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Executive Summary  

Transportation is a vital sector in Sub-Saharan Africa (SSA), contributing to the social and 

economic development of the region. However, transport activities, particularly the use 

of conventional fossil-fuel vehicles, contribute significantly to air pollution and 

greenhouse gas emissions, leading to serious environmental and health challenges. The 

region also faces challenges with frequent fuel scarcity, lack of constant electricity, and 

high rising fuel costs, which limit the ability of people to access affordable and reliable 

transportation services. 

To address these challenges, this research designed an off-grid photovoltaic (PV) system 

that provides sustainable energy for charging electric mobility and non-electric mobility 

loads in SSA. The system was designed to leverage the potential solar energy in the region 

and provide a cost-effective and reliable solution for powering transport infrastructure.  

The PhD research project has provided a sustainable off-grid model based on solar PV 

technology for charging battery-powered electric mobility and other non-mobile electric 

loads. The PhD research utilises a Water Energy (WE) Hub (i.e. a 30kWp off-grid PV 

standalone system) owned by WeTu Limited in Mbita which is used to supply sustainable 

power for charging electric fishing lamps and water treatment devices. The integration of 

the electric mobility concept into the current infrastructure of the WE Hub helps to 

increase the operational region of the WE Hub and to provide new avenues for the power 

generated. Electric cargo bikes and motorbikes (for delivering treated drinking water, 

transportation of products, and services) are among the mobility alternatives considered 

in this study. 

A field measurement investigation was also conducted on the energy consumption of e-

bikes using the rider's driving style as a basis. A load management algorithm for load 

prioritisation, scheduling, and optimization was developed to maximise the utilisation of 

the PV power production and decrease energy deficit without necessarily enlarging the 

PV module, battery size, or using a diesel generator. Computer-standalone MATLAB App 

was developed to serve as a technical tool for off-grid PV system designs employing 

electric mobility options at any given location. 
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Findings 

Mbita Water Energy (WE) Hub  

Mbita WE Hub, located around Lake Victoria, provides sustainable electricity for charging 

electric fishing lights, water purification and other electric activities. To satisfy future 

electric demands, the WE Hub's hardware was upgraded from 15.8 kWp PV with a 70-

kWh central battery capacity to 30.24 kWp with a 104-kWh central battery system. The 

fishing lanterns demand increased from 300 to 450 lanterns daily. Similarly, at the WE 

Hub, electrically driven bikes were recognised as potential electric consumers. These 

include e-Anywhere Berlin freight bikes, e-OpiBus bikes, and e-BodaWerk bikes.  

Measurement Investigation 

The measurement investigation formed the basis for a comprehensive design and 

simulation of the technological infrastructure (size of PV field, battery storage capacity, 

etc.) of the WE Hub. Energy loggers, multimeters, and GPS trackers were selected as 

acceptable measuring tools for monitoring and estimating the electric bikes’ electricity 

usage during operation and charging. The factors considered during the measurement 

were the battery state of charge (SoC), average speed travelled, distance travelled, 

payload weight, terrain type, charging rate, power consumption during operation and 

charging etc. 

Anywhere Berlin cargo bike measurement investigation 

it was discovered that a 100 km journey would require at least three battery swaps for an 

Anywhere Berlin cargo bike with a 1.1 kWh rechargeable battery, an average load weight 

of 102 kg, and running at an average velocity of 22.9 km/h on both tarmac and non-

tarmac terrains. 

OpiBus bike measurement investigation 

It was discovered that an OpiBus bike with a 2.16 kWh battery capacity, running on both 

tarmac and non-tarmac at an average speed of 47.8 km/hr and an average payload weight 

of 129 kg would require at least two battery swaps to travel 100 km.  
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BodaWerk bike measurement investigation 

It was discovered that a BodaWerk bike operating on tarmac terrain with an average load 

weight of 74 kg, average velocity of 39 km/h, and 2.2 kWh battery capacity would need 

at least one battery swap to complete a 100 km journey. 

Development of a simulation model 

A simulated design scenario at Mbita WE Hub employed a 104-kWh lead-acid central 

battery capacity and a 30kWp PV array size. Based on holidays (full moon phase days) and 

workdays (non-full moon phase days), daily and annual load profiles were developed. 

Workdays are days with no moon or with low moonlight brightness, and this is exclusively 

determined by Mbita's lunar calendar. Lake Victoria has a naturally high fishing catch 

these days. As a result, it was estimated that every day at the Mbita WE Hub, auxiliary 

equipment (such as water purification, laptops, light bulbs, etc.), 450 fishing lanterns, and 

25 batteries for electric bikes would be charged. 

Holidays are days with a full moon or high moonlight brightness, which depend on Mbita's 

lunar calendar. These days, Lake Victoria has a naturally poor fishing catch. As a result, all 

other loads are charged, except that half of the number of fishing lanterns required during 

workdays are charged (i.e. 225 lanterns). 

Similarly, results obtained from the simulation of the Mbita WE Hub charging 

infrastructure model show 27,200 kWh as annual electricity demand and photovoltaic 

(PV) electricity generation of 37,700 kWh with an electricity deficit of 375 kWh. From the 

aforementioned annual results, it is clear that the PV production is greater than the 

electricity demand which in turn should lead to no electricity deficit. However, the results 

are not reflected in hourly resolution, thus neglecting the effect of weather variability on 

PV production. Therefore, in later chapters of the thesis, hourly resolution results are 

presented to understand the electricity deficit. 

Load optimisation  

To best integrate electric mobility options into the WE Hub as well as utilise the maximum 

PV production and reduce electricity deficit, a load optimisation algorithm was designed 

using the MATLAB Non-Linear Programming (NLP) solver. The maximum variable solar 



Executive Summary                   v 

 

 

energy was captured by the load optimisation algorithm, which then schedules, sizes and 

charges a limited number of devices. 

Following intra-day PV production, the system using the NLP algorithm was able to plan, 

prioritize, and optimize the major loads' demand (such as electric bikes and fishing 

lanterns). This is demonstrated by the simulation-based results for the optimized load 

profile. Based on the moon phases and the seven-day solar prediction at the Mbita WE 

Hub, the system with the NLP algorithm was also able to shift the electric loads from days 

with potential energy deficits to days with surplus energy. 

By maintaining the 30 kWp PV capacity and reducing the central battery capacity from 

104 kWh to 90 kWh, it was also discovered that the annual electricity deficit was 

decreased from 375 kWh to 50 kWh using the NLP algorithm load optimization algorithm, 

and the annual energy consumption was increased by 11% (31,300 kWh), which for 

example is enough to charge 4 more e-bikes batteries daily. Hence the NLP-based 

algorithm assisted in optimally integrating electric mobility solutions into the WE Hub in 

an economical manner. 

Development of an optimisation design tool 

A standalone computer application using MATLAB App was developed to allow the user 

to simulate the size of a PV and battery system based on the available loads (i.e. fishing 

lanterns or electric vehicles). It also incorporates the developed MATLAB NLP load 

scheduling, shifting, and optimisation algorithm, thus allowing the most cost-effective 

integration of electric mobility solutions into any rural off-grid PV system.  

Techno-economic analysis 

The Levelised Cost of Electricity (LCoE) of the system with and without NLP load 

optimisation was calculated. It was found that the system with the NLP algorithm has an 

LCoE of  17.07 €-Ct/ kWh compared to 18.24 €-Ct/ kWh for the system without the non-

NLP algorithm. This is because the NLP system had a reduction in the central battery 

capacity from 104 kWh for the non-NLP system to 90 kWh. Hence, for example, to fully 

charge a 2.2 kWh e-bike battery, the user is required to pay 37.55 €-Ct and 40.13 €-Ct for 

NLP based system and a non-NLP system respectively. 
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The sociological impact of the research 

Siemens Stiftung and WeTu Limited have launched a business model centred on sharing 

economic approaches that are practical for e-mobility transportation adaption. These 

include providing faster, more cost-effective access to e-mobility with less maintenance, 

as well as the construction of workshops for e-motorcycle training and maintenance, 

hence increasing local job opportunities in the Lake Victoria region where the WE Hubs 

are located. 

A study conducted by Siemens Stiftung on the willingness of existing gasoline-powered 

boda-boda riders to switch to e-motorbikes shows that the most significant challenges 

for motorbike taxi drivers are high fuel costs and excessive motorcycle fuel use. Riders 

who wish to avoid high gasoline expenses appreciate the notion of an e-bike, and if given 

enough financial assistance, nearly 85 % of riders would switch to e-motorbikes. 

Approximately, 30 % of motorcycle riders prefer to buy the e-bike outrightly, whereas 

around 8 % would be willing to buy it on loan. 

WeTu Limited intends to install more than 30 charging stations for e-bikes at each 

location. To guarantee ecologically responsible e-bike battery disposal, plans are in the 

works to establish collection terminals at We Hub sites around Lake Victoria. 

Similarly, a secondary school student reported preferring electrically propelled 

motorcycles to gasoline-powered ones because of their distinctive feel, absence of noise, 

and smoke traces, according to a survey done by Siemens Stiftung. He expressed interest 

in utilizing the e-cargo bikes rather than traditional wheelbarrows to deliver his father's 

building supplies to a construction site. 

In another survey, a lady trader who sells groceries mentioned that she had a special 

feeling during her first encounter with e-bikes. She claims to have never seen anything 

move so quickly without gasoline and is pleased that it offers a less expensive way to get 

food from the market and farms to her business location. She adds that her husband 

transports water and goods between wholesale and retail stores on the e-cargo bike. 
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Another study indicates that a boda boda operator who currently uses a petrol-fuelled 

motorcycle is contemplating switching to an e-bike as it could offer a more affordable 

means of supporting their family. 
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List of abbreviations 

kWh 

kW 

kWp 

MtCO2 e 

Kilowatt-hour 

Kilowatt 

Kilowatt-peak 

Million tonnes of carbon dioxide equivalent 

kWh/a Kilowatt-hour per annum 

GHG Greenhouse Gas 

m² Meter square 

P_demand Power / electric demand 

P_deficit Power deficit 

PPV_real PV power produced 

ηPV Efficiency of solar panel 

PV Photovoltaic 

SoC Battery state of charge 

DOD Battery depth of discharge 

Tt Ambient Temperature 

Gt Irradiance 

A 

Gh 

STC 

ηnom 

CG 

o C 

Panel area 

Global horizontal irradiance 

Standard test conditions 

Efficiency of panel at STC 

Irradiance coefficient 

degree celsius 

KEMP  Kenya Electricity Modernization Project 

KEEP  Kenya Electricity Expansion Project 

RECP  
Renewable Energy Cooperation Programme 

REMP  Rural Electrification Master Plan 

RECP Kenya Renewable Energy Potential 

GRSF Global Road Safety Facility 



Chapter 1: Introduction        1 

 

Chapter 1: Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1: Introduction        2 

 

1.1 Motivation 

Transportation using all kinds of passenger modes of transportation powered by fossil 

fuels (i.e. buses, boats, cars, motorcycles and rails), accounts for about a quarter of 

global CO2 emissions. The rate of emissions is expected to increase significantly by 2050 

when the number of all kinds of passenger modes of transportation is expected to more 

than double (Remeredzai Joseph, 2021). This increase is especially projected in low-

income or developing nations, where regulations governing vehicle emissions are rarely 

implemented and where there is little financial investment in renewable energy sources 

(Remeredzai Joseph, 2021). However, some countries such as Germany, Norway, China, 

etc., have taken initiatives to reduce carbon dioxide emissions, by investing in renewable 

sources of energy, thus leading to global leapfrog to electric mobility (Remeredzai 

Joseph, 2021). 

Electric mobility (E-mobility) is the use of electric vehicles (EVs) for transportation that 

is supported by a strong information and communication technology (ICT) 

infrastructure. In place of an internal combustion engine (ICE), electric vehicles (EVs) are 

propelled by one or more electric motors driven by rechargeable battery packs. EVs 

produce little or no emissions when in use, are quieter, and consume less energy than 

ICE-powered vehicles (Ministry of Transport and GIZ, 2019).  

Similarly, the electric motor used by EVs converts around 80 % of their electrical energy 

to mechanical (Lluc Canals Casals et al., 2016), thus making EVs a better alternative to 

conventional internal combustion engine (ICE) vehicles, which have an efficiency of less 

than 40% (Åhman, 2001). However, due to several impediments, the adoption of electric 

vehicles is not moving forward as swiftly as anticipated. 

These impediments include their restricted range and long charging time (Kempton, 

2016; Hardman et al., 2016). Consequently, despite these impediments to their 

adoption, they still offer significant advantages such as lower cost of maintenance and 

much less energy usage than ICE vehicles (Alkawsi et al., 2021).  

Battery electrified buses, boats, cars, motorcycles and rails are all examples of EVs and 

are divided into three major groups (see Table 1) based on whether they use electricity 
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as their main source of energy or to increase the economy of traditional vehicle designs 

in some way (Ministry of Transport and GIZ, 2019). 

Table 1. Categories  of Battery Electric Vehicles  

 

 

  

Types 
Hybrid Electric  
Vehicles (HEVs) 

Plug-in Hybrid  
Electric Vehicles  
(PHEVs) 

Battery Electric  
Vehicles (BEVs) 

Description HEVs are propelled by 
an electric motor that 
uses a battery to store 
electricity and an 
internal combustion 
engine (ICE). The ICE or 
regenerative breaking 
is used to charge the 
battery. 

PHEVs are propelled by 
an electric motor that 
uses battery to store 
electricity and an 
internal combustion 
engine (ICE). The 
vehicle's battery can 
be charged by plugging 
the vehicle into an 
electric power source. 

BEVs are propelled 
only by an electric 
motor that uses 
electricity from a 
battery. The vehicle's 
battery is charged by 
plugging the vehicle 
into an electric power 
source. 

Components ICE, petrol / diesel, 
electric motor, battery 
pack, regenerative 
breaking 

ICE, petrol / diesel, 
electric motor, battery 
pack, regenerative 
breaking 

Electric motor, battery 
pack, regenerative 
breaking 

Numerous research institutions and energy supply companies are conducting studies on 

how to lessen the burden on local electricity networks due to the growing number of 

charge outlets for electric vehicles since the demand for electricity by EVs is rising 

quickly. One of the most efficient ways to address this issue concerning local electrical 

networks is to power the EV charging infrastructure using renewable energy systems 

(RES), such as wind and solar (A. Von Jouanne et al., 2005). 

RES may make a significant contribution to the growth of renewable energy penetration 

and the reduction of carbon emissions. The difficulties with deploying RES, however, lie 

in its varying characteristics, such as seasonal variations in wind and sunshine (Shukla et 

al., 2019). As a result, it's crucial to properly design solar PV (photovoltaic) systems to 

prevent over or under-sizing, which would result in inadequate solar power generation 

or high capital expenditures (Patrick, 2014). 

In terms of mobility, Africa is at an intersection since it continues to have one of the 

lowest rates of motorization worldwide while still seeing one of the fastest rates of 
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vehicle expansion. Vehicle sales on an annual basis are increasing significantly, with 

most African countries reporting rises of over 10% as opposed to Europe's 4% (UNEP, 

2018). Only one in ten of the vehicles brought into the continent are brand-new; the 

vast majority are pre-owned vehicles. This is an opportunity for African countries to cut 

back on vehicle emissions before further motorization takes off (Siemens Stiftung, 

2020a). 

Rapid urbanization, population growth, rising energy consumption, and economic 

expansion, particularly in Sub-Saharan Africa (SSA), are driving a transportation 

revolution. This occurs at a period when the majority of African countries are facing 

mobility issues such as traffic congestion, a lack of infrastructure, health problems, air 

pollution, and the financial liability that high fuel costs and subsidies impose on the 

economy. Electric and battery-powered vehicles are an excellent solution to the 

aforementioned difficulties.  

Africa has a very high potential for renewable energy resources, making it an excellent 

location for an electric vehicle (EV) revolution. EV solutions are both technically and 

economically appropriate in Africa since temperatures seldom fall below zero and daily 

average daily travel durations are less than 80 km at 60 km/hr. Africa also has one of the 

youngest populations with a propensity for technology, which might aid the continent's 

rapid transition to electric transportation while also providing a workforce for the 

development of its vehicle manufacturing capabilities (Siemens Stiftung, 2020a). 

Additionally, EVs have drawn attention as a way to reduce reliance on petroleum and 

increase energy stability with regards to rising transportation needs, that may be very 

advantageous for the economy of African countries (Siemens Stiftung, 2020a).  

Several Sub-Saharan African nations have already taken big strides in enhancing their 

total vehicle fuel efficiency, enforcing vehicle standards and laws like Kenya's Climate 

Change Act or Rwanda's promotion of non-motorized urban transportation. However, 

to stop the growing weight of fuel dependence and find a sustainable solution to utilise 

Africa's enormous renewable energy resources, these initiatives must be massively 

scaled-up (Siemens Stiftung, 2020a). 
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1.2 Problem statement 

Socio-economic development is impossible in the current world without access to 

modern energy services. The global Sustainable Development Goals (SDG) policy is in 

accordance with the use of modern and sustainable energy services, to promote 

socioeconomic development and mitigate climate change (Kaunda et al., 2012). 

In Africa, the bulk of goods and services are delivered by road, which increases 

greenhouse gas (GHG) emissions and creates a strong reliance on fossil fuels. Africa's 

governments are under pressure to substantially subsidise fuels to protect citizens from 

the volatility of oil prices. Irrespective of these subsidies, periodic gasoline shortages 

that result in long fuel line wait times place a tremendous financial strain on vehicle 

users. (Akindare, 2018; Gilbert, 2018). 

Moreover, SLoCaT (2018)  reported that between 2000 and 2016, there had been a 31% 

increase in worldwide transportation emissions, with Asia having had the largest 

increase of 92% followed by Africa with 84% and Latin America with 49%, while 

emissions in Europe and North America had been declining. In Sub-Saharan Africa (SSA), 

transportation-related emissions, which are mostly caused by a rise in passenger and 

freight transport activities, grew by 75% between 2000 and 2016, reaching a level of 156 

million tonnes (Mt) of CO2. This rise in transport-related CO2 emissions includes, for 

instance, an increase of 40% in South Africa, 123% in Kenya, 153% in Ghana, 161% in 

Algeria, and 73% in Egypt. 

