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ABSTRACT 

Over the last years, stand-alone and / or hybrid photovoltaic systems have spread in rural areas, 

especially in Sub-Saharan Africa. Compared to conventional systems (typically diesel 

generators), these systems can provide a reliable electricity supply at reasonable costs with a low 

degree of greenhouse gas emissions. Therefore, this paper focuses on modelling and 

investigation of an off-grid photovoltaic system (charging station) performance based on a 

located in Kenya. However, the model can be adapted to any other region and any type of 

photovoltaic systems module by changing model input data such as solar radiation, air 

temperature, longitude, latitude, load profile and standard test conditions parameters of the 

photovoltaic systems module. The modelled photovoltaic system (charging station) will be used 

to provide reliable and clean electricity for a number of important tasks (e.g. water purification, 

charging special floatable lanterns and electric bikes).  

KEYWORDS 
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INTRODUCTION 

In SSA, most of the rural electrification is carried out by governments through the 

extension of the national grid which is technically challenging and expensive to implement due 

to the inaccessibility and sparseness of most of Sub-Saharan Africa (SSA’s) rural areas [1].  

Similarly, apart from the lack of access to electricity in rural communities of SSA, access to 

safe drinking water is still a luxury in SSA rural communities. In this region, only 

approximately 60% of people have access to safe drinking water and only half have access to 

improved water sources [2]. Lack of safe drinking water causes many direct health problems 

which leads to the death of millions of people especially children [3].  

The majority of SSA’s rural settlers rely on bicycle taxis, animal-driven carts and old 

vehicles that mostly run inefficiently at low speed with high fuel consumption and greenhouse 

gas (GHG) emissions. Most of the young people walk over long distances to schools or tend to 

use poor transport services, which contributes to late enrolment or early drop-out [4]. Women 

and children have to walk over a long distance to fetch (untreated) water from the lakes or wells 
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for domestic usages. As a result, this makes them vulnerable to diseases, poverty and gender 

inequality [5]. 

Over the years, standalone diesel generators were the most common off-grid electrical 

power source in rural locations [6]. However, high fuel and maintenance costs are problematic 

for owners. A study by [7, 8] shows that the cost of diesel in Rwanda relative to other countries 

in Africa is high due to fuel taxation. Logistical barriers in Brazil also increase the costs of 

diesel by 15% - 45% [9]. 

In recent times, due to decreasing cost of photovoltaic (PV) technology and abundant solar 

irradiation in SSA regions, solar off-grid PV systems are gaining momentum in SSA´s rural 

electrification projects because off-grid PV systems are one of the viable solutions to the 

modern energy supply in the SSA region. These projects cover PV installations in various 

institutions such as rural health care centres, schools, street lighting, communication, and water 

pumping etc [10]. 

An off-grid PV system comprises a solar array, a maximum power point tracker/charge 

controller, an inverter, battery bank and electrical energy. Typically, hybrid systems are used 

together with a diesel generator to provide backup power when there is insufficient power 

generated from the PV array or batteries [8].  

The performance of PV based systems can be significantly affected by their orientation and 

any type of solar tracking capability. A study reported that the optimum orientation for a fixed 

array slope should be as local latitude plus 10° [11], while the results of other studies indicate 

that the best slope for a fixed array should simply be equal to the local latitude [12]. Authors in 

[13] cite that angles of the local latitude plus 8°–15° are the best array tilt angles. In addition, 

optimum tilt varies at fixed latitude, probably due to seasonal weather variations such as clouds 

or fog throughout the year [14]. 

Subsequently, the performance of a PV array also depends on the operating conditions, i.e., 

depends not only on solar irradiation and temperature but also on the array configuration and 

shading effects. The shading effects, for instance, due to a passing cloud or neighbouring 

buildings cause not only power losses, but also further non-linear effects on the I–V 

characteristics [15]. Power electronic converters have been developed for integrating 

renewable energy sources with the other alternating current (AC) electric systems [16]. 

Proper design of solar PV systems is important to avoid oversizing or under-sizing the 

system, resulting in either excessive capital costs or insufficient solar electricity production 

[10]. However, to acquire optimum PV module output, maximum power point tracking 

(MPPT) systems are therefore very important in solar PV systems design and implementation 

[10].  

