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Abstract 

In the context of the energy transition and Senegal’s objective to increase the share of renewable energy to 20%, this study 

investigates the reliability of an off-grid photovoltaic (PV) power plant located in the village of Badiari, Sédhiou region, in the 

south of the country. Over a three-month period (June to August), corresponding to the rainy season, the 5  kWp production 

system was continuously monitored using an intelligent SMA inverter, enabling minute-by-minute data collection. The analysis 

reveals a clear mismatch between the system’s generation capacity and the users’ energy demand. The lead-acid batteries 

(1,000  Ah) undergo recurrent deep discharges, occasionally reaching critical levels (21  % state of charge), significantly 

shortening their operational lifespan. Simultaneously, the backup generator, intended to mitigate these deep discharges, is seldom 

activated. Frequent overvoltage events, shutdowns due to extreme temperatures (up to 80  °C at the heat sink), and islanding 

phenomena highlight both system imbalance and structural vulnerability. Reliability metrics were quantified, with a Mean Time 

Between Failures (MTBF) of 10,907 minutes and a Mean Time To Repair (MTTR) of 43 minutes in June, compared to 8,671 

minutes and 329 minutes, respectively, in August. These values underscore the irregularity of energy supply. The findings 

emphasize the need to reconsider the sizing and maintenance strategies of rural solar installations. Recommended measures 

include increasing battery bank capacity (up to 2,500  Ah), introducing power limiters for consumers, and improving the thermal 

management of the technical room (ventilation, insulation). Implementing these strategies is expected to enhance local energy 

autonomy and improve the long-term sustainability of solar infrastructures. 
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1. Introduction 

The Just Energy Transition Partnership (JETP), established 

in June 2023 with international partners, provides €2.5 billion 

in funding to support Senegal's energy transition. The objec-

tives include increasing the share of renewable energy to 40% 

of the electricity mix by 2030 and developing a national green 

industry [1, 2, 5]. Most of the efforts are focused on solar 
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energy. Experience shows that a number of power plants that 

have already been built are no longer operational, as evi-

denced by the hundreds of solar streetlights lying unused in 

the streets of the capital [11, 12]. As there is no shortage of 

sunshine, the obsolescence of the installations is mainly due to 

a lack of monitoring and maintenance [14, 15]. This study is 

part of research work focused on the maintenance of solar 

photovoltaic installations in Senegal, which has already led to 

the implementation of a Computerized Maintenance Man-

agement System (CMMS), the design and implementation of 

which have been completed. [13, 16]. 

This research aligns with Senegal’s ongoing policies under 

the Green Plan for an Emerging Senegal and the National 

Strategy for Sustainable Energy Access (SNASE, 2021), both 

of which promote renewable integration and the digitalization 

of maintenance practices. It also supports the objectives of the 

Just Energy Transition Partnership (JETP, 2023), which aims 

to achieve 40% renewable electricity generation by 2030 

through resilient, data-driven energy systems [3, 4, 6, 7]. The 

Badiari case study thus provides operational insights to guide 

the implementation of these national and international 

frameworks, based on minute-by-minute monitoring using a 

device including an SMA-type inverter [8, 9]. After pro-

cessing the data, we first propose an analysis of consumption, 

which will lead to an assessment of the system's adequacy in 

relation to consumption. Secondly, the events that occurred 

during this period, namely breakdowns, warnings, and oper-

ating statuses, are processed in order to calculate reliability 

times, namely MTBF (Mean Time Between Failures) and 

MTTR (Mean Time To Repair). Finally, recommendations are 

made to prevent these events [20, 21]. 

2. Materials and Methods 

 
Figure 1. Temperature and Rainfall in Badiari. 

The power plant is located in the village of Badiari in the 

Sedhiou region, one of Senegal's 14 administrative regions. It 

is located in the center of Casamance, or Middle Casamance. 

Badiari has a “savanna with dry winter” climate according 

to the Köppen-Geiger classification. Rainfall in Badiari is 

much higher in summer than in winter. Over the year, the 

average temperature in Badiari is 81.6°F (26.9°C) and rainfall 

averages 45.5 inches (1147.5 mm). By comparison, in Dakar, 

the average annual temperature is 75.6°F (24.3°C) and rainfall 

averages 21.1 inches (537.7 mm) [11]. 