According to estimates from the World Bank and the Institute for Health Metrics and 

Evaluation, motorized road transport pollution caused 184,000 early deaths in 2010 

(GRSF, 2014). The death figures are supported by the International Council for Clean 

Transportation (Chambliss et al., 2013). The principal diseases that are impacted by 

vehicular emissions include lung cancer, stroke, heart disease and respiratory related 

infections (Paul and John, 2014).  
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1.2.1 Urban transport in SSA 

As reported by (Ajay and Fanny, 2008), the most prevalent form of public transportation 

in most cities of SSA is both big and small buses. Except in Addis Abeba and 

Ouagadougou, minibuses are significantly more common than large buses, which 

illustrates how challenging it is to run large buses profitably. Overall, minibuses make 

nearly twice as many trips as large buses. 

Initially, the majority of the cities' core urban transportation infrastructure was 

dominated by large-buses transportation. The conventional bus services were typically 

nationalized during the post-independence era, resulting in structured public 

transportation (Ajay and Fanny, 2008).  

The government-owned bus enterprises were initially able to run independently, but 

when operational deficits rose and public subsidies did not grow proportionately, 

operators struggled to maintain and upgrade their fleet, and governments were 

reluctant to raise fares as they were regulated. The quality and scope of the services 

suffered as a result. The majority of government own bus enterprises ultimately failed 

and went out of business.  

Accra, Dar es Salaam, Kampala, Kigali, and Lagos are just a few of the cities that have 

completely stopped offering large-bus services in favour of private and largely 

unregulated minibus operators. Nairobi, which has maintained the private operation of 

its large-bus service since independence, is the only city that has not gone through this 

cycle (Ajay and Fanny, 2008). 

Tro-tro in Accra, danfo in Lagos, gbaka in Abidjan, sotrama in Bamako, and matatu in 

Nairobi are a few examples of the vernacular names for minibuses, which typically carry 

8 to 25 passengers. A larger variation of minibuses known as "midi-buses" may 

accommodate between 30 and 50 passengers (with standees). These vehicles frequently 

go by slang names as well, such as autos rapides in Dakar and molue in Lagos. Dollar-

dollar is the origin of the phrase dala-dala, which is prevalent in Dar es Salaam (see 

Figure 1 left- Kampala central taxi terminal, right- Dala dala operators in Tanzania). 
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Figure 1: Example of a minibus transport service in SSA cities (Ajay and Fanny, 2008)  

Minibus services however exhibit drawbacks from the standpoint of the general welfare, 

notwithstanding the services they offered in SSA cities due to the vacuum left by large-

bus services (Ajay and Fanny, 2008): 

Traffic congestion  

On some routes, minibuses currently make up close to 50% of all vehicular traffic. Major 

gridlock has indeed been caused by their increase, especially during peak hours. 

Emissions and safety 

The majority of minibuses are old, poorly maintained, and driven slowly for long 

durations. Minibuses were involved in 22% of accidents and the bulk of traffic infractions 

in Accra in 2004. In all African cities, there is a general practice of lax enforcement of 

laws regulating car inspection, driver behaviour, and traffic control. 

The volatility of prices, connections, and itineraries 

When demand increases, minibus drivers can change the routes they travel as well as 

the rates they charge. In Dar es Salaam, the bus operators' organization and the 

government coordinate tariffs while the regulator (SUMATRA) decides on routes, 

otherwise, the dala-dala minibuses will be as erratic. 

Unfair incentives 

Vehicles remain at the stations until they are fully loaded since drivers must pay to 

depart the stations and have an incentive to avoid driving with less than a full load. As a 

result, it is frequently impossible for people to embark at other stops along the route. 
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To guarantee a place on the bus, many people travel great distances to get to the station 

(Ajay and Fanny, 2008). 

Comfort 

Minibuses are small and the seating is congested, which makes getting in and out and 

moving about challenging. 

Due to the deplorable state of the roads and the bus companies' failure to meet the 

increasing demands, the use of motorbikes for transport has considerably expanded in 

Douala, Lagos, and Kampala in recent times. In Ouagadougou and Bamako, independent 

motorbike ownership is now common. Motorbike services originally provided access to 

major roadways from residential districts, where customers could board cabs or 

minibuses (see Figure 2 left- transportation using motorbikes in Burkinabe, right- 

motorbike taxi ranks await passengers in Lagos).  

   

Figure 2: Example of a motorcycle transport service in SSA cities (Ajay and Fanny, 

2008) 

1.2.2 Rural transport in SSA 

According to (Olinto et al., 2013), the majority of the poorest individuals in sub-Saharan 

Africa reside in rural areas where they cultivate small plots of land to support themselves 

through subsistence farming. These individuals rely on the market to sell surplus crops, 

which is linked to the increased demand for food resulting from urbanization, thus 

driving rural development. However, inadequate transportation infrastructure such as 

long travel distances to markets, poor roads, and limited access to transportation, 

severely hinders this progress. As a result, there is a high demand for cost-effective and 

efficient transportation services that can provide access to critical services such as 
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healthcare and markets, particularly since many people are unable to afford their own 

vehicles (Ron and Keith, 2017). 

Even though there are several intricate factors influencing the availability and 

affordability of efficient rural transportation services (RTS), it is argued in this by (Ron 

and Keith, 2017) that one important reason is that traditional cars that are made to 

travel at high speeds on tarmac terrains perform inefficiently at low speeds on rural 

earth terrains, resulting in higher GHG emissions and fuel consumptions. Due to these 

high running costs, it is extremely difficult to provide both lucrative and cost-effective 

RTS (Ron and Keith, 2017). 

The majority of RTS are operating on major roads, because there is a consistent demand 

that enables RTS operators to generate a profit. However, even in this case, customers 

may experience significant delays as operators wait for full loads to reach profitability 

(Ron and Keith, 2017).   

(Starkey et al., 2007) discovered that a generic model may be utilized to characterize the 

pattern of RTS in SSA using case studies in four countries. This is the hub and spoke 

concept depicted in Figure 3, where the hubs are the primary sites where RTS operate 

and the spokes are the roadways on which they regularly operate. 

 

Figure 3: Pattern of transportation services in rural areas of SSA (Starkey et al., 2007) 

In RTS, the links between villages and markets, healthcare facilities, and other resource 

facilities are typically where there is a significant deficit. A significant barrier to 
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enhancing rural livelihoods and rural growth is the absence of an efficient RTS in this 

region (Starkey et al., 2007; Ron and Keith, 2017). 

Several other recent significant assessments of rural transportation in SSA including 

those by (Starkey and Njenge, 2010; Starkey et al., 2013; Hine, 2014; Banjo et al., 2012) 

emphasize the function and significance of these "village-to-local resource center" RTS. 

According to the authors, infrastructure has accounted for up to 98 % of funds spent on 

rural transportation. 

Compared to motorized road transport services (RTS), the funding allocated to 

promoting appropriate modes of transportation such as bicycles and animal-drawn carts 

has been significantly low. The common belief was that with improved roads, RTS would 

naturally follow as transport operators recognized the opportunities presented. 

However, this has not been the case, and it is widely believed that it is exceedingly 

challenging to make a profit using traditional RTS on village-to-market routes due to 

several reasons. These reasons include: 

• Fragmented, erratic, and seasonal demand 

• High vehicle operating costs due to poor road quality 

• Low affordability due to low incomes 

• Potentially low payloads, and a lack of support for vehicle operations 

Conventional cars designed for medium to high speeds on bitumen roads have 

significant operating costs when used at lower speeds on typical rural earth and gravel 

roads. In Figure 4, minibuses and modified pickups are commonly used modes of 

transportation. Many of these vehicles are initially purchased as refurbished cars for use 

on main hub routes, but they are often over 10 years old by the time they begin 

operating on rural routes (Starkey et al., 2013). 
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Figure 4: Example of transport vehicles used in rural areas of SSA (Ron and Keith, 2017) 

According to a specific fuel consumption study presented by (Ron and Keith, 2017), the 

fuel consumption and carbon dioxide emissions of a minibus travelling at an average 

speed of 50 km/h on earth/gravel roads are roughly twice those of a minibus travelling 

at an average speed of 80 km/h on asphalt roads. The expenses of operating on 

earth/gravel roads are expected to be at least double that of asphalt roads due to 

increased maintenance costs and longer travel times resulting from the rougher road 

surface. 

It's evident that to increase the profitability of RTS operations at fair prices and increase 

their accessibility, the running costs of RTS vehicles should be reduced, requiring the 

selection of vehicles best fitted to the operating environment. These point to the usage 

of vehicles with a top speed that is roughly half that of normal vehicles and less 

horsepower. The fastest growth in motorcycle use is being seen in South Africa. For 

example, Tanzania's motorcycle fleet increased by 323 192 from 31 006 in 2005 to 323 

192 in 2010, or 60% annually (Hine, 2014). 

The advent of taxi services where one or two passengers are transported on the two-

wheeler seating while behind motorcyclists has significantly improved the movement of 

the people in numerous areas of SSA. Therefore, an effective motorcycle transport 

service would go a long way in improving rural passenger and goods transport (Ron and 

Keith, 2017).  

Similarly, another study reports that while access to good roads remains a goal for the 

future, however efficient transport services may have a very significant impact on 
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agricultural and rural development by boosting commercial agriculture and participation 

in the market (Berg et al., 2018). 

Subsequently, with the current penetration of stand-alone PV systems in rural areas of 

SSA where there is no or little access to flowing water, electricity, taxi services, petrol 

stations, the introduction of off-grid PV-charged battery electric vehicles such as e-

boats, e-cars, e-cargo bikes can be a real socio-economic development opportunity in 

most of SSA’s rural communities (Mueller and Mueller, 2014). Similarly, apart from 

improving the lives of the rural inhabitants, electric vehicles charged using renewable 

energies can also contribute to a sustainable and cleaner environment with lower 

greenhouse gas (GHG) emissions. 

Remarkably, the majority of Kenyan homes are now connected to the grid, this is due to 

recent significant government investment in extending the electric grid to rural regions. 

However, the rate of rural electrification is still quite low (Lee et al., 2016). Solar energy 

charging stations could be used to remedy this issue. Similarly, when electric vehicles 

(two and three-wheelers) become more prevalent in rural areas, they can unleash value 

and increase demand for solar mini-grids (EED Advisory and Siemens Stiftung, 2020; 

Remeredzai Joseph, 2021). 

Hence, with the above-mentioned problems faced by SSA´s regions, especially rural 

communities, the Ph.D. research work focused on the implementation of an off-grid PV 

charging station for battery-powered lightweight electric vehicles such as e-

motorcycles, e-cargo bikes, etc., and other electrical applications such as charging of 

electric fishing lanterns, water treatment device etc. around Lake Victoria in Western 

Kenya. This would assist in improving the socio-economic lives in terms of income and 

health conditions of the populace of the case study location. 

1.3 Transport and mobility demand for short-range electrical vehicles 

at the case study location  

Kenya and the other East African countries have recently begun to see the effects of 

climate change on human health, agricultural output, and economic losses. There has 
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never been a time when it was more crucial for the world to move toward a low-carbon 

economy (Siemens Stiftung, 2020a). 

Kenya has been making significant efforts since the early 2010s to become a leader in 

East Africa's energy transformation. To achieve this goal, the country has enacted two 

ground-breaking laws, namely the Climate Change Act of 2016 and the more recent 

Energy Act of 2019, which have a direct impact on its transition to a low-carbon 

economy. These policies were initially put in place to reduce greenhouse gas (GHG) 

emissions by 30% by 2030, improve climate change resilience, and promote low-carbon 

and climate-resilient growth (Siemens Stiftung, 2020a; UEMI, 2020a).  

The highest priority mitigation measure selected is the nationwide electrification of the 

vehicle fleet since the transportation sector contributes more than 13% of all national 

emissions. Nevertheless, as of 2019, only around 350 electric vehicles (EVs) have been 

registered in Kenya, indicating that the country's EV infrastructure is still in its early 

stages. Currently, Kenya has approximately 3.2 million vehicles, with the majority of the 

fleet consisting of two and three-wheelers, as evidenced by the registration of 108,000 

new motorbikes in 2018 and the highest motorization rate (DW, 2019; Siemens Stiftung, 

2020a). 

Many of these 2- and 3-wheel vehicles with internal combustion engines are outdated 

and inefficient, generating more black carbon and particulate matter than a passenger 

automobile (Siemens Stiftung, 2020a). 

1.3.1 Case study 

Water Energy Hub (WE Hub)  

WE Hub is a social enterprise focused on improving the living conditions of rural Kenyans 

by providing clean water, solar lighting, and charging services. Their services support 

employment growth, promote better health, and protect the local environment. In 

addition to seven solar-powered hubs, WE Hub also operates five smaller solar-powered 

"satellite" hubs around Lake Victoria (Siemens Stiftung, 2020b; WeTu, 2019). 



Chapter 1: Introduction        14 

 

 

Figure 5: Example of a WE Hub - Kenya (Lake Victoria) (Siemens Stiftung, 2020b)  

Homa Bay, Migori, and Siaya County mobility pattern 

WE Hubs are operating in Homa Bay, Migori, and Siaya counties which are among the 

most densely populated areas in Kenya, with a total population of 3,241,569 people, 

although they are primarily rural. The majority of the population, ranging from 43% to 

48%, are poor and the counties have significant infrastructural deficiencies. Only 30% of 

the population has access to electricity and less than half of the roads are paved, 

according to the Siemens Stiftung. In these three counties, boats, 2 and 3-wheeled 

motorbikes are the primary modes of transportation. There are approximately 133 3-

wheelers used mainly for cargo transportation services, 104 human and cargo boats, 

and 4,820 motorbikes which operate from unofficial stations located close to human 

activities such as transportation hubs or markets (Siemens Stiftung; IFRTD, 2021). 
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Accordingly, based on socioeconomic data collected from the three counties, it has been 

found that motorbike riders known as "boda-boda" spend around 350 KES per day on 

their motorcycles, while their daily living expenses amount to 499 KES on average. They 

spend around 6,000 KES per month on their motorcycles and earn approximately 75% 

of their income from operating motorbike taxis. About 29% of the riders have 

outstanding loans and their monthly discretionary income is around 6,173 KES.(IFRTD, 

2021; Siemens Stiftung; Siemens Stiftung, 2020b). 

Moreover, Siemens Stiftung conducted a study that found formal and informal markets 

have a long-standing practice of providing financial services to support mobility. High 

fuel costs and the excessive fuel consumption of motorcycles are the primary concerns 

for motorbike taxi drivers. Riders generally view e-bikes as a favorable alternative to 

avoid excessive fuel costs, and nearly 85% of those interviewed expressed a desire to 

switch to an e-bike if provided with adequate financial assistance. (Siemens Stiftung, 

2020b).  

Furthermore, the research also examined the preparedness of motorbike taxi drivers to 

switch to e-bikes. It discovered that only 7% of those surveyed were willing to borrow 

e-bikes, while 30% preferred to purchase them outright. The study also revealed that 

62% of riders would consider renting an e-bike, indicating the potential market for an e-

bike leasing business model. However, riders expressed concerns about several e-

mobility issues, including a lack of knowledge and trust in the technology, battery 

dependability, and inadequate charging infrastructure. 

Mbita 

Mbita was selected as the research location because it fulfilled the selection criteria for 

a case study location, such as the potential for short-range electric vehicles. The town is 

situated on the shores of Lake Victoria in Homa Bay County (see Figure 6).  

It is mostly a rural area with a total size of 163.28 km2, and it is located around 400 km 

west of Nairobi, Kenya's capital. The International Centre for Insect Physiology and 

Ecology (ICIPE) research facility, Tom Mboya Mausoleum, Remba Island, Mfangano 

Island, Rusinga Island, and other tourist sites are all located in Mbita (Ochieng, 2017).  
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Figure 6: Mbita - Case study location (Tomonori et al., 2016). 

Commerce is a significant source of income for the people of Mbita town, and they 

depend heavily on it. Additionally, fishing is a vital economic activity in the Homa Bay 

area, which has more than 80% of Kenya's Lake Victoria beachfront. Mbita town is 

primarily a fishing area, with over 80% of the population being fishermen (Ochieng, 

2017).  

Despite the importance of fishing to the economy of Homa Bay County, fishermen on 

Lake Victoria still rely on traditional gasoline boat engines that are known to be 

unreliable and emit over 400,000 tons of CO2 annually. The use of gasoline also poses 

a risk of oil leaks that can have harmful effects on the lake's ecology and drinking 

water. Furthermore, there are approximately 20,000 fishing boats operating on Lake 

Victoria, with night-time fuel costs ranging from $15 to $25 per boat, depending on 

the size of the engine (Hönig and Gregor, 2018). 

The transportation sector is a crucial source of income for Mbita town, with motorcycles 

being the most commonly used mode of transportation. These motorcycles are used to 

transport people and goods within short distances, as well as to Kisumu, which is the 

largest city in the region (Ochieng, 2017).  
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Although motorcycles are the primary mode of transportation in Mbita town, they have 

negative externalities such as noise pollution and increased greenhouse gas (GHG) 

emissions that are inefficient for society as a whole (Kumar, 2011). Hence, the 

transition to electric motorcycles and boat engines can have significant socioeconomic 

benefits for the poor in Mbita and the broader Lake Victoria region. The adoption of 

electric vehicles can lower gasoline costs and GHG emissions, preserve aquatic life, and 

enhance the quality of drinking water in Lake Victoria. 

1.4 Research justification, objectives and contribution  

1.4.1 Research justification 

By 2050, the population of Sub-Saharan Africa is expected to increase fourfold, with 

more than half of the global population increase occurring in this region. If a shift is not 

made towards low- or zero-emission vehicles, the rapid expansion of the vehicle fleet 

will greatly increase air pollution, GHG emissions, and oil import costs. To enable the 

establishment of the required infrastructure, training, and capacity building for a clean 

energy future that could support green growth across the African continent, significant 

investments in the production of renewable energy at a large scale are necessary 

(Siemens Stiftung, 2020a; United Nations, 2019). 

Electrifying minibuses, motorbike taxis, and public transportation in general is expected 

to have a significant impact because these vehicles cover more distance than other types 

of vehicles. However, to meet the growing demand and address concerns about range-

anxiety, it will be necessary to establish sufficient charging infrastructure (Siemens 

Stiftung, 2020a). 

1.4.2 Research objectives 

This PhD research project was proposed to build a sustainable off-grid model based on 

solar PV technology for charging battery-powered electric mobility and other non-

mobile electric loads. The PhD research utilises a WE Hub (i.e. a 30kWp off-grid PV 

standalone system) owned by WeTu Limited in Mbita which is used to supply sustainable 

power for charging electric fishing lamps and water treatment devices. The integration 
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of the electric mobility concept into the current infrastructure of the WE Hub will help 

increase the operational region of the WE Hub and to provide new avenues for the 

power generated. Electric cargo bikes and motorbikes (for delivering treated drinking 

water, transportation of products, and services) are among the mobility alternatives 

considered in this study. 

