpeak platform, are exported to a Google Sheets spreadsheet and then downloaded for processing and analysis.

2.5 Data and Methodology

This experimental study is based on monitoring the electrical parameters of photovoltaic modules using an IoT device. The measurements include current, voltage, and electrical power at 5-minute intervals. To better characterise these electrical parameters, we use the single-diode electrical model of the photovoltaic solar cell presented in Figure 4 (Abdulrazzaq et al., 2022):
[image: ]
[bookmark: _Toc219908921]Fig. 4. Equivalent circuit of a single-diode photovoltaic cell

By applying the node theorem, we define the electric current (I) supplied by the photovoltaic module according to the following equation (Korsaga et al., 2026; Nafa et al., 2025): 

                                                                                                             (1)



In this equation represents the photocurrent, which depends on the irradiance, represents the diode current (D), and  represents the current through the shunt resistor (Rsh) where:

                                                                                               (2)

                                                                                                                       (3)
Hence, the I-V characteristic of the photovoltaic module is defined by equation (4):

                                                           (4)








Parameters such as  denote the diode’s saturation current,  the module voltage, the series resistance, the diode’s ideality factor and  the thermal voltage. From the measured current  and voltage , the electrical power  is derived according to (Ouedraogo et al., 2025):

                                                                                                                               (5)



To quantify the effect of aerosol deposits on the module’s electrical performance, we calculate the soiling ratio (SR), which reflects the efficiency of the soiled module, and the soiling rate  , which illustrates the relative losses, where  is the power output of the soiled module and  is that of the clean module (Shukla et al., 2026): 

                                                                                                                           (6)

                                                                                                 (7)


3. RESULTS AND DISCUSSION

3.1 Analysis of the profile of the electrical current
[image: ]
Fig. 5. Weekly electrical current profile of the panels

As shown in Figure 5, the average current profile follows a near-Gaussian curve, with a gradual rise in the early morning, a peak around noon, and a decline towards late afternoon at approximately 6:00 p.m. The current generated by the soiled panel remains lower than that of the clean panel for most of the day, reflecting the attenuating effect of dust on the incident light flux and, consequently, on charge-carrier generation. This observation is consistent with previous experimental findings (Ndiath et al., 2023), which showed that particle accumulation on the glass surface reduces current by acting as an absorbing optical barrier. The difference between the two curves is particularly pronounced around the current peak at 12:00 p.m., when the impact of soiling on module performance becomes more apparent. At this time, incident solar radiation is also near its maximum, which explains the observed current peaks. The analysis further indicates that the effect of soiling on photovoltaic current increased over the study period, which spanned nearly one month, and was reflected in average relative losses from the second week onwards. These losses were estimated at 4.27%, 7.65%, and 9.58% for the second, third, and fourth weeks, respectively. These values indicate a gradual reduction in the electrical current generated by the soiled module compared with the clean module. In addition, the dispersion of the losses increased, with standard deviations of 5.14%, 7.92%, and 10.02% for the second, third, and fourth weeks, respectively, indicating increasing variability in the effect of soiling.
3.2 Analysis of the Electrical Voltage Profile
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Fig. 6. Weekly voltage profile of the panels

As shown in Figure 6, the average voltage curves exhibit almost identical trends for both modules throughout the day, with comparatively small variations. Overall, the results indicate that the soiling examined did not cause a significant systematic variation in module voltage, particularly from the second to the fourth week. This behaviour contrasts with the relative current losses, which increased gradually over the same period. The effect of deposits on electrical performance therefore appeared primarily as a reduction in the current produced, while the voltage remained relatively stable under the experimental conditions considered. This observation is consistent with previous findings (Ndiath et al., 2023), in which soiling affected current more strongly than voltage, resulting in a more pronounced difference between the current profiles than between the voltage profiles. This difference in sensitivity between current and voltage underscores the importance of analysing the module's electrical parameters separately to characterise the impact of soiling.

3.3 Analysis of the Electrical Power Profile
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Fig. 7. Weekly profile of the panels’ electrical power

Figure 7 shows a well-defined bell-shaped weekly mean hourly power profile centred on a single peak corresponding to maximum irradiance. Over the diurnal cycle, the power output of the soiled panel remains below that of the clean panel, with the greatest difference occurring near the power peak. The power profile closely resembles the current profile, suggesting that the observed variation in power is largely associated with the current. This pattern further indicates the effect of dust on the system's energy production. The reduction in power observed for the soiled panel accumulated over the measurement campaign and resulted in a substantial production loss, particularly during the sunniest hours between 8:00 a.m. and 4:00 p.m. Estimated relative power losses increased gradually over the experimental period and became apparent from the second week onwards. The average loss increased from 8.65% in the second week to 15.51% and 19.50% in the third and fourth weeks, respectively. The first week, however, showed substantial variation in losses, with a standard deviation of 20.60% and a minimum value of -105.55%. Such values indicate that the soiled module occasionally performed better than the clean module and were likely associated with fluctuations in measurement conditions, temporal variations in irradiance, or relatively low power output due to the modules' intrinsic characteristics. The median value of 4.19% nevertheless suggests that a power loss was already present during the first week. From the second week onwards, the results became more consistent. Average losses were 8.65%, 15.51%, and 19.50% in the second, third, and fourth weeks, respectively, while the corresponding medians were 8.86%, 15.49%, and 19.23%. The small differences between the mean and median losses indicate a relatively even distribution of losses. The minimum values were positive from the third week onwards, at 4.46% and 6.77% in the third and fourth weeks, respectively, indicating that all observations recorded during these two weeks showed lower power output from the soiled module than from the clean module. This gradual increase in losses is consistent with the accumulation of particulate deposits on the photovoltaic module surface during the experiment. Increasing deposits can reduce the fraction of solar radiation reaching the photovoltaic cells and, consequently, decrease electricity production.