Technical specifications: 

- Photovoltaic generator: 5 kWp (24 monocrystalline 

modules of 215 Wp, 3 rows) 

- Generator: 15 kVA (single-phase) 

- SMA inverter: 5 kW (peak power up to 12 kW) 

- Batteries (lead-acid): 1000 Ah (wired to 48 V) 

- Installation date: May 2012 

 
Figure 2. Composition De La Centrale. 
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Following the analysis of Failure Modes, Effects, and 

Criticality (FMEC) already carried out and published, this 

study will discuss the performance of a 5 kWp solar power 

plant installed in the south of the country, more specifically in 

the Sedhiou region. Over a period of three months, the plant's 

operation was monitored minute by minute. 

1) During June, July, and August, measures were taken 

and the following parameters were selected: 

2) BatSOC (Battery State of Charge), which provides in-

formation on the charge level of the batteries. 

3) SOC (State of Charge) refers to the current available 

battery capacity in relation to the maximum capacity. 

4) InvPwrAt (Inverter Active Power) refers to the active 

power delivered by the inverter. 

5) ExtPwrAt (External Generator Active Power) refers to 

the active power supplied by the backup generator. 

6) BatSOH (Battery State of Health): provides information 

on the health of the batteries. 

7) SOH (State Of Health) refers to the maximum available 

battery capacity compared to the nominal capacity Cn. 

Over time, the available capacity may temporarily or 

permanently [16-18]. 

a) Reliability Analysis Methodology 

Reliability analysis in this study is based on operational 

event logs recorded by the SMA inverter with a one-minute 

time resolution [8]. All recorded events were classified ac-

cording to their operational impact into failures and warnings, 

following the manufacturer’s diagnostic documentation. 

A failure (Fxxx code) is defined as any event leading to a 

complete inverter shutdown, resulting in an interruption of 

power supply and requiring either manual or automatic restart 

before normal operation can resume. Only such events were 

considered in the calculation of reliability indicators. In con-

trast, warnings (Wxxx codes) correspond to non-blocking 

events that allow the system to continue operating and were 

therefore excluded from MTBF and MTTR calculations. 

Partial shutdowns, transient alerts, and repeated notifica-

tions associated with the same root failure were not counted as 

independent failure events. Automatic restart attempts fol-

lowing a shutdown were treated as part of the same failure 

episode. 

Prior to reliability computation, raw event logs were pre-

processed to remove duplicated records and consolidate 

consecutive alerts linked to a single failure. Downtime was 

defined as the elapsed time between the recorded shutdown 

timestamp and the effective system restart. 

The reliability indicators were computed using standard 

formulations as follows [30]: 

MTBF = T_operation / N_failures 

MTTR = ΣT_downtime / N_failures 

where T_operation represents the total system availability 

time over the observation period, N_failures is the number of 

recorded shutdown events, and T_downtime corresponds to 

the duration of each failure-related outage. 

b) Scope and Limitations of the Study 

This study is based on a single off-grid hybrid photovolta-

ic installation with a nominal capacity of 5 kWp located in 

Badiari, southern Senegal. As such, the results primarily 

reflect site-specific operational conditions, including local 

consumption patterns, climatic stressors, and the use of 

lead-acid battery storage. 

While the findings provide valuable insights into the relia-

bility and maintenance challenges of rural mini-grids operat-

ing under humid tropical conditions, they should not be con-

sidered universally representative. In particular, caution is 

required when extrapolating these results to systems using 

lithium-ion batteries, alternative inverter architectures, or 

operating in markedly different climatic zones such as arid or 

semi-arid regions. 

Nevertheless, the observed failure modes, battery degrada-

tion trends, and generator utilization inefficiencies are con-

sistent with challenges reported in similar rural electrifica-

tion projects across Sub-Saharan Africa. Future work will 

aim to extend this analysis using larger datasets from multi-

ple sites and technologies to improve generalizability and 

enable comparative assessments [33]. 

3. Performance and Operational Analysis 

of the Power Plant 

The present section provides a detailed assessment of the 

plant’s operational behavior by examining energy consump-

tion patterns and the sequence of operational events recorded 

during the period under study. This analysis makes it possi-

ble to identify trends, anomalies, and potential sources of 

inefficiency that may influence overall system performance. 