Therefore, the PhD aims to achieve the following objectives: 

▪ Analyse the electricity demand and production (with and without e-mobility) at 

the investigated WE Hub. 

▪ To optimally distribute the charging of the various loads at the investigated WE 

Hub by maximum utilisation of the solar PV production while using the central 

batteries as last resort. 

▪ To develop an off-grid solar optimisation design tool that can be used in any 

given location for non-mobility and e-mobility loads integration. 

▪ To determine the Levelized Cost of Electricity for the off-grid PV system 

To achieve the above objective, the following research questions arose: 

▪ Can the existing system sufficiently cover the future consumption loads (e-

mobility) at the investigated WE Hub?  

▪ In the case of energy deficit, how best can the different loads charging be 

possibly distributed throughout the day? This is critical for the sustainable 

extension of the investigated WE Hub.  

To answer these questions, the research followed the methodology shown in Figure 7  
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Figure 7: Research methodology. 

1.4.3 Research contribution 

The study focused on creating a solar PV charging station that can cater to both non-

mobility loads and e-mobility battery charging in the Western Kenyan region around 

Lake Victoria. The goal is to make electric vehicle (EV) market penetration sustainable in 

Africa by demonstrating that an off-grid PV model that is well-designed, optimized, and 

economically feasible can work and provide electric mobility charging services in remote 

areas. This achievement could attract private investors to participate in rural electric 

mobility electrification projects, allowing communities in developing countries to 

increase their electrification rates. As a result, governments could meet their goals set 

under the UN Sustainable Development Goal 7 (SDG 7). 

Using Kenya as an example of a developing country with a bold action plan to reduce 

transport emissions from 11.25 MtCO2 e in 2015 to 3.46 MtCO2 e by 2030 (Martin et al., 

2019), it's critical to think about how to scale up programs that try to meet these goals. 
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The following is a summary of the key contributions made by the research in answering 

the research questions posed: 

Modelling and investigating the performance of rural off-Grid photovoltaic systems 

with Electric-mobility solutions 

The study involved modeling and analyzing the performance of a rural off-grid PV system 

(charging station) equipped with electric-mobility solutions (mobile batteries for e-

bikes) using MATLAB, Simulink, and CARNOT 7.0 Toolbox. The researchers analyzed the 

PV electricity generation, consumption, and deficit, and used scenarios to demonstrate 

how the energy supply and load demand of the WE Hub (charging station) might evolve 

in the future, considering e-mobility. 

The scenarios were divided into two groups based on the typical daily distance traveled 

and energy usage of electric bikes. Design scenario 2 assumed e-bikes traveled 100 km 

per day, while scenario 1 assumed only 50 km.  

The results showed an annual energy deficit of approximately 350 kWh and 1600 kWh 

for system design scenarios 1 and 2, respectively, due to the variability of a PV system 

and its reliance on weather conditions and load charging schedules.  

This indicated that the system was unable to meet the entire energy demand, 

necessitating the implementation of a load management algorithm to optimize the 

integration of electric mobility options into the WE Hub and avoid the use of a diesel 

generator to address the energy deficit. 

The article outlining this contribution was published in  

 Bugaje, A., Ehrenwirth, M., Trinkl, C., Zoerner, W., Investigating the Performance of 

Rural Off-Grid Photovoltaic System with Electric-Mobility Solutions: A Case Study Based 

on Kenya, 2020 J. sustain. dev. energy water environs. syst., 1090391, DOI: 

https://doi.org/10.13044/j.sdewes.d9.0391. 

 

 

 

https://doi.org/10.13044/j.sdewes.d9.0391
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Development of a Load Management Algorithm for Optimum Integration of Electric-

Mobility Solutions into Rural Off-Grid PV Systems 

An optimization problem was transformed into a nonlinear programming (NLP) problem 

to incorporate electric mobility into the investigated WE Hub. The aim was to maximise 

the use of PV generation and minimise energy deficit and cost by proposing a load 

optimisation model that optimizes electric loads, such as electric mobility and battery 

storage. The load management algorithm successfully collected the maximum variable 

solar power and scheduled a limited number of devices throughout the day. 

The PV system was simulated using an hourly metrological dataset for a year, and the 

NLP optimisation model was analysed to evaluate the effect of electric loads on the 

objective function. The system with NLP optimiser was able to distribute the charging 

schedule of various loads, including e-mobility, throughout the day at the investigated 

WE Hub with less dependence on central batteries. 

Results indicate that the system with NLP optimiser was able to increase annual 

electricity demand consumption by 11% compared to the system without NLP optimiser. 

The NLP algorithm also reduced energy deficit present in the non-NLP system by 

maintaining the same PV capacity and reducing central battery capacity. 

The articles outlining this contribution were published in  

Bugaje, A.; Ehrenwirth, M.; Trinkl, C.; Zörner, W. Electric Two-Wheeler Vehicle 

Integration into Rural Off-Grid Photovoltaic System in Kenya. Energies 2021, 14, 7956. 

https://doi.org/10.3390/en14237956. 

A. Bugaje, M. Ehrenwirth, C. Trinkl, K. Baer and W. Zoerner, "Development of a Load 

Management Algorithm Using Nonlinear Programming (NLP) for Optimum Integration 

of Electric-Mobility Solutions into Rural Off-Grid PV Systems," NEIS 2020; Conference on 

Sustainable Energy Supply and Energy Storage Systems, Hamburg, Germany, 2020, pp. 

1-6.  
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1.5 Thesis outline 

The thesis is organised into seven chapters and the description of the individual chapter 

is as follows: 

Chapter 2 – Literature review: focuses on the review of the rural electrification situation 

in Kenya, review of Kenya’s transport sector emission, review of renewable energy 

concepts, review of electric vehicle integration with solar energy, and review of existing 

works to identify the strengths and weaknesses of the respective methodologies used 

in solar-electric vehicle charging applications.  

Chapter 3 – Theoretical analysis on system level: focuses on system analysis at the case 

study location (i.e. the investigated WE Hub) and load profile generation in line with 

socio-economic activities of the inhabitants, identification of the type of electric 

mobilities to be used in line with socio-economic activities of the inhabitants. Field 

measurement on the selected e-mobility to determine the energy consumption in line 

with the terrain and socio-economic activities of the inhabitants. Derivation of 

characteristic loads and driving profiles (on a daily and annual basis) of the electric 

vehicle(s) at the selected location based on consumer behaviour as well as socio-

economic activities such as residential, commercial or agricultural. 

Chapter 4 – System modelling and simulation: focuses on the modelling of the PV-EV 

charging concept based on PV system components considering the different electric 

mobility demand scenarios from the investigated WE Hub using the consumer 

behaviour, driving profiles and meteorological data. 

Chapter 5 – Development of a load management algorithm: presents the development 

of a load management algorithm to coordinate the interaction between the PV energy 

production and the EV charging consumption for proper charging scheduling and 

prioritisation. Potential energy deficit reduction and optimum integration of e-mobility 

loads into the investigated WE Hub charging system were covered in this chapter.  

Chapter 6  –Techno-economic analysis: presents the calculated electricity cost for the 

investigated WE Hub charging system  

Chapter 7  – Conclusions and recommendations 
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 This chapter presents a summary on the socio-economic impact of efficient rural 

transport services,  brief overview of mobility in East Africa, Kenya’s transport sector 

emissions and Kenya's rural electrification. Additionally, it presents the concept of 

renewable energy and several modelling techniques for charging EVs using renewable 

energy. The emphasis is on the gaps and current approaches in this field. 
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2.1 Sociological effect of efficient transportation services on rural Sub-

Saharan Africa's economic growth 

In the last hundred years, transportation systems have had a beneficial effect on the 

lives of people living in rural areas of sub-Saharan Africa. However, the extent of their 

impact on reducing poverty and promoting economic growth has been inconsistent, 

varying across different regions, periods, and social groups.  (Porter, 2013). 

After roads were built in various parts of Africa, particularly in major open and market 

regions, motorized transportation services developed rapidly in the first half of the 20th 

century. During the colonial era, trucks were often used to provide feeder services to 

railways, which were crucial for transporting agricultural commodities and minerals for 

export. However, large areas still lacked all-season roads, which made motorized 

transportation services inaccessible. As a result, most food for domestic consumption 

and a large portion of produce for export were transported by women and children who 

carried them on their heads. In most cultural contexts, porterage was considered a job 

for women and their children. (Porter, 2013).  

Although the features of this structure of transportation services have evolved since 

Independence, many of its more general characteristics remain. One of the most 

significant changes was the collapse of rail transport systems in many areas, particularly 

in West Africa, while road development and more adaptable motorized road transport 

services increased. The vehicle stock has evolved, but because rural transportation 

services frequently need to accommodate many passengers travelling with their freight, 

there has been a persistent and widespread reliance on cars with large cargo capacities, 

whether they were traditional wagons in earlier times or imported used minibuses in 

more recent times (Porter, 2013). Figure 8 shows rural women and children waiting for 

a vehicle to transport agricultural products to market. 
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Figure 8: Rural women with children await transport vehicle (George et al., 2012) 

The proliferation of motorbike taxi services, which picked up steam in the 1990s, has 

likely been the most recent and significant shift in rural transportation services in many 

countries. These are still spreading into more isolated rural regions today, especially 

because of the accessibility of inexpensive imported motorbikes. This development is 

particularly remarkable because it coincided with the growth of mobile phone 

connectivity and the purchase of phones, especially amongst low-income rural people 

(Porter, 2013). 

The ability to request transportation may be available to a sizable proportion of rural 

individuals, even those who are extremely impoverished. People who live in rural areas 

experience a transformation in transport as a result of the increased levels of 

connectivity, with more people now able to access transportation in an emergency even 

when they cannot afford it routinely (Porter, 2013). 

2.1.1 Impacts of transportation services on job creation and poverty 

Although there aren't many reliable socio-economic evaluations that indicates the 

actual scale of the advantages provided by roads or by transportation services on direct 

job creation or other aspects of rural life. It is undeniable that transportation services 

have had a positive impact on poverty alleviation and growth among rural populations. 
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Numerous, extremely underprivileged rural residents earn a direct living by offering 

transportation services (Porter, 2013). 

For some impoverished young men and boys, cart pushing, commercial pedestrian 

porterage, and comparable jobs (such as minibus call boys, bicycle mechanics, and tyre 

vulcanizers) have proven to be a significant source of income. They currently operate 

motorcycle cabs for companies, typically on a temporary contract. There is evidence that 

suggests this occupation may be keeping young men in the village in some rural places 

[like the Kibaha district in Tanzania] where otherwise they might migrate to the 

metropolis in search of work (Porter, 2013). 

2.1.2 Impacts of transportation on economic growth: employment in agriculture 

Transportation services are crucial for the transportation of commodities in areas with 

prolific agriculture. This could involve moving food using  Intermediate Means of 

Transport (IMT) like animal-drawn carts, bicycles, push carts or human load-carriers, 

particularly when it comes to moving it between production locations and marketing 

facilities. IMTs continue to serve a significant role in many places, especially for more 

affluent male farmers, despite the general preference for motorized transport (Porter, 

2013). 

According to surveys conducted throughout Africa, an all-season road is more likely than 

a poor road to be associated with regular transportation services. If food production 

conditions are optimal, farmers will produce significantly more yield and experience 

related economic success than people living in more remote areas with poor access. This 

is true even though the majority of research on market access places lay more emphasis 

on the importance of transportation services than on how roads connect to 

marketplaces. To provide enough market access while food is still in good condition, 

motorized transportation frequently plays an important role in lowering journey times 

for perishable items like tomatoes, cassava, or plantains (Porter, 2013). Figure 9 shows 

a gasoline-powered cargo motorcycle transporting farm produce. 



Chapter 2: Literature Review        27 

 

 

Figure 9: Motorcycle transporting farm produce (Ron and Keith, 2017). 

2.1.3 Impacts of transportation on economic growth: employment outside of 

agriculture 

Due to the importance of off-farm income and employment to the rural economy in 

alleviating poverty, researchers can speculate that stable, dependable and inexpensive 

transport service is expected to be of significant relevance in facilitating travels to 

marketplaces and work (Porter, 2013). 

Unquestionably, providing reliable, frequent, and affordable transportation is essential 

to developing a prosperous business. Women in particular commonly rely upon small 

trade for a basic, reliable income despite the low returns. Even though they frequently 

have to travel great distances to access local marketplaces, they could be able to with 

better prices, travel to marketplaces that are farther away when sufficient 

transportation is available. Due to the increased availability of mobile phones, many 

traders—including small business owners—can now use transportation services more 

efficiently (Porter, 2013). 

2.1.4 Impacts of transportation on healthcare access and education 

A population that is educated and in good physical condition would have great potency 

in reducing poverty and fostering economic progress. There is emerging evidence 



Chapter 2: Literature Review        28 

 

indicating transportation services specifically influence how people attend healthcare 

institutions. The importance of transportation is particularly clear when it comes to 

emergency maternal health situations, but even for basic care, commute time has a 

considerable impact on clinic attendance rates (Porter, 2013). Access to maternity care, 

ARV therapy, and vaccination services are all enhanced by affordable, efficient 

transportation. 

 

Figure 10: Rural ambulance motorcycle (Ron and Keith, 2017). 

In rural areas where schools are often few and far between, having access to 

transportation is crucial for formal education. Improved transportation services have 

been shown to have a positive effect on the attendance rate of girls in both primary and 

secondary schools. 

Having good transportation connections can facilitate the formation and maintenance 

of social networks, which are often critical for accessing resources such as money for 

education, employment opportunities, and general welfare. Along with economic 

activities, the widespread use of mobile phones in Africa has also promoted social 

networking at both the individual and community levels. Despite the ability to 

communicate remotely, strong social ties still appear to require regular face-to-face 

interactions, which are made possible by transportation.(Porter, 2013). 

Reliable and efficient transportation services also serve a crucial de-isolating purpose by 

influencing how people view rural living and so enhancing the standard of services. In 

addition to providing services to rural residents who require them, they also encourage 
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and permit essential service workers—such as educators, healthcare professionals, and 

specialists who are based in urban areas—to commute to work in rural areas every day 

and consequently deliver regular services (Porter, 2013). 

2.2 Mobility in East Africa 

The literature analyzed in the publication of (Galuszka et al., 2021) focuses on four case 

study cities in Eastern Africa, namely Dar es Salaam, Nairobi, Kisumu, and Kigali. These 

cities are considered to be vibrant economic and cultural centers in the region. 

According to the (KNBS-Kenya National Bureau of Statistics, 2019), Nairobi has a 

population of 4.4 million, while Dar es Salaam has a population of 6.4 million according 

to the (United Nations, 2018), and Kigali has a population of 1.29 million according to 

the United (United Nations, 2016). 

Kisumu is the third-largest city in Kenya, with a county population of approximately 1.1 

million and an urban population of around 567,963. While these cities differ in terms of 

geography, activities, and size, they share similarities in the stages of urban 

development they are going through. (Galuszka et al., 2021).  

Similarly, over the years, the population growth in the cities was rapid (Kisumu by 1.63 

% on average from 2000 to 2015 (Zhongming et al., 2020), Nairobi by 3.8%, Dar es 

Salaam by 5.4%, and Kigali by 4.2 % on average from 2000 to 2018 (United Nations, 

2018)).  

Similarly , the population of the cities studied in this literature has grown rapidly over 

the years. Kisumu, for example, experienced an average population growth of 1.63% 

from 2000 to 2015 according to (Zhongming et al., 2020). Nairobi's population grew by 

3.8%, Dar es Salaam's by 5.4%, and Kigali's by 4.2% on average from 2000 to 2018 

according to the (United Nations, 2018). 

A considerable portion of this growth is concentrated in peri-urban informal 

settlements. For example, it is estimated that 62% of Kisumu's population resides in 

informal settlements. In Nairobi, the spatial arrangement that remained from colonial 

times reinforced socio-economic segregation and significant disparities in residential 
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density, with half of the city's population occupying only 5% of the total residential area 

(Klopp and Cavoli, 2017).  

Kigali's intensive infrastructure renovation programs have resulted in waves of evictions 

and a concentration of impoverished residents in the remote districts (Baffoe et al., 

2020). The urban sprawl in Dar es Salaam is also very extreme (Peter and Yang, 2019). 

The modes of transportation in Nairobi and Kisumu show some similarities in terms of 

the high proportion of walking and group transportation. These modes of transportation 

have developed over the past few decades. In Nairobi, unofficial private minibuses, 

semi-formal buses, and walking are the most common modes of transportation, 

accounting for 28.5%, 12.2%, and 39.7% of the modal share in 2013, respectively (NCC-

Nairobi City County, 2015). In Kisumu, formal public transportation schemes are 

inadequate, and walking (52.7%), moto-bodas (13.5%), and matatus/buses (13%) are 

the most popular modes of transportation (Institute for Transportation and 

Development Policy, 2021). 

Similar statistics may be found in Dar es Salaam, where in 2014, daladalas (minibuses), 

walking, and private automobiles accounted for 62% of journeys (City of Kigali, 2019). 

The bulk of trips in Kigali are performed on foot, by bicycle, or by public transportation, 

mostly bus services (16 %) but also motorbike taxis (12 %). Another distinguished 

transport profile of the city is the low motorization levels (about 15 cars per 1000 

people) (City of Kigali, 2019).  

The aforementioned cities have begun significant investments in public transit to varying 

degrees, except for Kisumu, which is preparing to conduct a study for a future public 

transportation project.  

With the assistance of the World Bank, Dar es Salaam is now working on the Urban 

Transport Improvement Project, and its bus rapid transit (BRT) system's first phase was 

introduced in 2016 (Galuszka et al., 2021). A variety of actions are being considered or 

have already been taken in Nairobi to enhance the mobility situation. This includes the 

upcoming BRT services, the renovation of the equipment and vehicles used by the 

railways, and the enhancement of the non-motorized infrastructure, particularly in the 

city centre. Road and street infrastructure have developed remarkably in Kigali as a 
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result, investments in public transportation grew to serve the majority of urban 

travellers (Galuszka et al., 2021).  

As semi-formal transport providers have historically served as an important part of 

transportation service in the aforementioned cities, this engagement now varies across 

the cities. Kigali has the most progressive process. Around 2005, the city implemented 

the first restructurings leading to decreases in motorcycle taxis and push taxis 

(Goodfellow, 2015). The City of Kigali Authority launched additional public 

transportation reform in 2008, which resulted in the regulation of the contracts of bus 

operators in 2013. Motorcycle taxis now compete with public transportation buses on 

the same routes, but they augment public transportation buses by delivering door-to-

door on-demand trips to numerous areas around the city (Galuszka et al., 2021). 