Therefore, this paper presents the results of a modelled PV system (charging station) that 

will later be implemented around Lake Victoria in order to provide reliable and clean 

electricity for water purification as well as for charging special floatable lanterns for night 

fishing, charging batteries for electric bikes for water and local transportation. 

METHODS 

This research makes use of scenarios to describe the design of an off-grid PV charging 

station for electric mobilities in terms of energy demands around Lake Victoria in Kenya. By 

combining real-life measurements of different driving conditions and modelling tools, 

qualitative and quantitative results are generated.  

In this paper, the Conventional and Renewable Energy Optimization Toolbox (CARNOT) 

is used as a tool for modelling an appropriate PV system size to cover the demand requirements. 

Similarly, Matrix Laboratory (MATLAB) is also used as a tool for generating a realistic 

demand scenario considering moon phase seasonal fluctuations using the lunar calendar. 

During low moonlight intensity, less fishing demand is recorded, while high fishing demand is 

recorded during high moonlight intensity. 
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Modelling of a yield simulation requires a time-series of input data like solar irradiation, 

ambient temperature, energy profile and other technical parameters of the planned PV systems 

[17]. 

 CARNOT tool allows a MATLAB / Simulink time-series assessment of the system’s 

energy production, consumption, battery state of charge (SOC), inverter efficiency, energy 

deficit.  The PV output (PPVt ) is obtained using the conversion efficiency of the panels ηPV at a 

given temperature (Tt ) and irradiance (Gt), the panel area (A), and the number of panels n as 

[8]: 

 

𝑃PV,t = 𝜂PV × 𝐺t × 𝑛 × 𝐴 (1) 

The efficiency of the array, which is related to the temperature Tt and irradiance Gt is 

calculated using: 

 

𝜂PV = 𝜂nom + 𝐶𝐺(1000 − 𝐺t) + (𝑇t − 25) (2) 

The CARNOT tool uses a block set called 

‘PV module’ to simulate and calculate the output power (P) of the PV module in W based on 

the module characteristic parameters such as [18]: 

 

𝑃 =
𝑆R
𝐼R
𝐼𝐴𝑀 × 𝑃max [1 − (𝑇a + 𝑇d

𝑆P
𝐼R
) − 𝑀T] (3) 

 

where: P- output power of the PV module in W; SR- solar radiation; IR- incident radiation at 

STC: 1000 W/m²; IAM- incidence angle modifier: 1 for vertical direct solar radiation. It 

follows the reflection law of Fresnel; Pmax- peak power (Wp) at STC in W; Ta- ambient 

temperature; Td- temperature difference to ambient at full solar radiation (1000 W/m²): 40 K; 

SP- solar power; MT- module temperature at STC: 25 °C.  

Figure 1 shows the PV charging station model using CARNOT block set in a MATLAB / 

Simulink environment. The model consists of weather data, PV modules, inverters, batteries 

and electric energy profile. 

The block set named ‘weather_data’ in Figure 1a serves as input to the system and holds 

the weather data of Mbita town along Lake Victoria in Kenya. The weather data was obtained 

from the Meteonorm weather database. The weather data contained information such as 

temperature, solar irradiation, humidity, precipitation, wind speed etc.  

The block set named ‘PV_orientation’ in Figure 1a serves as input to the system and holds 

the PV module orientation in terms of tilt and azimuth angle. In this study, a tilt angle of 12° 

and azimuth angle of 180o was chosen for better PV system performance as mentioned by [13].  

The block set named ‘Inv_capacity’ in Figure 1a holds the inverter nominal power in kVA 

and the block set ‘Inverter’ simulates and calculates the photovoltaic alternating current 

(PV_AC) power considering the efficiency of the inverter based on a lookup table for different 

part-energy and over-energy conditions.  

The block set named ‘battery’ in Figure 1b calculates the maximum amount of power that 

the storage bank can absorb. The block set named ‘Energy demand’ serves as input to the 

system and holds the generated electric energy demands in kWh for water purification, fishing 

lamps, and portable batteries for e-bikes. The battery module uses PV_AC and energy demand 

as inputs, where it takes the difference between the PV_AC and energy demand. Whenever 

PV_AC is higher than energy demand, the battery absorbs all available surplus PV_AC power 

for charging purposes. Whenever PV_AC is lower than energy demand, the battery discharges 

to serve the energy demand due to low PV_AC produced. The maximum charge power varies 
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from one-time step to the next according to its state of charge and its recent charge and 

discharge history.  