Particular attention is given to the month of June, during 

which consumption data and system events are analyzed in 

depth to highlight their impact on production stability and 

energy management. 

3.1. Consumption Analysis and Event 

Processing in June 

1) Consumption 

The following graph shows consumption based on battery 

charge, inverter voltage, and generator power. 
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Figure 3. Battery State of Charge Curve, Inverter Voltage (kW), and Generator Power (kW) (June). 

The analysis of consumption for the month of June con-

sists of representing the battery's state of charge at any given 

moment. Measurements are taken every minute without 

interruption, ensuring that the data is highly accurate. The 

active power of the inverter is associated with this state of 

charge, showing the moments of charging and discharging. 

As the system has a generator to compensate for battery 

discharges, it is necessary to represent its operation in order 

to assess its relevance and, above all, its use. 

The curves shown indicate a fairly unstable evolution of 

the parameters selected. From one day to the next, battery 

charging and discharging varies randomly. In fact, charging 

via photovoltaic panels varies between 94% and 73%, and 

charging via the generator varies between 68% and 80%, 

depending on the state of the batteries at the start of charging. 

As for discharges, depending on how the generator is oper-

ating, they can continue down to around 20%. 

We also note an irregularity in the operation of the gener-

ator, which was only used 17 times in the 30 days of the 

month, despite critical drops in the battery charge level. 

The change in consumption during the month of June can 

be assessed through the discharge of the batteries, based on 

the recording of the AhCntOut parameter (battery discharge 

meter in Ah), as the power plant only supplies energy to 

consumers via the batteries. 

The following curve shows this. 

 
Figure 4. AhCntOut (Ah) Curve (Battery Discharge) – June. 

To get an idea of the plant's operating hours in terms of desertion, it is useful to show the consumption recorded on June 1. 

http://www.sciencepg.com/journal/ijsge


International Journal of Sustainable and Green Energy http://www.sciencepg.com/journal/ijsge 

 

5 

 
Figure 5. Consumption on June 1. 

This evolution highlights a service to the population 

mainly between 6 p.m. and 2 a.m., and then between 5 a.m. 

and 7 a.m. It clearly shows that the daytime is essentially 

dedicated to charging the batteries, which supply power to 

consumers during the night. 

For the month of June, the meter increased from 182,964 

Ah to 194,277 Ah, representing a total consumption of 

11,313 Ah. 

2) Battery health (Soh: state of health) 

The following graph shows battery heating based on 

charge status. 

 
Figure 6. Battery Temperature vs. State of Charge. 

There is an increase in battery temperature depending on 

the charge, and this change is almost linear. The higher the 

charge, the higher the temperature. 

3) Heatsink temperature evolution as a function of the state 

of charge 

As with batteries, the following graph shows the heating 

of the inverter depending on the state of charge. 
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Figure 7. Heatsink Temperature vs. State of Charge. 

The temperature of the heat sink also increases depending on the state of charge of the batteries. 

4) Event handling 

The following table shows all events that occurred during the month of June. 

Table 1. Summary of Recorded Events – June. 

Event Code Category Description Count 

E101 Status Standby state 43 

E102 Status Device startup 43 

E103 Status Device in operation 43 

E104 Status Operating with generator 16 

E110 Error Shutdown due to error 43 

E118 Action/Status Automatic startup 42 

E119 Action/User Manual startup 1 

E207 Battery/Charging Switch to battery equalization charge mode 1 

E401 Generator Control Automatic generator start (e.g., based on SOC) 1491 

E601 Relay Status Multifunction relay 1 is at rest 1492 

E602 Relay Status Multifunction relay 1 is energized 1491 

E609 Relay Status Internal transfer relay open 16 

E610 Relay Status Internal transfer relay closed 16 

E617 Relay Status Multifunction relay 2 is at rest 64 

 

As shown in Table 1, in total, seventeen (17) different 

types of events were recorded during the month of June. 