Dar es Salaam's public transportation is mostly covered by a huge fleet of private 

minibuses (daladala) that informally operate with frequently unorganized timetables 

and route offerings (Paul and John, 2020). Motorized three and two-wheeler taxis (bajaji 

and boda bod respectively) are fairly frequent in addition to these bus services. They are 

used by the general public for shorter distances and provide feeder connectivity to 

paratransit vehicles. Motorcycle taxis are the sole publicly available method of 

transportation in places not served by buses, and thus provide substitute public transit 

service, filling a vacuum in the transportation sector. 

As a response to the city's mobility issues, authorities in charge of the sector have in 

recent years proposed to eliminate mini-buses on all main routes and substitute them 

in the mid to long term with bus rapid transit (BRT) (Nkurunziza et al., 2012). In the 

interim, the existing BRT projects launched in 2016 in the city are intended to coincide 

with the transformation of present commercial transportation services and their 

incorporation into Dar es Salaam's comprehensive public transportation system (World 

Bank, 2017). 

With little urban planning for paratransit, Nairobi's predominant means of collective 

transportation—walking and public transit—are carried out in subpar circumstances, 

with no sidewalks, bus services, and oppressive or non-existent public regulation (KLOPP 

and Mitullah, 2015). Additionally, planning has come under pressure as it emphasizes 

significant road transport schemes and top-bottom methodology that excludes civil 
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society involvement (Klopp; United Nations, 2018). Efforts to govern boda-bodas moto-

taxis were made by the public sector but were generally ineffective. Recent initiatives 

to tighten control over the transportation sector include controversial attempts to 

remove matatus from city centres and bus route licenses (Nairobi City County, 2019). 

Since Kisumu lacks a reliable public transportation system, privately run matatus 

(minibuses) fill the gap. Through fees paid to the Kisumu County Government, the 

matatu business creates substantial employment and revenue for the government. 

Moreover, there is an upsurge in two-wheeler (motorbikes and bicycles) and three-

wheeler vehicle operations, which are mostly run by working-class citizens but are a 

crucial part of Kisumu's transportation ecosystem. They complement the matatus by 

offering on-demand travel to many major cities as well as the rural areas around the city 

(Galuszka et al., 2021). 

2.3 Transport sector emission in Kenya: The necessity for electric 

vehicles 

Kenya is experiencing substantial growth in the transportation industry, similar to the 

global trend. The government has invested heavily in infrastructure to solidify the 

country's position as the primary transportation and development hub in East Africa 

(Ministry of Transport and GIZ, 2019). The vehicle fleet has increased significantly since 

2014, with over 2.5 million vehicles registered, and more than 200,000 new units added 

each year annually (Kenya National Bureau of Statistics, 2019). While this growth has 

facilitated economic development and improved social connections, it has also brought 

several challenges, such as air and noise pollution, traffic congestion, increased 

petroleum imports, and resulting greenhouse gas emissions (Kenya National Bureau of 

Statistics, 2019). 

Second-hand automobiles imported from the United Kingdom or Japan dominate the 

country's automotive market. According to the Traffic Index 2019, Nairobi is the fourth-

worst city in Africa in the world in terms of total traffic system inefficiency (Numbeo, 

2019). These traffic jams and congestion cost the economy 50 million Kenyan shillings 

per day in lost productivity (Faizal, 2019) and have led to respiratory illnesses being the 

major cause of morbidity in 2018, accounting for 39 % of all disease incidences (Kenya 
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National Bureau of Statistics, 2019). The transportation sector accounts for around 13 

% of the country's overall transportation emissions and is increasing faster than any 

other sector thus increasing the amount of GHG emissions which leads to extreme 

weather (Government of Kenya, 2015). 

Kenya's domestic transportation sector generated about 11.25 MtCO2 e of total CO2 

emissions in 2015 (see Figure 11). By 2030, Kenya wants to reduce emissions from the 

transportation sector to 3.46 MtCO2 e. As a result, the yearly emissions should not rise 

by more than 0.4 MtCO2 e to meet the objective. However, between 2010 and 2015, 

the average yearly emissions rose by 0.6 MtCO2 e, putting the sector off the path to 

fulfilling its 2030 objective (Martin et al., 2019). 

 

Figure 11: Kenya's road transportation sector CO2 emissions (MtCO2 e) (Martin et al., 

2019). 

Additionally, the most common form of transportation for Kenyans in both urban and 

rural areas are 2 and 3-wheel motorbikes. With a market share of over 95 %, two major 

Indian motorcycle manufacturers, TVS and Bajaj, dominate the Kenyan 2 and 3-wheeler 

market (Eshiwani, 2019). Many of these 2 and 3-wheelers are powered by internally 

combustible engines which are outdated and inefficient, producing more CO2 emissions 

than a passenger vehicle (Siemens Stiftung, 2020a). 

The Kenyan government has outlined its strategy for establishing a sustainable 

transportation system and meeting the objectives of the National Climate Change Action 

Plan (NCCAP). To accomplish these goals, the government is proposing a Light Rail Rapid 

Transit (LRRT) and Bus Rapid Transit (BRT) system, expanding the Standard Gauge 

Railway (SGR), and promoting Non-Motorised Transport (NMT) such as cycling and 
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walking. The country is also actively working towards electrifying its vehicle fleet to 

minimize greenhouse gas (GHG) emissions generated by the transportation sector. 

Moreover, the government has offered tax incentives in the form of the Finance Bill 

2019, which reduces the excise tax charged for all-electric vehicles from 20% to 10% 

(Siemens Stiftung, 2020a). The Kenyan Bureau of Standards began revising the 

regulations for registering new imported cars in 2017. New cars will only be allowed for 

use in Kenya if they release little carbon monoxide or other fine particulate matter into 

the environment, according to the re-standardization policy. In addition, Kenya has 

begun to establish a policy on the usage of two and three-wheelers to transition to 

electric motorbikes, with numerous pilots being conducted in Western Kenya by Kenya 

Power, UN Environment, and the Siemens Stiftung (Eshiwani, 2019; Siemens Stiftung, 

2020a).  

The Finance Bill 2019 introduced tax incentives in Kenya to promote the use of all-

electric vehicles, lowering the excise tax rate from 20% to 10% (Siemens Stiftung, 

2020a). Additionally, the Kenyan Bureau of Standards has revised its regulations for new 

imported cars, allowing only vehicles with low emissions of carbon monoxide and fine 

particulate matter. To transition to electric motorbikes, Kenya is also piloting policies for 

the use of two and three-wheelers, with multiple pilots underway in Western Kenya by 

Kenya Power, UN Environment, and Siemens Stiftung (Eshiwani, 2019; Siemens Stiftung, 

2020a). 

The Kenyan government is also ready to assist private sector efforts such as Drive 

Electric, an electric vehicle consultancy business, and Nopia Ride, an electric vehicle 

sharing company, which have pioneered the usage of EVs in Nairobi (UEMI, 2020b)). 

Kenya's recent advancements highlight the significance of creating suitable frameworks 

to incorporate new mobility solutions into long-term policies and establishing favorable 

conditions for the growth and expansion of future technologies and business models, 

regardless of whether they are led by large international corporations or small local 

start-ups. (World Economic Forum, 2018). Electric mobs may be made more accessible 

by increasing public awareness and installing charging infrastructure (Siemens Stiftung, 

2020a). 
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2.4 Kenyan’s rural electrification 

Kenya's government has set a target of achieving nationwide energy access by 2022, as 

part of Kenya's Vision 2030 (Thomas et al., 2018). Kenya presently generates over 2700 

MW, with over 80% of that coming from renewable sources (Obura, 2019). As of the end 

of April 2018, the country's electrification rate was about 73.4 % (Kenya Power, 2018). 

Kenya's electrical supply mix is shown in Figure 12 (Ministry of Energy, 2019).  

However, the geographical distribution of Kenya's population poses a significant 

difficulty in access to electricity. About two-thirds of the populace lives in the southern 

region, which has the majority of Kenya's fertile cropland and is connected to the 

national grid. Though the other one-third of the country is dispersed across the semi-

arid north and country's dry regions, which are sparsely populated, and that makes it so 

expensive to connect to the national grid. Expansion of decentralised electricity 

generating and distribution networks, such as mini-grids and off-grid solutions, is one 

possible way forward (Thomas et al., 2018). 

 
Figure 12: Kenyan electricity supply mix (Ministry of Energy, 2019). 

Kenya has a long history of using mini-grids, which are a type of off-grid power system. 

The first mini-grids were built at the beginning of the 1980s when the government 

introduced the rural electrification agenda to subsidize energy costs in rural areas and 

prioritized rural electrification. Kenya's mini-grids have traditionally been diesel-

powered and managed by Kenya Power and Lighting Company, the country's largest 

utility (KPLC) (Thomas et al., 2018). 
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However, solar and wind energy generation has become more affordable alternatives 

to diesel for mini-grids due to the fast-falling costs of renewable energy technology and 

the abundance of renewable energy resources in Kenya (Szabó et al., 2011).   

Kenya has a solar photovoltaic power potential of more than 5 kWh/kWp per day, with 

a maximum annual global irradiation of almost 1,899 kWh/m2, as shown in Figure 13. 

The research case study is located in Kisumu city in Western Kenya, which has a solar 

potential of around 4.8 kWh/kWp per day and annual global irradiation of about 1,753 

kWh/m2, as can be seen in Figure 13. 

 

Figure 13:  Map of Kenya showing annual average solar photovoltaic potentials (World 

Bank, 2020). 
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It's interesting to note that several new renewable energy-based mini-grids have been 

built since 2011, while some diesel-operated mini-grids have been converted to hybrid 

systems with a solar or wind power component. (Thomas et al., 2018; AHK Kenya, 2016). 

The majority of Kenya's large-scale mini-grids are operated by the national utility 

company. The national power supply is made up of a grid-connected system and 21 

state-owned mini-grids, 19 of which are operated by the Rural Electrification and 

Renewable Energy Corporation (REREC) and the other two by the Kenya Electricity 

Generating Company (KenGen). The mini-grid energy prices are the same as those on 

the national grid, and the higher running expenses of the mini-grids are partially 

subsided by the "Rural Electrification Programme fee," which is paid by other national 

grid customers (Ministry of Energy and Petroleum, 2016; Thomas et al., 2018). 

Several international partners are vigorously supporting mini-grid initiatives in Kenya, 

with a particular focus on financing and policy. The Kenya Electricity Modernization 

Project (2015–2020, KEMP) and Kenya Power Extension Project (2010–2017, KEEP)  are 

two other projects funded by the World Bank in the electricity industry (Thomas et al., 

2018). 

German Development Bank in collaboration with GIZ, is investing EUR 22.5 million in the 

ProSolar Programme to promote solar-hybrid mini-grids in rural regions. Following the 

success of a test project in Talek County, three further mini-grid development project 

locations have been chosen, with a 690 kW capacity (GIZ, 2016). EUR 2.1 million has 

been set available under the Energising Development Results-Based Financing for Mini-

Grids program to encourage private investment in solar PV mini-grids (Mutonga, 2019). 

2.5 Overview of renewable energy 

Renewable energy sources are naturally occurring and replenishable sources of energy. 

Due to their widespread distribution, it is possible to generate energy in remote 

locations without the need for large transmission networks (Leon and David, 2008). 

Renewable resources include, for example, (US Energy Information Administration, 

2020; Jane, 2020): Hydropower, wind, tidal, geothermal, solar and biomass which 

comprises biodiesel, wood; biogas; biodiesel and ethanol. 
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Figure 14 depicts the planet's major energy channels through which renewable energy 

may be obtained. It suggests that the sun is the primary source of easily accessible 

renewable energy (Leon and David, 2008). Hence, the decision to choose solar as the 

energy source for the case study location of this research. 

 

 

Figure 14: Planet's major energy sources of renewable energy (Jane, 2020). 

Renewables have numerous advantages in addition to their capacity to create energy in 

remote places, including: 

i. They are inexhaustible and sustainable and cleaner than fossil fuel-based 

energies. 

ii. In comparison to typical mechanical generators, renewable energy plants may 

require less maintenance. 

iii. Renewable energy may be a reliable source of electricity if adequate planning 

and infrastructure are in place. Renewable energy sources provide much-

needed flexibility in power generation, reducing reliance on fossil fuels (Jane, 

2020; Francesco et al., 2013). 
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2.6 Overview of photovoltaics  

2.6.1 The photocell  

Sunlight is converted by photocells in a photovoltaic (PV) system to produce energy (M. 

G. Villalva et al., 200). This is achieved when two semiconductors (i.e) monocrystalline 

or polycrystalline layers are combined and doped such that one layer (known as an n-

type) has more electrons while the other layer (known as a p-type) has fewer electrons 

(M. Villalva and J. Gazoli and E. Filho, 2009). An ultimate result is the p-n junction and is 

shown in Figure 15. 

 

Figure 15: Concept of a PV Cell. 

When the sun's radiation is present, additional electrons are produced from the n-type 

layer. The electric field at the p-n junction, on the other hand, repels these electrons. 

The electrons will be able to travel from the n layer to the p-layer if an external circuit is 

available. As a result, a current flow from the positive to negative terminals. Figure 16, 

as illustrated in (L. Eduardo, 1994), can be used to depict the solar cell's equivalent 

electrical circuit. It comprises a current source connected to a diode in series. The series 

resistor Rs and the shunt resistor Rsh are used to compensate for any losses in the solar 

cell. 

  

Figure 16: Concept of a PV Cell (L. Eduardo, 1994). 
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The equation (T. Khatib and W. Elmenreich, 2016) shows the current provided to the 

load connected to the solar cell. 

𝐼 = 𝐼𝐿 −  𝐼𝐷 −  
𝑉 + 𝐼𝑅𝑠

𝑅𝑠ℎ
 

           (2.1) 

Shockley's equation (A. Martı,́ J. L. Balenzategui, and R. F. Reyna, 1997) may be used to 

describe the current ID diverted by the diode, and its temperature (T) dependent on 

the p-n junction. k is the Boltzmann constant, and the electron charge is q in equation 

(2.2). 

 𝐼𝐷 = 𝐼0 − (𝑒
𝑞(𝑉+𝐼𝑅𝑠)

𝑛𝑘𝑇 − 1)  

           (2.2) 

 

(q=1.60217646 × 10−19 C), (k=1.3806503 × 10−23 J/K), The p–n junction temperature 

is T (in Kelvin), and the ideality constant of the diode is n. The resulting I–V curve is 

shown in Figure 17. Therefore; 

𝐼 = 𝐼𝐿 −  𝐼0 − (𝑒
𝑞(𝑉+𝐼𝑅𝑠)

𝑛𝑘𝑇 − 1) −  
𝑉 + 𝐼𝑅𝑠

𝑅𝑠ℎ
 

           (2.3) 

Because Rsh is infinite and Rs = 0 in an ideal solar cell, the current supplied to the load is 

given by equation (2.4).  

𝐼 = 𝐼𝐿 −  𝐼0 − (𝑒
𝑞(𝑉+𝐼𝑅𝑠)

𝑛𝑘𝑇 − 1) 

           (2.4) 
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Figure 17: I-V curve of a solar PV Cell (L. Eduardo, 1994). 

 (Voc) the open-circuit voltage, (Isc) short circuit current and (Pmax) maximum power point 

which is a product of Isc and Voc, are all important properties of the solar cell that are 

explained by this graph. When there is zero voltage, the cell reaches its peak current, as 

illustrated in the graph. When there is a short current, the cell reaches its peak voltage 

(Jane, 2020). 

2.6.1.1 PV module  

The series and parallel connection of PV cells make up a PV module  (T. Khatib and W. 

Elmenreich, 2016). The number of parallel cells determines the module's current output, 

whereas the number of series cells determines the voltage output. For example, Np is 

the number of cells in parallel, Ns is the number of cells in series, Vc and Ic are the 

voltage and current outputs of one cell, and the voltage and the current from the PV 

module are shown in equations (2.5) and (2.6). 

𝐼𝑀 =  𝑁𝑃 × 𝐼𝐶  

           (2.5) 

𝑉𝑀 =  𝑁𝑆 × 𝑉𝐶 

           (2.6) 
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(T. Khatib and W. Elmenreich, 2016) elaborates further that the PV module's current 

output is dependent on the amount of solar irradiance. Nevertheless, when as the 

temperature increases, the output of the voltage decreases, and hence the output 

power decreases. Solar irradiance affects the module's cell temperature, and the 

equation represents the connection between voltage and temperature (2.7). 

𝑇𝑐(𝑡) =  𝑇𝑎𝑚𝑏(𝑡) + 𝐺(𝑡) ×
𝑁𝑂𝐶𝑇 − 20

800
 

           (2.7) 

Where 𝑇c is the module’s cell temperature, NOCT is the operating cell temperature for 

a 20°C ambient temperature, at an irradiance of 800 W/m2, Tamb(t) is the ambient 

temperature, G(t) is the irradiance. As a result, the solar panel's power output may be 

calculated as follows (2.8): 

𝑃 =  𝑃𝑟𝑎𝑡𝑒𝑑 + 𝑎𝑝(𝑇𝑠𝑐𝑡 − 𝑇𝑎𝑚𝑏) × 𝑃𝑟𝑎𝑡𝑒𝑑 

           (2.8) 

Tstc is the temperature (25𝑜𝐶) at standard test conditions (STC), while 𝛼𝑝 is the power 

output temperature coefficient. For example, if the cell temperature is 45°C and the 

coefficient of power is − 0.5%/ 𝑜𝐶 a 300 watts PV module can only produce 270 watts. 

2.6.2 Configuration of a solar photovoltaic system 

Solar photovoltaic (PV) systems can be configured in a variety of ways. As shown in 

Figure 18, a PV system can be off-grid (standalone), grid-connected (attached to the 

grid), or hybrid (combining two or more power-producing sources with solar PV 

systems). Generally, a PV system is made up of solar panels, inverters, battery storage, 

charge controllers, inverters, and the load. The requirement for inverters and battery 

storage is determined by the kind of load connected to the PV system.  
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Figure 18: Solar PV Configurations  

2.6.2.1 On-Grid System 

The majority of homes and businesses use solar systems that are connected into the 

electrical grid, making them the most widely used solar technology. These systems are 

powered by solar inverters or micro-inverters and don't need batteries. A feed-in-tariff 

(FiT) are typically paid to the user for any excess solar electricity exported to the power 

grid. (Martin, 2016). 