Subsequently, for system (charging station) performance analysis, solar irradiation, battery 

state of charge (SOC), PV production, energy deficit (Punder) and battery discharge were 

considered as the output of the system as shown in Figure 1a and Figure 1b. 

 
 

Figure 1a MATLAB / Simulink CARNOT model of the PV system 

 

 
 

Figure 1b. MATLAB / Simulink CARNOT model of the PV system 

SELECTION OF CASE STUDY AREA 

Mbita is situated on the shorelines of Lake Victoria in Homa Bay County, one of 47 

counties in Kenya (Figure 2). It is a remote area that lies on latitudes 0° 21’ and 0° 32’ south 

and longitudes 34° 04’ and 34° 24’ east. It lies approximately 400 km west of Nairobi, the 

capital of Kenya, and covers a total area of 163.28 km2. Mbita is home to the International 

Centre for Insect Physiology and Ecology (ICIPE) research compound, Tom Mboya 

Mausoleum, Remba Island, Mfangano Island, Rusinga Island and several tourist attractions 

[19].  

Moreover, trading appeared to be one of the key sources of income for the people of Mbita 

Town. Similarly, fishing is also an important economic activity in Homa Bay County, with the 

county controlling over 80% of the Lake Victoria Beach front in Kenya. Mbita Town is a 

leading fishing region with over 80% of its residents being fishermen [19].  

Consequently, the coastline of Lake Victoria is becoming increasingly populated. People 

from other parts of the country are coming to the lake, hoping for a secure livelihood. Therefore, 

the ecosystem of Lake Victoria is severely endangered as daily untreated industrial wastewater, 

pesticides, boat fuel and trash end up in the lake [20].  

Moreover, the proximity of Lake Victoria to Kenya's largest city, Kisumu, does not ensure 

access to clean water, particularly in the rural communities of Kisumu [21]. Similarly, the 

people and fishermen living around Mbita Town and Lake Victoria depend heavily on 

gasoline-powered boats and motorcycles respectively, for the transport of people and goods 
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and this presents clear disadvantages in terms of negative externalities such as pervasive noise, 

increased local air pollution and greenhouse gas emissions [22]. 

 

 
 

Figure 2. Study Location: Mbita, Kenya along the shore of Lake Victoria [23] 

 

DESIGN SCENARIO DESCRIPTION 

In this research, scenarios are applied to describe the potential development of the off-grid 

PV system (charging station) energy supply and electricity load demand in the selected 

location. The scenarios have been categorised into two by considering the average daily 

distance covered by the electric bikes and the energy consumption of the electric bike in 

kWh/100 km (Table 1). It can be seen in Table 1 that design scenario 1 considers 50 km as 

daily distance e-bikes while design scenario 2 considers 100 km as daily distance covered by 

e-bikes. 
 

Table 1. Different System Design Scenarios 

 

 

 In design scenario 1, a PV capacity of 50 kWp and 50 kVA inverter were considered for the 

modelling. A battery capacity of 208 kWh with a usable capacity of 120 kWh (60% depth of 

discharge (DOD)) was also considered for the modelling. The SOC represents the available 

energy in the battery as a percentage. The maximum and minimum SOC of the battery bank is 

assumed to be 100% and 40% respectively in order to avoid overcharging and undercharging 

of battery. 

System 

Design 

Scenario 

E-bikes 

Daily 

Target 

E-bikes 

Daily 

Distance 

Covered in 

km 

E-bikes 

Daily 

Battery  

Required 

E-Lanterns 

Daily 

Target  

Average 

Daily 

Energy 

Demand in 

kWh 

Annual 

Energy 

Demand in 

kWh 

              

Design 1 40 50 45 400 153 55,846 

Design 2 40 100 90 400 275 100,485 
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In design scenario 2, a PV capacity of 80 kWP and 80 kVA inverter were considered for the 

modelling. A battery capacity of 306 kWh with a usable capacity of 183 kWh (60% depth of 

discharge (DOD)) was also considered for the modelling. The SOC represents the available 

energy in the battery as a percentage.   

MODEL INPUT DATA 

For successful modelling of the PV system (charging station), the following must be 

considered as input to the model. 