Among them, forty-three (43) startups (E102) corresponded 

to an equal number of standby states (E101) and operation 

states (E103). Indeed, following each shutdown due to error 

(E110), a restart — either automatic (42 cases of E118) or 

manual (1 case of E119) — was required. Out of the 1,491 

generator start requests triggered by a critical battery charge 

level (E401), only 16 resulted in an actual startup (E104). 

This startup is confirmed by the closing of the internal trans-

fer relay (E610), which reopens during shutdown (E609). 

5) Analysis of shutdowns 

http://www.sciencepg.com/journal/ijsge
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Two different error levels were noted: 

a) Warnings: the system continues to operate. Their 

codes begin with a W. 

b) Failures: the inverter shuts down, requiring the error 

to be eliminated, acknowledged, and then manually 

restarted. These events are coded with the letter F. 

Below is a table showing the shutdowns recorded during 

the month of June. 

Table 2. Details of Suspensions and Warnings – June. 

Event Meaning Occurrence 

F117 F117 – AC phase L1 current limitation: consumer load is too high for the master 44 

F710 F710 – Autostart counter expired in the device on L1 (multiple successive auto-starts) 13 

W212 W212 – Battery over-temperature error: the battery temperature is too high 1 

W331 
W331 – External grid disconnection due to unintended islanding on phase L1: unintended islanding 

occurs on the master’s AC2 connection 
14 

W343 

W343 – External grid disconnection due to too low battery voltage or overvoltage on phase L1: the 

master disconnects from the external energy source because the AC2 connection voltage is too high or 

the battery voltage too low 

1 

W738 W738 – Synchronization with the generator failed 18 

Source: Research Data – Badiari PV Plant 

When a failure or error is detected, the system attempts an 

automatic restart (E 118). If the error persists, the system 

sends a new notification. This is why, for two (2) F117 

events during the month of June, 44 notifications were rec-

orded. The error notification only disappears once the error 

has been corrected. Excessive battery temperature was de-

tected once, on June 11 at 10:18 p.m. An external power 

outage occurred only once, on June 20 at 9:07 p.m. The bat-

tery voltage, measured every minute, was 49.9 V. We can 

therefore conclude that this outage was due to a power surge 

on phase L1. 

6) Calculation of reliability times 

We were able to determine two average reliability times: 

– MTBF: Mean Time Between Failure, 

– MTTR: Mean Time To Repair. 

Table 3 summarizes the reliability indicators calculated for 

the Badiari mini-grid, including the Mean Time Between 

Failures (MTBF) and the Mean Time To Repair (MTTR). 

Table 3. MTBF and MTTR Calculations. 

Date Start Time Finish Time Downtime (min) Notes 

06-June 08:58:27 AM 08:58:16 AM 0.18 
F117 – AC phase L1 current limitation: consumer load 

too high for the master 

06-June 05:25:18 PM 05:25:29 PM 0.18 
F117 – AC phase L1 current limitation: consumer load 

too high for the master 

10-June 12:24:01 AM 02:21:07 AM 117.10 
F117 – AC phase L1 current limitation: consumer load 

too high for the master 

11-June 11:34:56 AM 12:27:54 PM 52.97 
F117 – AC phase L1 current limitation: consumer load 

too high for the master 

Source: Research Data – Badiari PV Plant 

During the month of June, the Badiari hybrid photovoltaic 

installation exhibited an operational availability of 43,800 

minutes. Over this period, a total of four (4) critical failure 

events were recorded, corresponding to complete inverter 

shutdowns requiring system restart. Based on these observa-

tions, the Mean Time Between Failures (MTBF) was calcu-

lated at 10,907 minutes, indicating the average duration of 

normal operation between two successive failures. In addi-
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tion, the Mean Time To Repair (MTTR) was estimated at 43 

minutes, reflecting the average time required to restore sys-

tem operation following a failure. 

Four (4) failures were recorded during the month of June. 

These failures were mainly due to excessive consumer power 

demand. During these periods, the demand exceeded the 

system’s production capacity, causing the inverter to shut 

down in order to protect the installation. 

With a total downtime rounded to 170 minutes, a failure 

(MTBF: Mean Time Between Failure) occurs every 10,907 

minutes, with an average repair time (MTTR: Mean Time To 

Repair) of 43 minutes. 