3.4 Study of the Impact of Aerosol Deposits on Solar Panel Output 

3.4.1 Analysis of electrical power as a function of aerosol deposits
[bookmark: _Toc233282701][image: ]
Fig. 8. Plot of average daily power output versus dust concentration

Figure 8 illustrates the variation in average daily power output with dust concentration over the measurement period and shows the relationship between dust concentration and electrical power production. The graph compares the average daily power output of the clean and soiled panels. This comparison allows the relative difference in power output associated with dust deposition to be quantified. At the beginning of the experiment, when the dust concentration remained low at around 200 µg/m³, both modules exhibited similar performance, ranging between 16.5 W and 17 W. This common starting point supports the consistency of the initial state of the two panels, an aspect also emphasised in previous experimental work (Jed et al., 2021). As exposure continued and dust levels exceeded 210 µg/m³, the divergence between the two curves became clear. The clean module stabilised rapidly, forming a nearly horizontal plateau at around 15.7 W. This pattern is consistent with mitigation strategies based on regular cleaning to maintain performance and with the techno-economic analysis of soiling-loss mitigation (Ilse et al., 2019). Previous work has also shown that periodic cleaning can restore performance by limiting the persistence of deposited dust layers (Shen et al., 2024). In contrast, the power output of the soiled module declined steadily and eventually fell below 12.5 W, representing a power loss of more than 20%. The observed reduction in electrical performance under dry deposition is consistent with findings from the Sahelian region (Diop et al., 2020) and with field observations under Sudano-Sahelian conditions (Ouedraogo et al., 2025). These comparisons support the interpretation that dust accumulation acts as an optical barrier and that appropriate cleaning is important for maintaining photovoltaic energy performance in dusty Sahelian environments.

3.4.2 Analysis of the soiling rate as a function of aerosol deposits

[bookmark: _Toc233282702][image: ]
Fig. 9. Representation of the daily efficiency of the soiled module

Figure 9 presents the calculated soiling metric over the experimental period. It was calculated by dividing the average daily power output of the soiled panel by that of the clean module. This comparison reflects the relative power-output efficiency of the soiled PV module. The results show that, as aerosol concentration increased, the relative efficiency of the soiled panel decreased compared with that of the clean module. The downward trend in the calculated ratio with increasing dust concentration therefore indicates a progressive reduction in the soiled module's energy production.

3.4.3 Assessment of Daily Electrical Power Losses 
[bookmark: _Toc233282705][image: ]
Fig. 10. Illustration of daily electrical power loss

To track this degradation trend, the loss rate ΔP was calculated for each day of the experimental period from the measured average daily electrical power. This daily-scale analysis captures short-term variations associated with weather conditions, particularly periods of wind that may temporarily limit particle accumulation under dry-deposition conditions, whereas a weekly analysis smooths out these fluctuations. Figure 10 shows the estimated daily loss rate over the 30-day study period. The figure indicates a gradual and continuous deterioration in electrical performance that may be associated with physical mechanisms discussed in the literature, including obstruction of incident radiation by the dust layer, thermal effects, changes at the glass surface, and heat absorption by carbonaceous particles. After brief fluctuations during the first three days due to noise and spurious signals, the power loss began a nearly linear increase on day 4, rising from 2.5% to a maximum of 22.3% on day 30. This reduction in power output is consistent with previous findings (Ndiath et al., 2023), which indicate that dust deposition can form an optical barrier that reduces the transmittance of the panel's front glass. By blocking a fraction of the incident solar radiation, this layer reduces the panel's electrical current and, consequently, lowers the maximum power delivered by the module. The observed pattern indicates that, without cleaning to remove surface deposits, particulate accumulation can progressively reduce the energy performance of the installation.

4. Conclusion

The study showed that dust deposits primarily hinder the electricity production of photovoltaic modules under Sahelian climatic conditions. As aerosols settle, they promote the formation of an opaque layer on the module surface and reduce the solar radiation transmitted to the PV cells for photovoltaic conversion. Consequently, these particulate deposits affect electrical parameters, notably current and power, and lead to electrical losses and a decline in photovoltaic system performance. A combined analysis of daily and weekly losses also showed that the degradation, although generally monotonic, was not perfectly linear but was punctuated by episodes of natural cleaning by wind. This pattern suggests that a condition-based maintenance strategy triggered by a dust-concentration threshold measured in real time may be more appropriate than a fixed cleaning schedule. Furthermore, this study contributes to the literature on photovoltaic soiling in Burkina Faso by combining continuous quantitative measurement of dust concentration with electricity generation. This approach may support predictive maintenance of photovoltaic installations in the Sahel region. However, the quantitative attribution of power losses exclusively to soiling should be interpreted with caution because photovoltaic power output is also influenced by solar irradiance, module temperature, and electrical operating conditions.
Limitation

The experiment used two identical 50 Wp monocrystalline modules at a single site in Ouagadougou and covered approximately 30 days, which limits the temporal and geographical generalisability of the findings. The comparison was based on one regularly cleaned reference module and one soiled module, so the results may not represent other photovoltaic technologies, installation configurations, or seasons. In addition, photovoltaic power output is influenced by solar irradiance, module temperature, and electrical operating conditions; therefore, the observed losses cannot be attributed exclusively to aerosol soiling. Longer, multi-season studies across additional sites and module technologies would strengthen the conclusions.
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