Weather data of the selected location 

In order to model and simulate the PV system (charging station) for the selected location, 

weather data is necessary in order to serve as input to the model. The weather data was obtained 

from the Meteonorm weather database. The weather data contained information such as 

temperature, solar irradiation, humidity, precipitation, wind speed etc. Figure 3 shows the 

global solar irradiation and temperature of the selected location. The selected location has an 

average annual temperature and annual global irradiation of 25.13 °C and 2095 kW/m² 

respectively. It can be seen from Figure 3 that the months of March, April and May have the 

highest solar irradiation while July, December, January and February have the lowest solar 

irradiation.  

 

 
 

Figure 3. Solar irradiation and ambient temperature of the selected location 

 

Energy estimation 

The load profiles of the major load (see Figure 4) for electric bikes, fishing lanterns and 

auxiliary devices (charging station internal consumption) required at Mbita charging station 

considering measurement data collected are shown in Table 2a – Table 2e. Realistic runtimes 

for the energy demand of the aforementioned major loads had been estimated and the annual 

energy profiles were generated for workdays and holidays based on seasonal fluctuations (e.g. 

fishing quotas around moon phase). In case of workdays, fishing lamps, auxiliary devices (i.e. 

water purification, pumping machine, light bulbs etc.) and mobile batteries for e-bikes are 
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charged daily due to no moon or low moon light intensity while in holidays, every load is 

charged except that a smaller number of fishing lamps are charged due to full moon or high 

moonlight intensity. Table 2a – Table 2e shows a detailed information of the major electric 

demands considering 100 km as default daily distance covered by the e-bikes.  
 

 

 
 

Figure 4. Energy demands 

 

 
Table 2a. Load profile of E-cargo Bikes @ 100 km daily travelled distance generated for Mbita 

charging station 

 

 
 

 

 

Energy 

Required 

(Wh) 

2200 

 

 

Charging 

Rate (W) 

200 

Charging 

Time (h) 

11 

Daily 
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10 

Energy 

Consumption 

(kWh/100 km) 

4.23 

Passenger + 

Load Average 

Mass (kg) 

102 

Quantity of 

Batteries per 100 

km 

22 

Estimated 

Total Daily 

Energy (kWh) 

48 
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Table 2b. Load profile of E-Opi Bikes @ 100 km daily travelled distance generated for Mbita charging 

station

 
Table 2c. Load profile of E-BodaWerk Bikes @ 100 km daily travelled distance generated for Mbita 

charging station 
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(Wh) 

2 160 

 

 

Charging 
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800 

Charging 

Time (h)  

2.7 

Daily 

Quantity of bikes 

15 

Energy 

Consumption 

(kWh/100 km) 

6.3 

Passenger + 

Load Average 

Mass (kg) 

128 

Quantity of 

Batteries per 100 

km 

45 

Estimated 

Total Daily 

Energy (kWh) 

97 
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Time (h) 
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Quantity of 

bikes 

15 

Energy 

Consumption 
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3.93 

Passenger + 

Load Average 

Mass (kg) 

74 

Quantity of 
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27 
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Total Daily 

Energy (kWh) 

60 
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Table 2d. Load profile of E-Fishing Lanterns generated for Mbita charging station 

 
 

 
Table 2e. Load profile of Charging Station Auxiliary Devices required at Mbita charging station 

 
 

 

A daily energy demand profile of 281 kWh and 264 kWh are generated for workdays and 

holidays considering 100 km as daily distance covered by e-bikes. The hourly accumulated 

daily electrical demand profile during workdays (days with no full moon) and holidays (days 

with full moon) with specification peak power of 29.6 kW and 27.8 kW respectively are shown 

in Figure 5. Annual energy demand of 100,485 kWh has been generated (see Figure 6). 

Energy 

Required 

(Wh) 

110 

 

 

Charging 

Rate (W) 

37 

Charging 

Time (h)  

2.9 

Daily 

Quantity of 

Lanterns 

400 

Estimated 

Total Daily 

Energy (kWh) 

44 

 

Energy 

Required 

(Wh) 

10 

-300 

 

 

Charging 

Rate (W) 

10 – 

80 

Charging 

Time (h) 

24 

Estimated 

Total Daily 

Energy (kWh) 

 

5.7 
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Figure 5. Accumulated daily electrical demand profile during workdays and holidays considering 100 

km as daily distance covered by e-bikes 

 

 

 
 

Figure 6. Annual hourly electrical demand profile during workdays and holidays considering 100 km as 

daily distance covered by e-bikes 

MODEL RESULTS AND DISCUSSION FOR DESIGN SCENARIO 1 

Figure 7 shows the monthly annual energy demand including seasonal fluctuation (fishing 

based on moon phase) and it can be seen that month of January and other months with 31 days 

have the highest energy demand while February being the month with 28 days has the lowest 

energy demand. Figure 7 also shows the monthly annual PV energy production and it can be 
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seen that month of May has the highest PV energy production while January and December 

have the lowest PV energy production due to weather conditions.  