3.2. Synthesis of Study Results: June, July, and 

August 

1) Consumption and Battery Health 

Table 4 presents the monthly evolution of energy con-

sumption and the corresponding variation in the State of 

Health (SOH) of the battery bank between June and August. 

The SOH indicator was estimated based on cumulative 

charge–discharge cycles extracted from inverter logs. 

Table 4. Consumption and Battery Health. 

Month 
Total Consumption 

(Ah) 

Average Daily Consumption 

(Ah) 
Initial SOH (%) Final SOH (%) SOH Variation (%) 

June 11 313 ~377 68.0 58.9 -9.1 

July 10 602 ~353 58.9 56.7 -2.2 

August 8 019 ~320 56.7 56.7 0 

Source: Research Data – Badiari PV Plant 

The total energy consumption decreased gradually from 11 

313 Ah in June to 8 019 Ah in August, mainly due to season-

al variations and reduced community demand during the 

rainy period. At the same time, the battery SOH declined 

sharply in June (−9.1%), indicating significant degradation 

linked to high ambient temperatures and deep discharge 

cycles [22-26]. 

In contrast, July and August show a stabilization of SOH 

(−2.2% and 0%), suggesting improved charge control and 

fewer critical discharge events. 

Repeated deep discharge cycles are known to accelerate 

capacity fade and reduce the state of health of lead-acid bat-

teries, as demonstrated in model-based SOH estimation 

studies [19]. 

2) Generator Usage 

Table 5 summarizes the monthly operation of the backup 

generator for the Badiari PV hybrid system during the moni-

toring period from June to August. The analysis compares 

the number of automatic start requests (E401) triggered by 

the inverter with the effective starts (E104) successfully 

executed. 

Table 5. Generator Usage. 

Month 
Start Requests 

(E401) 

Effective 

Starts (E104) 

Success Rate 

(%) 

June 1 491 16 1.1 

Month 
Start Requests 

(E401) 

Effective 

Starts (E104) 

Success Rate 

(%) 

July 1 594 12 0.8 

August 1 292 14 1.1 

Source: Research Data – Badiari PV Plant 

The generator was requested to start over 1 200 times per 

month, but only a few start commands were successfully 

executed. The success rate remained extremely low, ranging 

from 0.8% in July to 1.1% in June and August. 

The highest number of start requests occurred in July (1 

594), coinciding with a decline in solar irradiation and bat-

tery autonomy during the peak of the rainy season. However, 

this month also recorded the lowest start success rate, sug-

gesting recurring technical issues in the automatic ignition 

circuit or the fuel supply system. 

3) Recorded Events 

Table 6 summarizes the main types of operational events 

recorded by the inverter and monitoring system from June to 

August 2024. These events include automatic generator start 

requests (E401), communication events (E601/E602), equal-

ization charges (E207), and shutdowns (E110), among others. 

The table highlights the frequency and diversity of system 

alerts and actions logged during each month. 
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Table 6. Recorded Events. 

Month Total Events Main Events Observations 

June 17 types – >4,000 occurrences E401 (1491), E601/E602 (1492/1491) 
Large gap between generator requests and 

actual starts 

July 10 types – >4,000 occurrences E401 (1594), E601/E602 (1594/1594) 
Only one shutdown (F201), 9 islanding 

cases (W331) 

August 15 types – >3,000 occurrences E401 (1292), E601/E602 (1292/1301) 
New: 15 equalization charges (E207), 14 

shutdowns (E110) 

Source: Research Data – Badiari PV Plant 

The system recorded a large number of events each month, 

exceeding 4,000 log entries in both June and July, and more 

than 3,000 in August. 

In June, the most frequent events were E401 (1,491 start 

requests) and E601/E602 (1,492/1,491 communication logs), 

illustrating a significant mismatch between generator start 

commands and effective activation. This confirms the me-

chanical or electrical issues identified earlier in the genera-

tor’s ignition system. 

In July, the number of start requests increased to 1,594, 

and the generator communication codes perfectly matched 

(E601/E602 = 1,594/1,594), suggesting improved signal 

reliability. However, this month still recorded one inverter 

shutdown (F201) and nine islanding events (W331), reveal-

ing intermittent grid instability. 