On-grid solar systems, unlike hybrid systems, cannot work or generate power during a 

blackout for safety concerns. Because blackouts often occur when the electrical 

system is broken, if the solar inverter continued to supply electricity into a damaged 

grid, it would jeopardize the safety of those working to fix the network's faults. During 

a blackout, most hybrid solar systems with battery storage may immediately 

disconnect from the grid (known as islanding) and continue to deliver some electricity 

(Martin, 2016). 
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Figure 19: Grid-connected PV systems. 

2.6.2.2 Off-grid System 

To operate an off-grid PV system, which is a type of solar panel system not connected 

to the electricity grid, it is important to have battery storage. The design of off-grid 

solar systems must be able to generate sufficient power throughout the year and 

possess enough battery capacity to meet the household's energy demands, 

particularly during winter months when sunlight is limited. During periods of low 

battery charge and cloudy weather, it is common to use a backup power source such 

as a generator. The size of the generator (measured in kVA) should be large enough to 

power the building and charge the batteries simultaneously (Martin, 2016). 

Due to the high cost of batteries and off-grid inverters, off-grid systems are much more 

expensive than on-grid systems. They are therefore usually only required in more 

remote areas that are far from the national power grid. Though even in cities and 

towns, the market for off-grid solar battery solutions is growing as battery prices 

decline (Martin, 2016). 

 

1. PV array 
2. PV inverter 
3. Grid connection 
4. Load 
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Figure 20: Off-grid connected PV systems. 

2.6.3 The typical approach to PV off-grid system sizing  

According to research, solar PV microgrids are widely explored and deployed for rural 

electricity. A crucial element in the design of these PV microgrid systems is sizing system 

components such as PV modules, batteries, controllers, and other components. (Solar 

Energy International, 2004) recommends the sizing guidelines for determining the 

specifications and amount of the technical components needed. The sizing guidelines 

are divided into six distinct stages, which are outlined below (Jane, 2020; Solar Energy 

International, 2004). 

Step 1: Calculate the electrical load 

This entails compiling a list of all the equipment that will be powered by the electricity 

produced per hour. The electric loads are divided into two categories: Alternating 

Current (AC) and Direct Current (DC) loads. Then the energy load is calculated in watt-

hours. 

Step 2: Battery sizing and specifications 

The quantity of batteries required is estimated and stated in this stage. According to 

(Solar Energy International, 2004), equations (2.9) to (2.12) calculate the number of 

batteries in series (Batteries), parallel batteries (Batparal), and the total number of 

batteries (BatTotal). 

1. PV array 
2. PV inverter 
3. Battery inverter 
4. Battery 
5. Load 
6. Generator 
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𝐵𝑎𝑡𝑐𝑎𝑝 =
𝑍 × 𝐷𝑎𝑢𝑡

𝐷𝑜𝐷
 

           (2.9) 

𝐵𝑎𝑡𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 =
𝐵𝑎𝑡𝑐𝑎𝑝

𝐵𝑎𝑡𝐴𝐻
 

                    (2.10) 

𝐵𝑎𝑡𝑠𝑒𝑟𝑖𝑒𝑠 =
𝑉𝑑𝑐

𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦
 

                    (2.11) 

𝐵𝑎𝑡𝑡𝑜𝑡𝑎𝑙 = 𝐵𝑎𝑡𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙  ×  𝐵𝑎𝑡𝑠𝑒𝑟𝑖𝑒𝑠 

                    (2.12) 

Where Z stands for total daily load, Vdc for DC system voltage, VBat for nominal battery 

voltage, Daut for days of autonomy, Batcap for total storage capacity, BatAH for 

manufacturer's battery rating, and DOD for depth of discharge 

Step 3: PV array sizing 

The total number of PV modules in the PV array, as well as the number of modules in 

series (PVseries) and parallel (PVparal), are calculated using equations (2.13) and (2.14). 

𝑃𝑉𝑝𝑒𝑎𝑘 =
𝑍

𝜂𝑏𝑎𝑡 𝑃𝑆𝐻
 

                    (2.13) 

𝑃𝑉𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 =
𝑃𝑉𝑝𝑒𝑎𝑘

𝐼𝑚𝑝
 

                    (2.14) 

𝑃𝑉𝑠𝑒𝑟𝑖𝑒𝑠 =
𝑉𝑑𝑐

𝑉𝑚𝑝
 

                    (2.15) 

𝑃𝑉𝑡𝑜𝑡𝑎𝑙 = 𝑃𝑉𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙  × 𝑃𝑉𝑠𝑒𝑟𝑖𝑒𝑠 

                    (2.16) 
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PVpeak stands for PV array current, PSH for peak solar hours per day, bat for battery 

efficiency, Imp for peak amps per module at STC, and Vmp for module nominal voltage. 

The average solar radiation for the month with the lowest solar irradiance is taken into 

account when designing the PV module array. 

Step4: Selecting a Charger Controller 

The charge controller's function is to protect the battery from overcharging from the PV 

array and undercharging from the load demand below DOD (K. Bataineh and D. Dalalah, 

2012; Shukla et al., 2016). It's made to match the voltage of the battery system while 

also withstanding the current generated by the PV array. 

Step5: Choosing and sizing an inverter 

The first step in sizing an inverter is determining the amount of continuous current 

needed by the associated loads. To calculate this, divide the power required to operate 

the device by the DC system voltage (Solar Energy International, 2004; M. Ishaq and U. 

H. Ibrahim, 2013). 

Step6: Sizing system wiring  

The PV arrays, inverter, charge controller, and battery are wired in such a way that the 

system wiring can resist the maximum rated current generated by the PV arrays, 

inverter, and charge controller. The safety of the system could be compromised if the 

system wiring is not properly sized (M. Ishaq and U. H. Ibrahim, 2013). Aside from the 

current flowing through the wire, the voltage drop along the wire must also be 

considered. This is determined by the current and wire length. The voltage loss was 

estimated to be 2% by (Solar Energy International, 2004). (Solar Energy International, 

2004) offers wire size tables to assist in determining the appropriate guage for a 

particular system voltage, current, and wire length. A higher cable current rating should 

be used to accommodate future expansion. 
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2.7 Charging electric vehicles from renewable energy sources: an 

overview review 

Wind and solar energy are recognised as credible replacement alternatives for existing 

energy sources due to their environmental and economic advantages (Xin Li et al., 2009; 

Birnie, 2009). Nevertheless, one disadvantage of renewable sources of energy is their 

unpredictability in terms of energy delivery. In comparison to studies on wind power 

with EVs, research on the utilisation of solar electricity through EVs is far more 

diversified. PV electricity may be generated at both medium and low voltage levels 

within a power network. Additionally, this option promotes the idea of merging PV 

generation with EVs (Richardson, 2013). Bessa and Matos (Ricardo and Manuel, 2011) 

investigated the use of EVs in the process of integrating distribution networks with PV. 

Furthermore, the study indicates that throughout the day, when solar radiation is at its 

greatest, solar electricity may be easily stored in EV batteries for future use.  

Birnie (Birnie, 2009), on the other hand, proposed a concept in which EVs might be 

charged during the day in parking lots located within offices, so that the EVs may be 

completely re-charged during working times, allowing the solar-to-vehicle (SV2) method 

to be realised. 

Additionally, (A. Ehsan and Q. Yang, 2020; Bao et al., 2018) proposed concepts for solar-

powered charging stations. The researchers recommended charging infrastructure for 

low to medium-range EVs. According to studies on wind turbine control and 

optimisation, wind energy is a viable alternative for EV charging infrastructure. 

Researchers in (Haque et al., 2016) developed a model for efficiently adjusting for wind 

energy fluctuations by exploiting the flexibility of charging EVs, taking into account the 

constraints of traditional scheduling and dispatching systems. They discovered that 

rescheduling EV charging to periods of strong wind resulted in cost reductions. 

(Ghanbarzadeh et al., 2011) researchers created an ideal charging station employing 

wind turbines for various charging approaches in terms of optimal charging. The 

charging station is grid-connected which includes battery storage. For slow, moderate, 

and quick-speed charging, the rated power was tuned at 52, 84, and 116 kW, 

respectively. The study also created a power management model to improve wind 

energy reliability. 
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Based on the studies described above, it is possible to infer that wind and solar energy 

are feasible options for EV charging stations. The charging station could be non-hybrid 

or hybrid (wind and solar) with sufficient storage capacity to facilitate charging during 

energy fluctuations. 

2.8 Existing charging methods 

2.8.1  Office Charging 

Companies have started to incorporate a green environment concept with the electric 

infrastructure for their employees. The long parking time allows employees to charge 

an EV out of their homes as a second location, which accounts for 15 – 25 % of charge 

events at the workplace (Hardman et al., 2018). The workplace charging (WC) station 

could rise the daily driving distance, leading to higher acceptance rates and usage of EVs. 

The vehicles parked at the WC station can, on the other hand, be viewed to be a 

distributed power supply for the grid. This combination is capable of resulting in the 

effective operation of renewable energy sources. Meanwhile, it could be connected to 

the national grid or to a neighbouring micro-grid to resolve swings in renewable energy 

sources of electricity (Alkawsi et al., 2021). 

2.8.2 Public charging 

The public charging infrastructure (PC) is a type of charging infrastructure that EV drivers 

may easily use when needed (Alkawsi et al., 2021). They are better suited than 

residential areas to implement renewable energy installations. Renewable energy 

installation in residential areas has many concerns, including parking availability, 

constraints in building (e.g. insufficient area for solar modules), and governance policies 

(e.g. wind turbines are generally sited in remote locations) (Lopez-Behar et al., 2019). 

2.8.3 Residential charging 

Residential charge (RC) covers public and private charging outlets in homes. Few studies 

indicated that RC is considered to be an encouraging factor for the purchase of EVs by 

drivers where it is easily accessible (Hardman et al., 2018; Bailey et al., 2015). 

Implementing a larger infrastructure for home charge (HC) could enhance the rate of EV 
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adoption, particularly in urban areas (Peterson and Michalek, 2013; Erica et al., 2013). 

The HC infrastructure dominates over the other types of infrastructures.  

Around 80 % of the charging stations developed are for HC, and the majority of EV 

charging times were in household areas (Wood et al., 2017; Franke and Krems, 2013). 

This shows that electricity from the grid is heavily utilised by EVs, where the most charge 

is carried out in residential areas. Therefore, the deployment of additional domestic 

solar charging infrastructure could reduce grid reliance, foster the adoption of EVs and 

extend the utilization of clean energy sources. As a consequence, greenhouse gasses 

and air pollution could be reduced. 

2.9 Literature on sizing and optimal modelling of charging stations 

The investments in battery charging infrastructure have enabled the acceptance of EVs 

into society. However, this puts additional strain on traditional electrical supply 

networks. To prevent possible overload concerns, the capacity of power distribution 

networks must be strengthened by the incorporation of renewable energy systems with 

charging stations. Furthermore, it is the most difficult challenge to meet the growing 

demand for EVs by optimizing the size and functioning of the charging infrastructure. 

Research to solve the aforementioned issues have been reported and are shown in  

Table 2 and Table 3.  
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Table 2. Literature reviews on modelling of EV charging stations.  1 

Research  Setup Vehicle System size Location Research Findings 

(Grande et al., 

2018) 

 Off-gid PV E-car   281 kWp PV with 

420 kWh battery 

storage 

Spain • Hybrid Optimization Model for Electric Renewable (HOMER) was used to model and 

optimize the system and a load shifting concept then improved the results. 

• 12 EVs with 35 kWh battery capacity go fully charged using 50 kW DC fast charger 

and 281 kWp of solar units for 13.5 hours per day. 

• A tariff for the off-grid PV-BESS was proposed;  (0.4 €/kWh during [15–19h] and [8–

11h] and 0.25 €/kWh during [11–15h]) is viable when compared to grid-connected 

charging infrastructures. 

• The findings demonstrate the reliability and practicality of off-grid PV-BESS from a 

technical and financial standpoint. Additionally, they considerably reduce air 

pollution while being profitable. 

(Ekren et al., 2021)  PV, Wind E-car 200 kW wind 

turbine; 250 kWp 

PV 

Turkey • The optimal hybrid system uses 55.6 % solar energy and 44.4 % wind energy to 

generate 843 MWh of power annually at 0.055 Euro per kWh.  

• Five electric vehicles are charged by the hybrid charging station every hour for 14 

hours each day. 

(Liang and Tanyi, E. 

and Zou, X., 2016) 

 PV, Grid E-car 294 kWp PV Sweden • The findings indicate that 823.2 kWh of energy was produced each day 

throughout the year, with a daily energy production of about 136 kWh in the 

winter. 

• With 6.2 hours of charging time utilizing the PV power and 15.1 hours of charging 

time utilizing the AC power grid, the system is capable of charging up to 27 electric 

vehicles simultaneously. 

(Mueller, O.M. and 

Mueller, E.K., 2014) 

 Off grid PV E-car 1.02kWp USA • Standalone solar energy was used to charge a smart electric car. 

• Testing carried out over 3 months period, revealed that the car could charge 

purely from the standalone PV system without electricity from the grid. 
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• The system was able to supply 1 to 4 kWh each day, translating to 5 to 20 km of 

driving, according to the study. 

(Gautham et al., 

2018) 

 PV, Grid E-bikes 2.61 kWp PV Netherlands • AC power was supplied by an AC charger when charging from the grid, while DC 

power was supplied by a DC charger when charging from the PV panels. 

• Both Off-grid and grid activities were supported by a 10.5 kWh battery.  

• The findings obtained demonstrate that, while taking into account the grid 

connection as a backup source, the system was capable of providing AC, DC and 

contactless charging from 2.6 kW of PV power. 

(Wi et al., 2013)  PV, Grid E-car 50 kWp PV South Korea • The analysis of an electric vehicle's charging schedule was done using the 

prediction of PV production and power usage for smart houses. 

• 50 kWp PV panels and 3 electric cars were taken into account for the study's 

numerical analysis.  

• The suggested strategy shows that charging the cars during off-peak hours can 

effectively reduce charging expenses.  

• However, it is impossible to achieve accurate effective electric car charging only 

based on numerical assumptions and modelling. The report also failed to 

demonstrate the effects of inaccurate forecasts for PV production and power 

consumption. 

(Chandra Mouli et 

al., 2016) 

 PV, Grid E-cars 10 kWp PV Netherlands • Using the grid, PV, and V2G, a 10-kW solar-operated EV charger for offices in the 

Netherlands is being researched. 

• 10-kWh energy storage decreased grid energy exchange by 25%. 

• Results show that, in the Netherlands, seasonal variations in insolation mean that 

local battery storage does not completely reduce the EV-PV charger's dependency 

on the grid. 
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(Bhatti et al., 2016)  Microgrid-PV,  

Genset 

E-car 13 kWp PV, 51 kVA 

Genset 

Maldives • An energy management system for electric vehicle (EV) charging employing 

photovoltaic (PV) and energy storage tied to the microgrid was proposed, based on 

heuristic rule-based methodologies to optimize energy flow inside a microgrid. 

• When PV is used as the primary source for charging EVs, the microgrid's load is 

significantly reduced, making charging from a standalone PV more cost-effective.  

•  When PV is not available, EV energy consumption is met by the GenSet. 

(Bimenyimana et al., 

2021)  

 Microgrid-PV,  

Genset 

E-car 7,497 kWp PV Rwanda • Using HOMER, the integration of solar PV microgrids in Rwanda to support EVs was 

proposed. 

• The proposed study might lead to more effective use of Rwanda's domestic energy 

resources. 

(Gammon and 

Sallah, 2021) 

 Standalone 

PV- mini-grid 

E-car 4.5 kWp PV Gambia • The research was done in the Gambia and employed 4.5 kWp of photovoltaic 

modules installed on the top of a car parking roof to assess the business potential 

of deploying electric vehicles (EVs) recharged by solar mini-grids to provide 

transportation services in off-grid settlements.  

• The findings show that there are numerous operating situations in which solar-

powered electric taxis might be financially feasible in The Gambia. The use of 

lightweight vehicles such as cargo bikes and tuk-tuks yields the most promising 

results (autorickshaws). 

(Park and Kwon, 

2016) 

 PV, Grid, 

Wind,  

Hydro 

E-car 3,175 kWp PV, 60 

Wind turbines, 

50.7 kW hydro 

South Korea • Using HOMER, the article explores potential synergies between local taxi services 

in Daejeon and potential renewable energy generation systems. 

• Solar, wind, battery, converter, and electrical grid-based systems are proposed for 

the third stage of the deployment of electric-powered taxis in Dae-jeon, South 

Korea (EP taxis).  

• The proposed grid-connected system's reliability and economic viability are backed 

by the unpredictable nature of power generation from renewable energy sources. 

• According to modelling results, building independent renewable electricity 

production systems is not as advantageous as building renewable power generating 

systems with grid connections. It could be more economical to sell any extra energy 

and buy any needed electricity from the local grid. 
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Table 3. Literature reviews on optimisation of EV charging stations.  2 

Research  Setup Vehicle Research Findings 

(Haddadian et 

al., 2016) 

 Wind, Grid   E-cars • This research proposes a stochastic programming framework for the day-ahead scheduling of electric 

vehicles in the power grid. 

• MILP (mixed-integer linear programming) was employed to solve the problem. 

• The coordination of wind energy, stationary electric vehicle fleets, and conventional thermal units is 

modelled as a MILP issue in stochastic SCUC in this paper. The goal (1) is to reduce the cost of power system 

operation by scheduling demand and wind energy estimates based on the system and producing unit limits. 

• The objective function (1) is made up of the base case operating cost, which includes the generation and 

startup/shutdown costs of thermal units, as well as the operation cost of EV fleets, which excludes generator 

and transmission line interruptions. 

• The use of renewable energy sources, as well as the intelligent integration of EV fleets, present significant 

opportunities for lowering peak power system demands, decreasing the cost of electric grid operation and 

hourly wind energy curtailments, as well as lowering the environmental impact of fuel-based thermal 

generating units. 

(Quddus et al., 

2019) 

 PV, Grid E-car • This research provides a unique framework for constructing and operating electric car charging stations that 

take into account both long-term planning and short-term operational choices across a pre-determined 

planning horizon and under stochastic power demand. It was decided to use a two-stage stochastic MILP. 

• To illustrate and evaluate the modelling findings, a case study based on the road network surrounding 

Washington, D.C. is provided. 

• When energy costs are low and solar power is unavailable, the results show that electric vehicle power 

demand is met predominantly through the grid through Vehicle-to-Grid. 

• This research meets the infrastructure's technological and financial goals, as well as the microgrid's 

economic and security concerns. 