Figure 7 also shows the monthly energy deficit, and it can be that April, May and June 

have the lowest energy deficit. January has the highest energy deficit of 230 kWh, followed by 

December with 102 kWh energy deficit due to weather conditions. Figure 8 shows the annual 

hourly PV power production, annual hourly electric demand and annual hourly deficit in kW. 

An annual PV production of 72,726 kWh, annual energy demand of 55,845 kWh and annual 

energy deficit of 351 kWh were respectively obtained.  

 

 
 

Figure 7. Monthly PV energy production, electric load energy demand and electric load energy deficit 

in kWh 

 

 
 

Figure 8. Annual hourly PV power production, demand and deficit in kW 
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MODEL RESULTS AND DISCUSSION FOR DESIGN SCENARIO 2 

Figure 9 shows the monthly annual energy demand including seasonal fluctuation (fishing based on 

moon phase) and it can be seen that month of January and other months with 31 days have the highest 

energy demand while February been the month with 28 days has the lowest energy demand.  

 

 
 

Figure 9. Monthly PV energy production, electric load energy demand and electric load energy deficit 

in kWh 

 

Figure 9 also shows the monthly annual PV energy production and it can be seen that 

month of May has the highest PV energy production while January and December have the 

lowest PV energy production due to weather conditions.  

Figure 9 also shows the monthly energy deficit, and it can be that April, May and June 

have the lowest energy deficit. January has the highest energy deficit of 728 kWh, followed by 

December with 467 kWh due to weather conditions. Figure 10 shows the annual hourly PV 

power production, annual hourly electric demand and annual hourly deficit in kW. An annual 

PV production of 120,450 kWh, annual energy demand of 100,485 kWh and annual energy 

deficit of 1,623 kWh were respectively obtained.  

 

 
Figure 10. Annual hourly PV power production, demand and deficit in kW 
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CONCLUSION 

This paper investigated the performance of a rural off-grid PV system (charging station) 

with electric-mobility solutions (i.e. mobile batteries for e-bikes) using MATLAB / Simulink / 

CARNOT 7.0 Toolbox. Analysis of the PV production, energy consumption and energy deficit 

were carried out. PV system size and performance strongly depend on metrological variables 

such as solar irradiation, wind speed and ambient temperature. Consequently, the results 

obtained show an annual energy deficit of approximately 351 kWh and 1623 kWh for system 

design scenarios 1 and 2 respectively which means, the system could not cover the whole 

energy demand due to the aforementioned variabilities of a PV system.  

Therefore, in order to avoid using diesel generator or grid connection for energy deficit 

reduction. A load management algorithm will be presented in future works to optimally 

integrate the electric mobility solutions into the rural off-grid PV system charging station. The 

load management algorithm will capture the maximum amount of variable solar generation, 

which then sizes and schedules a finite number of devices to track available solar PV power. 
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NOMENCLATURE 

A panel area [m2] 

CG irradiance coefficient [W/m²]] 

Gt irradiance [W/m²] 

Gh global horizontal irradiance [W/m²] 

IAM incidence angle modifier [-] 

IR incident radiation at STC 1000 

W/m² 

[W/m²] 

MT module temperature at STC [°C] 

n number of panels [-] 

P output power of the PV module  [W] 

Pdeficit power deficit [W] 

Pdemand power /electric demand [W] 

Pmax peak power at STC [W] 

PPV_real PV power produced [W] 

SP solar power [W] 

SR solar radiation [W/m²] 

Ta ambient temperature [°C] 

Td temperature difference to 

ambient at full solar radiation 

[°C] 

Tt ambient temperature [°C] 

Greek letters 

𝜂PV efficiency of solar panel [-] 

Abbreviations 

DOD Battery Depth Of Discharge 

GHG Greenhouse Gas 

PV Photovoltaic 

SOC Battery State Of Charge 

STC Standard Test Conditions 
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