In August, despite a lower total number of events (≈3,000), 

new types of operations appeared, such as equalization 

charges (E207) and multiple shutdowns (E110), likely due to 

high temperatures and charge balancing operations within the 

battery management cycle. 

4) Shutdowns and Warnings 

Table 7 summarizes the main shutdowns and warning 

codes recorded by the SMA inverter from June to August. 

Each error or warning code (Fxxx or Wxxx) corresponds to a 

specific malfunction detected by the inverter’s diagnostic 

system, including voltage deviations, synchronization faults, 

and thermal protection events. 

Table 7. Shutdowns and Warnings. 

Month Main Codes Occurrences Main Causes 

June F117 (44), F710 (13), W738 (18) ≈ 75 
AC current limitation, generator sync failure, 

overvoltage 

July F201 (1), W331 (9), W738 (12) ≈ 22 Islanding, overvoltage, synchronization failure 

August 
F109 (14), F113 (5), F121 (5), F201 (1), 

W137 (7), W331 (12), W738 (12) 
≈ 56 

High temperatures, overvoltages, battery voltage 

out of range 

Source: Research Data – Badiari PV Plant 

The month of June exhibited the highest number of events 

(≈ 75), dominated by codes F117, F710, and W738, mainly 

associated with AC current limitation, generator synchroni-

zation failure, and overvoltage. These faults are characteristic 

of high ambient temperature and load imbalance conditions. 

In July, the number of occurrences dropped sharply to ≈ 

22, with faults such as F201 and warnings W331 and W738, 

corresponding to islanding conditions and voltage instability. 

In August, the system again experienced a rise in failures 

(≈ 56 occurrences), including multiple high-temperature and 

overvoltage events (F109, F113, F121, W331, W738). These 

were primarily linked to battery voltage fluctuations and 

cooling inefficiencies during sustained high temperatures. 

5) Reliability (MTBF and MTTR) 

Table 8 presents the reliability indicators calculated for the 

Badiari photovoltaic installation between June and August. 

The parameters include total system availability, number of 

failure events, total downtime, and the derived values of 

Mean Time Between Failures (MTBF) and Mean Time To 

Repair (MTTR) [36-40]. 
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Table 8. Reliability (MTBF and MTTR). 

Month Availability (min) Failures Total Downtime (min) MTBF (min) MTTR (min) 

June 43,800 4 170 10,907 43 

July 44,640 (31 d) 1 ~60 - - 

August 36,000 4 1,315 8,671 329 

Source: Research Data – Badiari PV Plant 

6) Global Summary (June–August) 

Table 8 provides a global summary of the main operational 

indicators of the Badiari photovoltaic installation over the 

three-month monitoring period from June to August 2024. 

The metrics include total energy consumption, the evolution 

of battery State of Health (SOH), generator activity, and 

cumulative system downtime. 

Table 9. Global Summary (June–August). 

Key Indicator June July August Total / Trend 

Total Consumption (Ah) 11,313 10,602 8,019 29,934 Ah 

Battery SOH (%) 68 → 58.9 58.9 → 56.7 Stable 56.7 -11.3 pts over 3 months 

Effective Generator Starts 16 12 14 42 starts 

Shutdowns (critical failures) 4 1 4 9 total 

Total Downtime (min) 170 ~60 1,315 ~1,545 min 

Source: Research Data – Badiari PV Plant 

4. Discussions and Recommendations 

4.1. Discussions 

The consumption analysis reveals several points that are 

worth considering: 

Consumption is exclusively through the batteries. We re-

mind you that the system charges the batteries during the day 

and in the evening, supplying energy to consumers. The 

striking observation is that, under normal operating condi-

tions, the batteries are deeply discharged every evening. 

While the system was designed for a 40% discharge, most of 

the time it falls below the 30% mark, and we have even not-

ed discharges causing the batteries to fall below 21%. We 

also note that, over the three months, the system never man-

aged to fully recharge the storage. 

The operational challenges observed in the Badiari 

mini-grid are consistent with trends reported at the global 

level, where off-grid and mini-grid photovoltaic systems 

continue to face reliability and maintenance issues despite 

their rapid deployment worldwide [10]. 