(C. Liu et al., 

2012) 

 Wind, Grid E-car • The effects of PHEV charging patterns on power system operations and scheduling are investigated in this 

paper. It was implemented using a two-stage stochastic MILP. 
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• The stochastic unit commitment model outlined in this research takes into account thermal generating units, 

PHEV charging demands, and the penetration of large-scale wind generation. 

• Auxiliary services supplied by vehicle-to-grid technologies are also addressed in the suggested paradigm. 

Based on a PHEV population prediction and a transportation study, daily power consumption by various 

types of PHEVs is calculated. 

• The findings suggest that a smart charging pattern can lower power system running costs while also 

compensating for wind power fluctuations.  

• The case study demonstrates that the offered algorithms are successful in lowering operating costs. 

(M. A. Ortega-

Vazquez et al., 

2013) 

 

 

 

 PV, Grid E-car • This paper outlines the changes that must be made to include EV aggregation in power markets using MILP. 

• This enables the system operator to schedule EV charging and services, therefore improving the power 

system's efficiency and security while lowering its environmental effect. 

• The paper outlines the changes that must be made to the architecture of a typical day-ahead power market 

in the United States to include electric car fleet aggregators. The modifications made can effectively and 

collectively describe the functioning and influence of electric vehicles on the power grid. 

• The results reveal that when EV penetration levels are coordinated over their charging schedule, the 

system's ability to absorb more EVs without expanding the supply side is greatly boosted. 

• The results show that the suggested technique is efficient enough to be applied in embedded systems for 

real-time EV charging rate allocation. 

(Lindiwe 

Bokopane et al., 

2015) 

 Standalone 

hybrid 

renewable 

systems 

E-tuk-tuk • This study aims to investigate the options for controlling and maximizing the operations of a hybrid 

renewable energy system to supply energy to an electric Tuk-Tuk charging station without any load 

rejection.  

• The objective is to develop an optimization system that ensures renewable energy sources are utilized to the 

maximum extent possible, while minimizing the use of the battery bank. The proposed control scheme is 

evaluated and simulated in Matlab software using fmincon.  

• The simulations aim to establish the minimum of a constrained non-linear multi-variable function.  

• The study provides findings and analysis of various scenarios for possible charging station locations in South 

Africa. 

•  An ideal control approach is developed using three case studies: day charging, night charging, and all-day 

charging. 
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(Hao Wang et al., 

2018) 

 Standalone 

hybrid 

renewable 

systems , Grid 

E-car • A holistic framework for the development and management of an electric vehicle charging station was 

established, taking into account grid and local renewable energy supplies. 

• A two-stage stochastic programming problem was proposed to jointly maximise the capabilities of solar and 

wind energy, as well as the best daily power scheduling, to capture the linked decisions in two stages (i.e., 

investment and daily operation). 

• The ideal planning technique was proven using genuine EV and renewable energy generation traces. 

• The results revealed the best capacity and lowest prices in terms of budgets. 

• The optimal energy scheduling of renewable energy and grid electricity in one scenario was also 

demonstrated. 

• EV charging power scheduling was improved. 

(N. Liu et al., 

2015) 

 PV, Grid E-car 
• A heuristic operating method for commercial building microgrids is proposed to increase PV energy self-

consumption and reduce grid effects. 

• The method is made up of three parts: an EV viable charging zone model, a dynamical event triggering 

mechanism, and a real-time power distribution algorithm for EVs. 

• To save money on computing resources, real-time data is used for planning and simulation rather than 

forecasting solar production or EV charging requirements. A comprehensive result from simulation testing 

shows that the recommended method delivers good outcomes and great efficiency and that it may be 

employed in embedded systems for real-time allocation of EV charging rates. 

(C. Chen and S. 

Duan, 2014) 

 PV, Wind, 

Fuel Cells, Grid 

E-car 
• This paper describes a new strategy for integrating plug-in hybrid electric cars (PHEVs) into microgrids (MGs) 

that takes into account the ideal amount of parking spaces when PHEVs are scheduled optimally. 

• Radial basis function network (RBFN) approaches are used to anticipate photovoltaic (PV) power production 

due to the uncertainty of solar energy. To cope with the uncertainties connected with the daily distance 

travelled by the PHEVs, load values, and electricity market pricing, Monte Carlo simulation is utilized. 

• The goal is to reduce the total cost (TC), and the genetic algorithm (GA) approach is used to find the best 

solution to the optimization issue. 

• Two market policies are utilized as case studies to test the efficiency of the suggested strategy. 

• The results of the computations may be utilized to assess the influence of PHEV integration on MGs economic 

performance. 

3 
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2.10 Research gap identification 

The literature used in this research study highlights the limitations of previous work 

conducted that relates to on- and off-grid PV-based electric vehicle charging systems 

used in rural applications. 

Bloemen (2018) kick-started an electric mobility project in a rural small village in 

Zimbabwe. The project saw a pilot model of electric tricycle distribution to small-scale 

farmers. The project would help in reducing the time and cost of moving goods and 

people in the rural community. However, the charging facility is reported to run using a 

blended charging system that requires a combination of renewable and diesel generator 

power. 

However, it is known that most generators are fossil fuel-driven which greatly 

contributes to GHG emissions (Elum and Momodu, 2017). The project only focuses 

on the distribution of electric tricycles with less emphasis on large-scale integration of 

an off-grid PV-based charging facility into charging of electric vehicles and non- mobility 

loads etc. 

Liu (2014) conducted a study on how solar and wind energy could be used to charge 

electric cars and, thereby, change the environment and the economy. The research 

modelled and analysed the amount of usable solar and wind energy. The results 

obtained imply that predicting future weather conditions will help to decide on which 

energy to generate and store for the car to use in the future. However, the weather 

forecast is always subject to uncertainties. Furthermore, the study only focused on basic 

climatic estimations without providing a conceptual method on how solar or wind 

energy could be used through software or hardware model design to charge an electric 

car. 

Similarly, Liang et al. (2014) modelled the charging of an electric car by using solar 

energy. Here, the research focused on how to capture solar energy to charge batteries 

by modifying a parking lot in Sweden by placing PV modules on rooftops to maximize 

surface area and solar energy generation. The findings indicate that annual energy 

of 823.2 kWh of energy was produced, with a daily energy production of about 136 kWh 

in the winter. With 6.2 hours of solar charging time and 15.1 hours of power grid 
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charging time every day, the system could charge up to 27 electric vehicles 

simultaneously.  

However, this work has involved the use of on-grid charging and electricity from the grid 

is mostly from conventional energy sources which are not completely clean. Similarly, 

as more grid charging is used, more overloading on the consumer side is experienced. 

Furthermore, a smart electric car was efficiently charged using off-grid solar 

energy by   Mueller and Mueller (2014). The researchers used 4 solar panels generating 

1,020 Wp (255 Wp each), a charge controller and batteries to successfully charge the 

car. After three months of testing, it was clear that the vehicle could be charged using 

the off-grid PV system and not by using grid electricity. The system was able to supply 1 

to 4 kWh each day, which equated to 5 to 20 km of commuting, according to the data. 

However, this work just considered the demand for a small 2-seat-sized electric vehicle 

which leads to an unrealistic application in many off-grid rural areas of developing 

countries like Africa. 

Based on predicted PV production and power usage for smart houses, Wi et al. (2013) 

examined the electric car charging schedule. A time series model including forecast and 

variability for the weather was used to estimate energy usage and PV production. Three 

electric cars and 50 kWp of PV were taken into account for the analysis of the study. The 

suggested solution demonstrated that the vehicles may be charged during a time when 

demand is low, thereby lowering the cost of charging. However, precise electric car 

charging that is only based on numerical hypotheses and simulation is impossible. 

Similarly, the research failed to demonstrate how the inaccurate forecasts of PV output 

and power consumption had an impact on the overall performance. 

Six electric scooters used by college students and charged by a grid-based PV system 

were the subject of research by Dziadek et al. (2013). The primary purpose of the 

scooters was for transportation from homes to schools and because stationary batteries 

add to the cost of installation, the research did not employ them on the PV system. 

When the solar panel system produced enough energy to fully charge the electric 

scooters, charging from the PV system was received; otherwise, grid power was used. 

The field findings revealed that during the summer, 94.3 % of direct charging from the 3 

kWp system and 5.7 % of charging from the grid were attained, with a greater portion 
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of grid charging during the winter. The research isn't entirely environmentally 

favourable during the winter months because a significant portion of the grid's power 

was produced from fossil fuels. 

Research gaps were identified from the works of literature reviewed (see Figure 21) and 

this PhD research aims at bridging the knowledge gaps in the work of (Gammon and 

Sallah, 2021) and (Lindiwe Bokopane et al., 2015). 

 

Figure 21: Research Gap 

In (Gammon and Sallah, 2021), a field test was undertaken on the charging of an electric 

minivan (solar taxi) using an off-grid 4.5 kWp solar PV system in The Gambia. The solar 

PV modules were used to cover the roof of a parking shelter on the electric minivan, 

which was used to test taxi services. (Gammon and Sallah, 2021) presented a techno-

economic study that showed that solar electrified taxis may be economically viable in 

The Gambia and, by extension, throughout the globe. However, lightweight vehicles 

such as tuk-tuks (autorickshaws) and motorcycles appear highly suitable for rural 

transport services in SSA, therefore this Ph.D. research aims to improve the 
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contributions of  (Gammon and Sallah, 2021) by incorporating e-bikes (e-motorcycles 

and e-cargo) into a standalone PV system.  

Furthermore, it can be seen from the works of literature reviewed on the optimisation 

of EV charging infrastructure, that most studies focused on PV-Grid, Wind-Grid, or 

hybrid renewable source – Grid connections with less emphasis on off-grid PV 

standalone systems (see Table 3). The studies also mostly focus on how to optimally 

charge EVs by minimising electricity/operation cost based on simulation and economic 

analysis using various methods such as genetic algorithm, stochastic modelling and 

mixed-integer linear programming (MILP). Based on simulations and analyses, some 

concentrate on delivering a day-ahead upper bound profile of the energy usage of the 

charging infrastructure. 

However (Lindiwe Bokopane et al., 2015) presented a study on how to improve the day-

to-day performance of a standalone renewable energy system by achieving maximum 

use of renewable energy resources while lessening the use of battery system to supply 

the energy needed at an electric tuk-tuk charging infrastructure. An ideal control 

strategy was modelled with three case studies or scenarios (day charging, night charging 

and all-day charging). The efficiency of the proposed approach is evaluated and 

simulated in MATLAB software using fmincon. The goal of the simulation was to 

determine the minimum of a limited multivariable nonlinear function. 

The study focuses on optimising the charging of only one tuk-tuk using instantaneous 

PV power generation without forecasting. Hence, this PhD research intends to adopt 

and improve the work of (Lindiwe Bokopane et al., 2015) by developing a load 

optimisation algorithm that best integrates more e-bikes and non-mobility devices into 

a standalone PV system using 7 days PV generation forecast. The optimisation algorithm 

also shifts the charging schedule of the various loads in line with the PV generation 

forecast. This would aid in minimising the use of the battery banks as mentioned in 

(Lindiwe Bokopane et al., 2015) and also in energy deficit reduction. The PhD. research 

also incorporates the optimised algorithm into a standalone optimisation design tool 

(computer application) so that any operator can use it for EVs and non-EV integration 

into a standalone PV system at any location.  
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2.11 Summary 

The review of Kenya’s rural electrification, transport sector emissions, and the concept 

of renewable was presented in this chapter. It has also identified existing gaps in the 

approaches to modelling an EV charging infrastructure using solar energy.   

The next chapter will present an overview of the investigated Mbita WE Hub by 

analysing the measurement data obtained from the Hub in terms of energy consumption 

and PV generation. Potential solar energy surplus from the WE Hub will be identified 

through the means of modelling and simulation. This potential solar energy surplus will 

later be used to integrate electric mobility solutions.   
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This chapter focuses on the technical overview of the investigated Mbita WE  Hub, and 

the analysis of the measurement data obtained remotely from the hub. The 

measurement data consists of energy consumption and PV generation at different time 

steps throughout the day. The measurement data was ultimately used to generate daily 

and annual load profiles. Similarly, the chapter presents the future electric load (e-

mobility)  as well as the field measurement results obtained. 
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3.1 Technical overview of the investigated WE Hub 

The technical system layout can be seen in Figure 22. Arrays of  PV modules with a 

capacity of 30 kWP are converted from direct current to alternating current by an 18 kVA 

inverter (see  Figure 22, left) to meet the electrical demands of the WE Hub (see Figure 

22, top) or a charge the backup 104 kWh battery storage (see Figure 22, right)  (Bugaje 

et al., 2021a). 

 
Figure 22: Technical layout of the investigated WE Hub (Simiyu Sitati, 2021). 

 

In addition to the typical usage of the WE Hub (such as charging fishing lanterns), the 

electricity is also used to purify water that is pumped from Lake Victoria (Bugaje et al., 

2021a). Figure 23 shows the pictures obtained during the onsite assessment of the 

investigated WE Hub.  The details of the electricity generation and major consumers of 

Mbita WE Hub are shown in  Table 4 and Table 5 respectively. 
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Figure 23: On-site assessment of the existing charging station at Mbita WE Hub  (Simiyu 

Sitati, 2021). 

 Table 4. Mbita WE Hub electricity generation  (Simiyu Sitati, 2021; Knights Energy, 2020; 

HOPPECKE, 2013; SMA Solar Technology AG, 2011, 2015; SolarWorld, 2005; Bosch Solar, 

2012). 

 

 

 

System Components  Current System 
PV Modules Bosch Solar c-Si-M60-M240-3BB (240W) 

PV Module Quantity 126 
PV Module Power Rating  30.24 kWp 

PV Inverters STP15000TL-30 (SMA Sunny Tripower 15kVA) 
PV Inverter Quantity 2 

PV Inverter Rating 30 kVA 

Batteries Hoppecke (2V, 2170Ah) 
Battery Rating 104 kWh 

Battery Inverters SI 8.0H-12 (SMA Sunny Island 6.0) 
Battery Inverter Rating 18 kVA 
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Table 5. Mbita WE Hub major electricity consumers  (SERC - Strathmore University 
Energy Research Centre, 2018). 

 

 

Figure 24: Existing electrical loads at the investigated WE Hub 

The fishing lanterns are used by fishermen around Lake Victoria for night-time fishing. 

Around 3:00 pm daily, the boat owner or any fishermen collects the lanterns from the 

WE Hub. Until around 6:00 pm the boat is prepared. The fishermen drive their boats on 

the lake to the fishing grounds and position the lanterns. After a while on the lake, flies 

are attracted by the lanterns which in turn attract the Omena fish. The fishing nets are 

placed and the fish are caught. This is repeated until the number of fish is satisfying or 

the next morning comes. Early in the morning, the fish are brought to the beaches and 

sold to women who dry the fish and resell it. The lanterns are brought back to the WE 

Hub to charge in the morning (AMPS Power GmbH, 2018). Interestingly, low fishing 

catches are naturally recorded during days with high moon brightness while high fishing 

catches are recorded during days with low moon brightness. 

Major Electricity Consumers Operating Power 
(W) Number 

Fishing Lanterns 105  200 
Water Purifier 120 1 

Floodlight 40 1 
CFL Light Bulbs 8 7 

Fluorescent   18 2 
Computer 150  2 
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For the fishing business, two different types of lanterns, produced by NIWA, (see Figure 

25 left), and Windsor Hunter, (see Figure 25 right), are used. From the Mbita WE Hub 

operator’s information, there are a total of 300 lanterns in daily active operation (Simiyu 

Sitati, 2021). The technical detail of the lanterns is shown in Table 6. 

 

Figure 25: Fishing Lanterns charged around Lake Victoria (WeTu, 2021). 

Table 6. Technical detail of fishing lanterns at Mbita WE Hub (Simiyu Sitati, 2021; 

Knights Energy, 2020). 

 

3.2 Analysis of electricity consumption data from WE Hub 

An SMA data manager installed at Mbita WE Hub was used to determine how much 

electricity was used during the day and night. A carpet plot of the electricity 

consumption was developed (see Figure 26) to better understand the electricity 

consumption pattern at the WE Hub and to build load profiles for the e-bikes. 

Figure 26 shows that the WE Hub's typical operational period was from August to 

October, whereas the time for e-bike field measurements was from October to 

December. Due to a partial COVID-19 lockdown to curtail Christmas celebrations, 

December saw the lowest electricity usage. 

 

Type 

Battery 

Capacity  

(Ah) 

Battery 

Voltage 

(V) 

Charging  

Rating             

(W) 

Energy 

Required 

(Wh) 

Niwa 21 5  30 105 

Windsor 21 5 30 105  
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Figure 26: Carpet plot of Mbita WE Hub’s measured electricity consumption data  

3.2.1 Electricity consumption of WE Hub’s normal operation period  

It was determined from Figure 26 that the WE Hub operated normally between August 

27, 2020, and October 7, 2020. Figure 27 carpet plot depicts the identified normal 

operation period. 
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Figure 27: Carpet plot of Mbita WE Hub’s measured electricity consumption data 

during the normal operation period 

Weekends and weekdays were determined using the 2020 gregorian calendar, while 

moon phases were determined using the 2020 lunar calendar (Time and date, 2020). As 

can be observed from Figure 27, there is a low power consumption from the 27th of 

August to the 7th of September and from the 27th of September to the 6th of October. 

This was because of full moon phases. Moon phases are the days that make up a month's 

cycle of the moon. These days are divided between the full moon and non-full moon 

days. In a year, there are around 10 full moon days every month. 

On Lake Victoria, fishing catches are naturally lower during full moon phases because 

there is too much light for the fish to rise to the surface, as opposed to other times of 

the month. 

The fishermen use floatable electric lanterns on the lake to attract tiny insects during 

the non-full moon phase, this causes the fish to surface and be captured by the 

fisherman. However, when there is a full moon, the moonlight is so brilliant that it 

diverts insects away from the floatable fishing lanterns, which results in a lower fishing 

catch. Therefore, during full moon phases, fewer fishing lanterns are charged at the 
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Mbita WE Hub. For the time of normal operation, Figure 28 displays the daily power 

demand in relation to the phases of the moon. 

 

Figure 28: Electricity consumption during the normal operating period 

3.2.2 WE Hub electricity demand profile during moon phases 

Weekdays and weekends between 27th August 2020 and  6th October 2020 were 

identified using the data in Figure 28. A MATLAB code (see Error! Reference source not f

ound.) was written using the measured data for weekdays and weekends for non-full 

and full moon phases to derive the average hourly load profile (see Figure 29, Figure 30, 

and Figure 31). 
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Figure 29: Extracted hourly electric load profile. 