One of the reasons for this excessive use of the batteries is 

that the generator, whose main role is to recharge the system 

when the level falls below 40%, only operated 16 times in 

June, 12 times in July, and 14 times in August. Even when in 

operation, the unit does not run for more than 40 minutes, 

which is just enough to increase the charge by 10%. During 

the same night, the batteries drop below 30% as consumption 

continues [27-29]. 

As the study was conducted during the winter period, 

when it rains most of the time in the region, it is clear that 

the system does not have sufficient autonomy. A 1000 Ah 

bench is available. This is considered to be quite small given 

the consumption, which is never satisfied. The average daily 

consumption for June, July, and August is 377, 353, and 320 

Ah respectively, with a daily supply of 6 hours. 

Batteries discharged by 25% would give 2,200 cycles, 

while those discharged by 75% would give 550 cycles. 

Therefore, at the plant's operating rate, the batteries would 

last four times less than expected. This will extend their 

expected amortization period to seven (7) years. The study 

noted a deterioration in the health of the batteries. Over the 

three months, due to repeated deep discharges, we went from 

68% to 56.7% health. 

System failures are mostly related to power surges. This is 

often due to demand exceeding supply, either because users 

http://www.sciencepg.com/journal/ijsge


International Journal of Sustainable and Green Energy http://www.sciencepg.com/journal/ijsge 

 

11 

are connecting more devices than expected or because of an 

increase in the number of households connected to the grid. 

In addition to power surges, islanding, which is caused by 

broken wires in the grid, has also been observed [31, 34]. 

In August in particular, overheating problems occurred. 

These high temperatures caused the system to shut down on 

several occasions, due to critical thresholds being exceeded, 

both at the inverter (heat sink) and battery levels. 

4.2. Recommendations 

This study was conducted at a solar power plant with a 5.1 

kWp photovoltaic field. The months of June, July, and Au-

gust were chosen because during these months the region 

experiences heavy rainfall that can last for several days. This 

allowed us to test the system's autonomy and its resistance to 

extreme humidity and temperature conditions. This period is 

one of the hottest that the area can experience. From the 

point of view of the panels, cleaning is carried out almost 

daily. 

Given that the battery bank is 1000 Ah, it can be said that 

the system is oversized. An in-depth analysis of consumption 

reveals that this same battery bank is undersized in terms of 

consumption. This leads to deep discharges, which have 

disastrous consequences for the health and lifespan of the 

batteries. The average consumption over the three months is 

350 Ah per day. To remain below 95% charge and above the 

recommended 50%, these 1,000 hours may be sufficient. But 

that's without taking into account the fact that it can rain all 

day long in the area for two days. During the study, this 

phenomenon occurred on August 14 and 15. In the middle of 

the rainy season, it is difficult to fully charge the batteries 

due to the frequent rain (up to 20 days of rain in August). 

An increase in battery capacity is necessary. A 2500 Ah 

battery bank could prevent the batteries from discharging to 

less than 50%, meaning that the generator would only be 

used in the event of a failure or when the storage capacity 

falls below 40% in the event of repeated rain that would 

prevent charging via solar panels. This would significantly 

increase the life of the batteries because, as we have seen, 

discharging them to less than 30% reduces their life by more 

than two-thirds. It could also reduce breakdowns due to low 

battery capacity, which totaled 1,125 minutes in August 

alone. 

In August in particular, with high temperatures, the system 

experienced several failures. Temperature increases were the 

cause of 75 minutes of downtime out of the 1,315 recorded. 

Therefore, a well-ventilated technical room with a ventilation 

system, if necessary, would reduce breakdowns by 5%. 

In June, 170 minutes of downtime were recorded due to 

excessive power consumption. As it is not possible to control 

the equipment used by consumers, it is recommended that 

power limiters be installed. This technical device, placed on 

the electricity meter, restricts the power available to a 

household, preventing the simultaneous use of several elec-

trical appliances. Such a system would have reduced the 

duration of outages from 170.36 minutes to just 0.36 minutes, 

a decrease of more than 99%. 

In addition to the operational issues identified, a data 

driven predictive maintenance framework could be imple-

mented to prevent recurring failures. Integrating IoT sensors 

for continuous tracking of inverter temperature, voltage, and 

battery state of charge (SOC) would allow early detection of 

anomalies and trigger preventive maintenance alerts. Cou-

pling these data streams with the existing Computerized 

Maintenance Management System (CMMS) would shift the 

current maintenance approach from reactive to predictive, 

significantly improving system uptime and reliability in rural 

mini grids. 

5. Conclusion 

Senegal has invested heavily in renewable energy, with 

several hundred billion dollars allocated to the sector, of 

which solar energy represents a significant share. However, 

among the more than 500 small power plants deployed na-

tionwide, many are currently malfunctioning, and some are 

no longer operational. This situation highlights the critical 

importance of real-time monitoring for accurate assessment 

of photovoltaic system performance [30, 32]. 

The analysis of an off-grid solar power plant located in 

southern Senegal, a region characterized by high rainfall, 

provided valuable insights for improving both the design and 

maintenance of rural photovoltaic installations. The study 

was based on the collection of operational data over a 

three-month period (June, July, and August), including all 

recorded system events such as shutdowns and warnings. In 

total, 123,165 production records and 14,121 event logs were 

analyzed, enabling a detailed understanding of energy flows 

and consumption patterns. 

The results revealed a significant mismatch between 

stored energy and consumer demand. Based on this observa-

tion, several recommendations were formulated, including 

increasing battery bank capacity to extend battery lifetime 

and reduce reliance on the backup generator, thereby im-

proving supply regularity. 

Event analysis further showed that excessive consumer 

power demand is a recurrent cause of system outages, justi-

fying the implementation of power limiters at the user level. 

In addition, islanding events were frequently observed, indi-

cating the need for regular network inspections and continu-

ity testing. Several failures related to excessive temperatures 

were also identified, supporting the recommendation to im-

prove ventilation in the technical room and, where possible, 

install dedicated cooling systems during the hottest periods. 

As Senegal aims to increase the share of renewable energy 

to 40% of national electricity production, the maintenance of 

solar installations must be treated as a strategic priority. 

Without adequate monitoring and maintenance frameworks, 

these systems risk reaching the same advanced state of dete-
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rioration observed in existing solar infrastructures, ranging 

from public lighting to power plants [33, 35]. 

Building on these findings, future efforts will focus on the 

implementation of predictive maintenance approaches that 

integrate real-time data acquisition, failure prediction, and 

optimized intervention planning. Such approaches represent 

a key lever for safeguarding long-term investments in solar 

energy and enhancing the reliability of renewable power 

supply in both rural and urban contexts. 

Abbreviations 

Ah Ampere-Hour 

AC Alternating Current 

BatSOC Battery State of Charge 

BatSOH Battery State of Health 

CMMS Computerized Maintenance Management 

System 

DC Direct Current 

E101 Standby State (SMA Event Code) 

E102 Device Startup (SMA Event Code) 

E103 Device in Operation (SMA Event Code) 

E104 Operating with Generator (SMA Event Code) 

E110 Shutdown Due to Error (SMA Event Code) 

E118 Automatic Restart (SMA Event Code) 

E119 Manual Restart (SMA Event Code) 

E207 Battery Equalization Charge Mode (SMA 

Event Code) 

E401 Automatic Generator Start Request (SMA 

Event Code) 

E601 Multifunction Relay 1 at Rest (SMA Event 

Code) 

E602 Multifunction Relay 1 Energized (SMA Event 

Code) 

E609 Internal Transfer Relay Open (SMA Event 

Code) 

E610 Internal Transfer Relay Closed (SMA Event 

Code) 

E617 Multifunction Relay 2 at Rest (SMA Event 

Code) 

Fxxx Failure Event Code (Inverter Shutdown) 

FMEC Failure Modes, Effects, and Criticality 

IEC International Electrotechnical Commission 

InvPwrAt Inverter Active Power 

IRENA International Renewable Energy Agency 

JETP Just Energy Transition Partnership 

kVA Kilovolt-Ampere 

kWp Kilowatt-Peak 

MTBF Mean Time Between Failures 

MTTR Mean Time to Repair 

PV Photovoltaic 

SOC State of Charge 

SOH State of Health 

SNASE National Strategy for Sustainable Energy 

Access 

Wxxx Warning Event Code (Non-blocking Event) 
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