 
Figure 30: Extracted hourly electric load profile 

 
Figure 31: Extracted hourly electric load profile 
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3.2.3 Annual load profile generation without e-mobility 

Using the extracted load profiles in Figure 29, Figure 30, and Figure 31, a MATLAB code 

was used to generate a 6,278 kWh annual electricity load profile for the Mbita WE Hub 

using the lunar calendar of the year 2021 (see Figure 32).  

 

Figure 32: Annual hourly electricity consumption profile of WE Hub. 

3.3 Determination of Future Consumers at Mbita WeTu Hub 

The future electricity consumers/loads that will be incorporated into the WE Hub have 

been shown in Figure 33. e-Cargo, e-OpiBus, and e-BodaWerk were identified as e-

mobility consumers. It was projected that the required number of fishing lanterns would 

rise from 300 to 450 every day. 
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Figure 33: Different electrical loads at the Mbita WeTu Hub. 

3.3.1 BodaWerk bike 

The electric BodaWerk bike, (see Figure 34), is an internal combustion engine 

motorcycle converted to an electric motor by BodaWerk International Limited 

(Bodawerk International Ltd, 2021). Siemens Stiftung cooperated with WeTu Limited to 

test the bikes and develop a suitable business model around the Lake Victoria region. Its 

batteries were charged at the Mbita WE Hub with the possibility of battery swaps 

depending on the battery range in relation to the rider’s driving behaviour (i.e. payload, 

terrain, and speed). The technical details of the BodaWerk bike are shown in Table 7. 
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Figure 34: BodaWerk bike (WeTu, 2019). 

Table 7. Technical detail of BodaWerk bike (Siemens Stiftung, 2020a). 

 

3.3.2 Anywhere Berlin cargo bike 

The electric cargo bike (see Figure 35) is manufactured by Anywhere Berlin company 

(anywhere berlin GmbH, 2020). Siemens Stiftung has cooperated with WeTu Limited to 

test the bikes and develop suitable business models around the Lake Victoria region. Its 

batteries are to be charged at the Mbita WE Hub with the possibility of battery swaps 

depending on the battery range in relation to the rider’s driving behaviour (i.e., payload, 

terrain, and speed). The technical details of the cargo bike are shown in Table 8. 

 

Figure 35: Anywhere Berlin cargo bike (WeTu, 2019). 

 

Type 

Battery 

Capacity 

(kWh) 

Top                 

Speed 

(km/h) 

Range with 1 

Passenger 

(km) 

Range with 2 

Passengers 

(km) 

Bodawerk 2.2 65  100 60 
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Table 8. Technical detail of the electric Anywhere Berlin cargo bike (anywhere berlin 

GmbH, 2020; Siemens Stiftung, 2020a). 

 

3.3.3 OpiBus  bike 

The electric OpiBus bike, (see Figure 36), is manufactured by OpiBus Limited (Opibus, 

2021). Siemens Stiftung cooperated with WeTu Limited to test the bikes and develop 

suitable business models around the Lake Victoria region. Its batteries are to be charged 

at the Mbita WE Hub with the possibility of battery swaps depending on the battery 

range in relation to the rider’s driving behaviour (i.e., payload, terrain, and speed). The 

technical details of the OpiBus bike are shown in Table 9. 

 

Figure 36: OpiBus bike (Opibus, 2021). 

Table 9. Technical detail of the OpiBus bike (Opibus, 2021). 

 

3.4 Field measurement investigation on e-bikes 
A measuring investigation was conducted to comprehend how much power the electric 

bikes and fishing lanterns used. Fluke energy loggers and multimeters were used during 

the measurement investigation.  Together with MOI University and the WE Hub 

engineers, a measurement concept was developed by generating key performance 

Type Battery 
 Capacity 

(Ah) 

Battery  
Voltage       
(V) 

Battery 
 Capacity 
(kWh) 

Load 
Capacity 
(kg) 

Range with 4 kWh 
battery 
(km) 

Cargo 20 52 1.04 160 80 

 

Type 
Battery 

Capacity 
(kWh) 

Top         
Speed 
(km/h) 

Range with 
Dual Battery 

(km) 

Payload 
Weight 
(kg) 

Opibus bike 2.9 90  160 150 
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indicators for the measurement campaign on the e-bikes (e-Cargo bike, e-Opi Bus bike, 

e-BodaWerk bike). Identification of various data to be recorded such as terrain type, 

battery SoC, distance covered, energy consumption, charging time, charging power, 

average speed, payload weight etc. was achieved. An excel sheet was developed for data 

recording in collaboration with MOI University and WE Hub engineers. Factors neglected 

during the field measurement were the use of GPS trackers on the bikes, and the terrain 

gradient/slope, weather conditions.  

The electric bikes' energy consumption in kWh per 100 km was calculated, taking the 

aforementioned key performance indicators into account. The test results, which are 

meant to assess battery energy usage in kWh per 100km, aided in determining how 

many batteries swap a rider could require for the daily trip route. The measured data is 

therefore used to optimize the integration of the e-bikes into the WE Hub. 

3.4.1 OpiBus  bike measurement investigation 

Results of energy recording and evaluation for the OpiBus bike batteries were 

determined. Information gathered included the distance covered, the bike's payload 

(driver + passenger), and the energy needed (kWh/100 km) (see Figure 37). Seven 

distinct experiments were carried out on tarmac-surfaced routes and six different tests 

on non-tarmac-surfaced routes, depending on the kind of road surface (i.e., gravel or 

soil roads were evaluated). The battery energy requirements of the OpiBus bike are 

graphically shown as a function of the road surface in Figure 37. Driving in non-tarmac 

terrain uses more energy than driving on tarmac, as can be seen. 

The assessment shows that battery test number 4, which has an average payload of 160 

kg and an average speed of 45 km/hr, consumes less energy than battery test number 

3, which has an average payload of 80 kg and an average speed of 45 km/hr. This may 

be explained by the road surface's topography or gradient angle, which were not 

recorded during the test study. 

On tarmac terrain, an average payload of 145 kg, travelling at 50.7 km/hr used 5.7 kWh 

of battery kWh every 100 km. When travelling on non-tarmac surfaces with an average 

payload of 136 kg at a speed of 45.8 km/hr, the average battery power usage was 7.3 

kWh/100 km.  
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With an average weight of 141 kg and an average speed of 48.5 km/hr on both terrains, 

the entire test's distance-related average energy consumption was 6.4 kWh/100 km. 

The conclusion is that a 2.16 kWh OpiBus bike running at an average speed of 48 km/hr 

with an average payload weight of 141 kg would need at least two battery swaps to 

cover a distance of 100 km. This is in line with the findings of (Weiss et al., 2020), which 

show that the energy consumption of an electric motorbike in the actual world ranges 

from 0.71 kWh/100 km to 9.3 kWh/100 km. 

 

Figure 37: OpiBus bike energy consumption. 

3.4.2 BodaWerk bike measurement investigation 

Analyses of the OpiBus batteries and the BodaWerk bicycle were conducted 

simultaneously. Among the measurements used were the distance covered, the bike's 

payload, and the energy consumption (kWh / 100 km). Five distinct tests were 

performed on tarmac-surfaced roadways. Figure 38  depicts the average energy 

consumption throughout the assessment phase on tarmac terrain with an average 

payload weight of 74 kg and a speed of 39 km/hr. 

As a result, a 100 km journey would necessitate at least one battery swap for a 

BodaWerk bike with a 2.2 kWh battery capacity running with an average weight of 74 

kg, and an average speed of 39 km/hr. This is in line with the findings of (Weiss et al., 

2020), which reports that the real-world energy consumption of an electric motorbike 
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ranges from 0.71 kWh / 100 km to 9.3 kWh / 100 km. This also validates the assertion of 

(Siemens Stiftung, 2020a) that a BodaWerk bike with a 2.2 kWh battery capacity and 

operating with an average weight of more than 70 kg would require at least one battery 

changeover to achieve a 100 km range. 

 
Figure 38: BodaWerk bike energy consumption. 

3.4.3 Cargo bike measurement investigation 

Figure 39  depicts a measurement investigation performed on the cargo bikes in relation 

to energy consumption in kWh/100 km. One test was conducted on mixed terrain 

(tarmac and non-tarmac) and four tests on non-tarmac terrain. As shown in Figure 39, 

the average energy consumption on non-tarmac terrain during the assessment was 3.3 

kWh/100 km with an average payload of 86 kg and an average speed of 22.7 km/hr. 

When travelling over mixed terrain at an average speed of 24 km/h and a payload weight 

of 210 kg, the energy usage was 10.2 kWh/100 km. The whole test average energy usage 

with a payload weight of 102 kg travelling at 22.9 km/h on both terrains was 4.2 

kWh/100 km. A cargo bike with a 1.1 kWh battery, a 102 kg payload, and an average 

speed of 22.9 km/hr would thus need to make at least three battery swaps to cover a 

100-kilometer range. This is consistent with the report of (Siemens Stiftung, 2020a) that 

a 4-kWh battery capacity is required for the Anywhere Berlin cargo bike to cover an 80 

km range. 
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Figure 39: Anywhere Berlin cargo bike energy consumption. 

3.4.4 Summary of field measurement 

Table 10 summarizes the Mbita WE Hub future consumer (i.e., e-bikes) measurement 

findings. The OpiBus bike has an average energy consumption per recharge of 2.16 kWh, 

with an average energy need of 6.3 kWh / 100 km at a 129 kg average payload (rider + 

passenger). The BodaWerk bike has an average energy consumption per recharge of 2.2 

kWh, with an average energy need of 3.9 kWh / 100 km and a 74.12 kg average payload. 

At 102.31 kg, the cargo bike has an average energy consumption per recharge of 1.05 

kWh and an average energy need of 4.23 kWh / 100 km. 

The energy requirement in kWh for the various bikes is varied, as shown in Table 10. The 

OpiBus has the highest energy consumption of 6.3 kWh/100 km, while the BodaWerk 

bike has the lowest energy demand of 3.93 kWh/100 km. This is due to the differing 

payload weights and speeds of the bikes. However, additional impacts that were not 

addressed during the measuring investigation, such as the gradient of the road surface, 

must be examined further. 
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Table 10. Measurement investigation summary.

 

The measuring study presents the amount of energy needed to charge the e-bike 

batteries. The measurement analysis also assisted in the formulation of hourly, daily, 

and annual load profiles for each bike, taking into account energy consumption, battery 

capacity, charging power, and charging time. 

3.5 Load profile generation with e-mobility 

Using the electricity surplus obtained in Figure 45, a scenario was used for the potential 

integration of the e-bikes into the WE Hub. Depending on the type of day, the scenario 

took into account or assumed a various number of e-bike batteries and supplementary 

additional fishing lanterns (see  Table 11). 

Table 11.  Scenario for load profile generation. 

Type 

 of 

day 

BodaWerk 

battery 

target 

Cargo 

battery 

target 

OpiBus   

battery 

target 

Fishing 

lantern 

target 

Total electricity 

demand in 

kWh / day 

Full moon 9 6 9 100 51.9 

Non-full moon 9 6 9 200 60.6 

Realistic daily runtimes for the future loads were generated for workdays and weekends 

in line with the year 2021 lunar calendar and then added to the already-existing load 

profile in  Figure 32. Using MATLAB, the daily profiles were used to create the annual 

electrical load profiles. A total of 27,267 kWh of annual energy demand was generated, 

with a peak demand of 14.8 kWh as shown in Figure 40. 

Type 

of 

Bike 

Battery 

Size In 

kWh 

Energy 

per 

recharge 

in kWh 

Total 

weight 

in kg 

Average 

Speed in 

km/h 

Charge 

time 

in h 

Charge 

capacity in 

W 

Energy 

demand 

in 

kWh/100 

km 

Opibus 2.16 2.25 129.84 47.80 3.00 800.00 6.30 

BodaWerk 2.20 1.88 74.12 39.40 1.93 941.62 3.93 

Cargo 2.20 1.05 102.31 22.88 5.36 195.65 4.23 

 



Chapter 3: Theoretical Analysis on System Level        80 

 

 
Figure 40: Hourly resolution of WE Hub’s annual electricity load profile including e-

bikes. 
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Chapter 4: Development of a simulation model 

 

 

 

 

 

 

This chapter presents the simulation model of the WE Hub. Electricity production, 

demand, battery discharge, and hours with energy deficit were analysed. The simulation 

assisted in determining the performance of the WE Hub PV system. 
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4.1 Simulation Model of the Mbita WeTu Hub 

One of the inputs to the simulation model was the yearly load profile created in the 

chapter before. Similarly, the simulation model was provided with the matching 

historical yearly weather data (Meteotest AG, 2020) from Mbita town in a mathematical 

model. The mathematical model accurately predicts yearly PV power output or annual 

electricity consumption for a year at hourly precision. As a result, hours with a significant 

electricity deficit were identified. 

4.1.1 Method 

The CARNOT toolbox in the MATLAB / Simulink simulation environment was used to 

create an appropriate simulation model of the Mbita WE Hub (Arnold Wohlfeil, 2019; 

Bugaje et al., 2021b). CARNOT toolbox was used because it gives designers the liberty 

set the variables to attain the intended design criteria. The vast quantity of data needed 

for this research, including weather data, load profile, and other data, makes it essential 

to adopt a fast computing platform like MATLAB.  

Additionally, employing MATLAB also provides the flexibility for fine-tuning and 

manipulating parameters for control of different off-grid components, which may not 

be possible when using other available software. 

According to the available datasheets, the key components, such as PV modules, 

inverters, battery storage, and battery inverters (see Figure 41), have been 

parameterized as they are necessary for the simulation (Shukla et al., 2016). An hourly-

based weather data of Mbita location and WE Hub’s load profile served as input to the 

model. The CARNOT program enables an analysis of the system's energy generation, 

consumption, battery SoC, inverter efficiency, and electricity deficit using time-series 

data in MATLAB and Simulink. 
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Figure 41: High-level layout of the WE Hub PV system model. 

For the modelling, a 30 kWp PV system with a 30 kVA inverter was taken into account. 

Also taken into consideration was a battery of 104-kWh capacity with a 60-kWh useable 

capacity (60 % depth of discharge (DOD)). The proportion of the battery's usable energy 

is represented by the state of charge (SoC). To prevent overcharging and undercharging 

of the battery, the maximum and lowest SoC of the battery bank is assumed to be 100 

% and 40 %, respectively. 

4.1.2 CARNOT PV model 

The meteorological data, PV module orientation, and PV modules are all part of the 

CARNOT PV module block set (see  Figure 43). Equation 4.1 is used by the CARNOT tool 

to simulate and determine the output power (P) of the PV module in watts (W) based 

on the module characteristic parameter: 
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 P =  
SR 

IR
×  IAM × Pmax  ×  (1 −   (Ta  +  Td ×

Sp

IR
)  − MT )       

           

           (4.1)     

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 

4.1.2.1 CARNOT PV module input data 

The CARNOT PV module block has two inputs which are the weather data and PV 

orientation. In this project, the weather data of Mbita town at Lake Victoria in Kenya 

was used. 

4.1.2.1.1 Weather data 

The Meteonorm weather database was used to gather the weather information 

(Meteotest AG, 2020). Information on temperature, solar radiation, humidity, 

precipitation, wind speed, and other factors are included in the weather data in 1-

minute, 15 minutes or 1-hour resolution (Bugaje et al., 2021a, 2021b). The temperature 

and global solar irradiation of the chosen site are displayed in Figure 42. The chosen area 

receives 1,838 kW/m²  of yearly global radiation and an average annual temperature of 

22.9 o C. Figure 42 shows that the maximum sun irradiation occurs in January and May, 

whereas the lowest solar irradiation occurs in February, April, and June. 
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Figure 42: Ambient temperature and solar irradiation of the Mbita location. 

4.1.2.1.2 PV orientation 

The PV orientation input stores the tilt and azimuth angles of the PV module orientation. 

According to Kacira et al. (Kacira et al., 2004), the optimal array tilt angles are those 

between the local latitude plus 8o and 15o, therefore in this investigation, a tilt angle of 

5o and an azimuth angle of 180o were selected for improved PV system performance 

(Bugaje et al., 2021b). 

4.1.3 CARNOT PV inverter model 

A lookup table is used by the block set "Inverter" in Figure 43 to simulate the PV AC 

power while taking the inverter's efficiency into account. The 30 kVA nominal power of 

the inverter is stored in the block set "Inv capacity." (Bugaje et al., 2021a, 2021b). 

4.1.4 CARNOT battery and battery inverter model 

The block set in Figure 44 with the name "battery" determines the maximum quantity 

of electricity that the storage bank can take in. The block set named "Load demand," 

which is utilized as the system's input stores the developed electric energy requirements 

for water purification, fishing lamps, and mobile batteries for e-bikes. 
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The battery module takes as an input the difference between PV AC and energy demand 

and stores it as PV AC and energy demand. The battery utilises all extra PV AC power 

that is available for charge when energy demand is below the PV AC output. The battery 

discharges to provide the necessary energy when PV AC generation falls short of the 

energy demand. The maximum charge power varies from one one-time step to the next 

depending on the battery's state of charges and discharges (Bugaje et al., 2021b). 

Solar irradiance, PV production from the solar (Pcharge_DC), PV production from the 

inverter ( Pcharge_AC), battery state of charge (SoC), energy deficit (Punder), and 

battery discharge (Discharge_DC) were then taken into account for system performance 

analysis as outputs of the system, as illustrated in Figure 44. 

 

Figure 43: Mid-level CARNOT model of the PV system 

 

Figure 44: Mid-level CARNOT model of the PV system 

4.2 Simulation results without e-mobility 

In Figure 45, the entire annual hourly PV electricity production is shown as being 37,785 

kWh, together with the demand for electricity at 6,278 kWh and the excess electricity 

at 30,493 kWh. Due to the PV system's ability to meet the whole annual electricity 

demand, there was a 0-kWh electricity deficit. Figure 45 also shows that due to the low 
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electricity demand, the battery SoC wasn't below 80%. As a result, the number of e-bike 

batteries that must be charged each day at the WE Hub will be based on the surplus 

power generated. 

 

Figure 45: Hourly resolution of annual PV electricity production, consumption, and the 

surplus in kW. 

4.3 Simulation results with e-mobility 

The annual PV electricity production, demand, and deficit in hourly resolution are 

displayed in Figure 46. The result presents an electricity deficit of 375 kWh which means 

that the Mbita system could not cover the future loads. The electricity deficit is lowest 

from June to September. Due to the weather, November has the biggest electricity 

deficit, followed by May and April. The obtained annual PV electricity production and 

demand are 37,700 kWh and 27,200 kWh respectively. The lowest electricity production 

week in the entire annual result was in April and is depicted in Figure 47. This results in 

the largest energy deficit of 70.6 kWh for the whole month. 
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Figure 46: Hourly resolution of annual PV electricity production, consumption and 

deficit in kW 

 
Figure 47: Hourly PV electricity production, demand, and deficit in kW for a week 

in April (23.04 – 29.04). 

Additionally, Figure 47 shows that the backup battery was depleted to its predetermined 

minimum SoC of 40% between hours 2768 and 2800 as a result of poor PV electricity 

output.  
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Hence the first question “ can the existing system cover the future loads? ” was 

successfully answered in this chapter. The next chapter provides an answer to the 

second research question.   
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Chapter 5: Development of a load optimisation algorithm 

 

 

 

 

To better integrate electric mobility into the investigated Mbita WE Hub, this chapter 

presents the development of a load management algorithm using nonlinear 

programming (NLP). By maximizing the use of PV production, the NLP reduced the 

burden on the central backup batteries, the energy deficit, and the cost of energy. 
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5.1 Overview  

To reduce overloading on the demand side, the goal in this situation is to regulate the 

loads rather than the power generation. The limitations on the charging capacity and 

the order in which the various electric loads are prioritized will have an impact on this. 

The size and performance of PV systems are highly influenced by metrological factors 

such as solar radiation, wind speed, and ambient temperature. Oversizing can solve the 

reliability problem, but it could be costly. Due to their low energy density and non-

negligible self-discharge rate, battery storage systems (BSS) are typically employed for 

short-term storage (George Kyriakarakos et al., 2015), but they appear to be insufficient 

for long-term storage (Cau et al., 2014). Therefore, proper load optimisation is necessary 

for an off-grid PV system to be profitable (Maleki and Askarzadeh, 2014a). 

Consequently, several researchers have offered numerous optimisation techniques. For 

instance, (Maleki and Askarzadeh, 2014b; Maleki and Pourfayaz, 2015) examine several 

evolutionary algorithms (EA) for an optimum hybrid system size, using the total annual 

cost as the goal function. In contrast to other publications, [13] employs ant colony 

optimization (ACO) to determine the sizes of PV/wind hybrid systems. 

In (Maleki and Askarzadeh, 2014a), artificial bee swarm optimization (ABSO) is utilized 

to address the PV/WT/FC hybrid system's size issue while taking the possibility of power 

supply failure into account (LPSP). (Maleki et al., 2015) investigates how various particle 

swarm optimization (PSO) algorithm variations perform in predicting the size outcomes 

of hybrid (PV/Wind/Batt) systems. 

5.2 Non-Linear Programming (NLP) for load optimisation  

By Utilizing the MATLAB fmincon solver for NLP, the load optimization algorithm is 

created with the fundamental goal to capture the most available PV-generated power 

possible, after which a limited number of electric loads are sized and scheduled.  

NLP is an optimisation problem that involves minimizing a variable-expressed objective 

function while adhering to inequality and nonlinear equality constraints. To guarantee 

that the load sizing is appropriate and prevent system overloads at the same time, 
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constraints are required. The concept of the NLP-based load optimisation algorithm is 

depicted in  Figure 48. 

 

Figure 48:  Overview of the NLP-based load optimisation algorithm. 

The NLP approach uses a branch and cut algorithm to arrive at the global optimal 

solution (IBM, 2010),  in contrast to the Lagrangian relaxation technique, which solves 

large-scale issues while sacrificing global optimality (Bertsekas et al.). 

An objective function, constraints, and variable boundaries have to be solved, similar to 

linear programming. However, a nonlinear program differs in such that at least one 

nonlinear function must be included, which might be the objective function or some or 

all of the constraints. The minimum of a problem defined by equation 5.1 is found using 

the MATLAB nonlinear programming solver. 

Minimise 𝑓𝑓𝑇𝑇𝑥𝑥 subject to 

{ 
 
  
   𝑐𝑐(𝑥𝑥) ≤ 0
𝑐𝑐𝑐𝑐𝑐𝑐 (𝑥𝑥) = 0
𝐴𝐴. 𝑥𝑥 ≤ 𝑏𝑏

𝐴𝐴𝑐𝑐𝑐𝑐. 𝑥𝑥 = 𝑏𝑏𝑐𝑐𝑐𝑐
𝑙𝑙𝑏𝑏 ≤ 𝑥𝑥 ≤ 𝑢𝑢𝑏𝑏 

 

(5.1) 
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Where 𝐴 and 𝐴𝑒𝑞 are matrices, whereas 𝑐(𝑥) and 𝑐𝑒𝑞 (𝑥) are non-linear functions that 

return vectors, 𝑓(𝑥)  is a non-linear function that returns a scalar and  𝑏 and 𝑏𝑒𝑞, are 

vectors. x, lb, and ub can be used as either vectors or matrices. For the objective function 

to be accurately solved, equality constraint 𝐴𝑒𝑞. 𝑥 = 𝑏𝑒𝑞, 𝐴. 𝑥 ≤ 𝑏 and 𝑙𝑏 ≤ 𝑥 ≤ 𝑢𝑏 

non-equality constraints must be taken into account (Bugaje et al., 2021a).  

5.3 Load optimisation problem formulation 

The objective function that takes into account each load's charging capacity, operational 

priority, and maximum number of loads recharged per hour formulates the load 

optimization issue. The objective function is then minimized at a certain PV generation 

using the NLP fmincon solver by carefully planning the scheduling of the various loads. 

5.3.1 The objective function of the problem  

The derived objective function for the research problem is shown in equation 5.2 

    fun = ∑ ( 𝐿𝑃𝑘(𝑡) × 𝐴𝑒𝑞𝑘(𝑡) . 𝑥𝑘(𝑡)) 𝑛
𝑘=1   

            (5.2) 

Where 𝐴𝑒𝑞𝑘 is the charging rate of each load per hour in kW, 𝑛 is the number of the 

load types shown in Table 12, and 𝐿𝑃𝑘  is the priority of each load at any given time (t). 

𝑥𝑘  is the hourly target of the various loads that can be optimized at any given time (t). 

Equation 5.3 depicts the ultimate objective function for the given situation, where 

lanterns are given priority, followed by Cargo, BodaWerk and OpiBus bikes in second, 

third, and fourth place, respectively. 

fun = ( 1 × 37 . 𝑥1) + (2 × 200 . 𝑥2) + (3 ×  800 . 𝑥3) + (4 × 900 . 𝑥4)   

           (5.3) 

5.3.2  Constraints of the problem 

Any optimisation problem must take into account various equality and inequality 

constraints to attain an effective solution to the objective function. Below is the 

constraint that is taken into account while solving the optimisation problem. 
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5.4 Inequality constraints 

The entire load demand ∑ ( 𝐴𝑒𝑞𝑘(𝑡) . 𝑥𝑘(𝑡))𝑛
𝑘=1  should not exceed the PV-generated 

power (𝑏𝑒𝑞) to keep the system in balance and satisfy the load demand at any given 

time  (𝑡). This is given by equation 5.4: 

   ∑ ( 𝐴𝑒𝑞𝑘(𝑡) . 𝑥𝑘(𝑡))𝑛
𝑘=1 ≤ 𝑏𝑒𝑞 (𝑡)  

                      (5.4) 

Each load’s hourly target  (i.e., 𝑥𝑘 , 𝑥𝑘+1) that may be charged at any given time  (𝑡) shall 

not be more than the maximum hourly target of each load (i.e. 𝑢𝑏𝑘, 𝑢𝑏𝑘+1) and so 

should not be less than the minimum hourly target number  which is 0 for each load (i.e., 

𝑙𝑏𝑘, 𝑙𝑏𝑘+1). This is given in equation 5.5 

              ∑ (𝑙𝑏𝑘(𝑡) ≤ 𝑥𝑘(𝑡) ≤ 𝑢𝑏𝑘 (𝑡)𝑛
𝑘=1 )  

                          (5.5) 

Table 12. Mbita WE Hub load overview 

Type 

of 

loads 

(𝑛) 

Daily 

battery 

target 

Peak sun 

hours 

 (hr) 

Charing 

time (hr) 

per device 

Hourly 

battery 

target 

(𝑥𝑘) 

Charging 

rate (W) 

per device 

Energy 

required 

(Wh) 

per 

device 

Cargo bike 6 6.5 7 5 200 1,050 

Lanterns 200 6.5 2.8 193 37 105 

OpiBus  bike 9 6.5 2.7 4 800 2,160 

BodaWerk 

bike 
9 6.5 2.4 4 900 2,200 

Hourly target = Daily battery target ÷ (peak sun hours ÷ charging time) 

5.5 NLP load optimisation algorithm simulation results  

Based on the NLP load optimisation algorithm developed in MATLAB, load demand for 

the e-bike batteries and fishing lanterns was generated as they are the major consumers 

at the WE Hub. To track intra-day solar PV power, the developed algorithm first captures 

the most variable solar PV generation possible. It then sizes and schedules a limited 
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number of loads (such as e-bikes and fishing lanterns) and then generated load profiles 

for weekdays and weekends based on moon phases. 

The PV power production for today and tomorrow are also checked by the NLP 

optimisation algorithm. A portion of tomorrow's loads is moved to today if tomorrow's 

PV power generation won't be able to meet the daily demand by reducing today's 

surplus and allocations tomorrow's load to today. The overview of the NLP load 

optimization algorithm with the load shifting is shown in Figure 51. 

After optimization, a load profile of 31,300 kWh per year was produced, an increase of 

almost 11% above the non-optimized load profile of 27,200 kWh. This increment is 

enough to charge 4 more OpiBus bike batteries every day or 80 more fishing lamps. 

Figure 49 shows the hourly results of the electricity PV production, demand, and deficit 

using NLP based algorithm. The simulated PV system produced  37,700 kWh annually 

and had a reduced energy deficit of 50 kWh from 375 kWh for the non-optimised 

system. 

 

Figure 49: Load shifting and optimisation result. 

The outcome of Figure 47 after load shifting is seen in Figure 50. The major loads, which 

are depicted in Figure 50, were shifted to hours with excess energy and optimized to 

decrease the electricity deficit. Similarly, because of the possible deficit of energy in 

hours, 2744 to 2756 part of the loads was shifted to hours between 2718 and 2730. The 
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load shifting is solely restricted to the number of devices that are available in stock to 

be charged during hours 2744 to 2756 and the energy surplus during hours 2718 to 2730. 

 

Figure 50: Load shifting and optimisation for a week in April 
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Figure 51: Overview of the NLP load optimisation algorithm with load shifting concept. 

Without necessarily requiring a larger PV system, the use of a grid connection, or the 

use of a diesel generator, the development of a load optimization algorithm using the 

MATLAB NLP solver assisted in the optimum integration of the e-bikes into the Mbita 

WE Hub. This is achieved by maximizing the utilisation of solar PV production, hence 

distributing the various loads throughout the day in line with PV production.  The 

algorithm has also helped in reducing the energy deficit and lessening the burden on the 

backup batteries. 

As a result, the load optimisation algorithm based on MATLAB NLP has aided in the most 

cost-effective incorporation of e-bike solutions Mbita WE Hub. Therefore, this chapter 

has adequately addressed the second research question “In the case of energy deficit, 

how best can the different loads be possibly distributed throughout the day?”. 
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5.6 Summary 

It can be seen in Table 13 that the PV capacity of 30 kWp was maintained for both 

systems while battery capacity was reduced from 104 kWh to 50 kWh for NLP based 

system. As a result, the annual electricity consumption was increased from 27,200 kWh 

to 31,300 kWh for NLP based system.   

Table 13. Results of the simulation-based scenarios for non-optimised and optimised 

load profiles. 

Parameters Non-optimised  

load profile 

Optimised  

load profile 

e-OpiBus  bike battery daily target 9 13 

e-BodaWerk bike battery daily target 9 9 

e-Cargo bike battery daily target 6 6 

e-Lanterns daily target 450 450 

Auxiliary load in kWh 5 5 

PV size in kWp 30 30 

Battery size in kWh 104 90 

Average daily energy demand in kWh 74 84 

Annual energy PV production in kWh 37,700 37,700 

Annual energy demand in kWh 27,200 31,300 

Annual energy deficit in kWh 375 50 
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Chapter 6: Development of a solar optimisation design tool 

 

 

 

 

 

Part of the objectives of this research is to develop a technical blueprint that could 

facilitate the implementation of a similar project anywhere around the world. A MATLAB 

computer application (MATLAB App)  was designed to assist the operator in planning 

any PV system size as well as schedule and optimise the load charging throughout the 

day for any location using 7-days PV forecast.  
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6.1 MATLAB GUI App Designer 

The App Designer allows developers to design apps without little knowledge of software 

development. Developers can use graphic components to design the graphical user 

interface (GUI), and then use the integrated editor to swiftly write the code. MATLAB 

Compiler™ is used to distribute the app as web apps or a standalone computer desktop 

application (MATLAB, 2020). 

6.2 Operation of the App 

6.2.1 Tab 1 – Parametrisation of e-mobility and non-mobility loads 

The operator is given the chance by the MATLAB App to size a PV and central battery 

system (see  Figure 52) based on the different load specifications such as electricity 

consumption of electric bike in kWh / 100 km, the energy capacity of electric bike 

batteries, charging rate, distance covered per day, etc. The MATLAB App also gives the 

operator the ability to set non-electric mobility loads such as fishing lanterns and other 

electric appliances.  

The MATLAB App also gives the operator the chance to set central battery days of 

autonomy, nominal battery voltage, battery depth of discharge, and peak sun hours of 

the location. This results in the calculation of the estimated total PV capacity and battery 

capacity required for the set loads. 
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Figure 52: Tab 1 Parametrisation of e-mobility and non-mobility loads. 

6.2.2 Tab 2 – PV system characterization   

The operator is given the chance by the MATLAB App to calculate the annual energy 

yield of the PV system based on the performance ratio of the system, number of PV 

modules, global horizontal irradiation of the system location, etc. 

 



Chapter 6: Development of a solar optimisation design tool        102 

 

 

Figure 53: Tab 2 PV system characterization. 

6.2.3 Tab 3 – Load optimisation   

The operator is given the chance by the MATLAB App to use the developed NLP load 

optimisation algorithm in a user-friendly manner. The NLP load optimisation algorithm 

optimises, shifts and schedules the various loads of the operator throughout the day by 

prioritising the various loads and using the downloaded PV forecast of any location from 

the internet via the Solcast website (Solcast, 2020).  

Finally, the operator is given the chance by the MATLAB App to download the results of 

the load optimisation in Microsoft Excel for further action (see Figure 54).  
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Figure 54: Tab 3 - Load optimisation. 
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Chapter 7: Techno-economic analysis  

 

 

 

 

This chapter presents the calculated levelized cost of electricity for the 30 kWp kWp PV 

system considering the system with and without load optimisation algorithm  
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Numerous methods, including net present value (NPV), discounted payback time 

(DPBT), internal rate of return (IRR), and Levelized Cost of Electricity (LCoE), may be used 

to evaluate the economics of PV systems (Spertino et al., 2013; Talavera et al., 2011; 

Danchev et al., 2010). The latter, known as LCoE, is the average revenue per unit of 

electricity produced that will be required throughout a production plant's anticipated 

financial life and duty cycle to pay its construction and operation expenses. LCoE is 

widely used as a broad estimate of the competitiveness of different electricity-

generating technologies (Energy Information Adminstration, 2020). 

Capital expenses, fuel costs, fixed and variable activities, maintenance (O&M) prices, 

finance costs, and the expected consumption rate for any kind of plant are the primary 

inputs for calculating LCoE. The importance of each of these inputs varies depending on 

the technology. LCoE changes proportionally to the expected cost of technology for fuel-

free technologies with relatively minor variable O&M charges, such as solar and wind 

power production. Capital expenditures, operational expenses, and maintenance 

projections all have a significant impact on LCoE for systems with high fuel prices (Energy 

Information Adminstration, 2020). Figure 55 shows a simple concept of LCoE (Søren et 

al., 2009).  

 

Figure 55: Simple Concept of LCoE (Søren et al., 2009). 
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The standard formula used for calculating the LCoE of renewable energy technologies is 

(IRENA, 2012):  

𝐿𝐶𝑜𝐸 =  
𝐼0 − 𝑆0 + ∑  

𝑀𝑡(1 − 𝑇𝑅) + 𝐹𝑡

(1 + 𝑟)𝑡
𝑇
𝑡=1

∑
𝐸𝑡

(1 + 𝑟)𝑡
𝑇
𝑡=1

 

            (6.1) 

where: 

LCoE = Levelized Cost of Electricity in € / kWh 

I0  = Investment costs in € 

S0 = Subsidies in € 

Mt:  = Annual operating and maintenance 

TR  =  Corporate income tax in% 

Et   = Annual energy generated in kWh 

Ft = Fuel Expenditure per Annual 

r = Discount rate in % 

T = Observation Period / Economic Life of the System (20 years) 

7.1 LCoE without load optimisation algorithm 

For this research, S0 and TR were neglected. Table 14 shows the system configuration 

used for the calculation of the LCoE of the designed 30 kWp PV system. Table 15 shows 

the investment cost used for the calculation of the designed 30 kWp PV system. 

Table 14. System Configuration for LCoE Calculation 

System Configuration Value 

Number of modules 138 

Module area in m² 231.84 

Battery storage capacity in kWh 104 

Battery usable capacity in kWh 62 

Annual energy demand in kWh/a 27,200 

Annual energy produced in kWh/a 37,700 

Annual energy deficit in kWh/a  375 

Table 15. Investment Cost for LCOE Calculation (based on contractor’s quotation) 

Description Value 

Solar array in € 27,600 

Battery storage in € 23,650 

Solar inverter in € 5,158 

Battery inverter in € 6,000 

Other components in € 2,000 

Mounting in € 1,000 

Total investment cost in € 66,408 
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Table 16 shows Kenya’s economic variables used for the calculation of the LCoE of the 

designed 30 kWp PV system. The variables such as inflation rate and interest rate were 

converted from Kenyan Shillings to Euro for easy computation. Discount rate (r) is 

calculated using the formula in equation (6.2) 

𝑟 =
𝑟𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 −  𝑟𝐼𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛

1 +  𝑟𝐼𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛
 

             (6.2) 

Table 16. Kenya’s Economic Variables for LCoE Calculation (Macrotrends.net, 2020; 

Tradingeconomics.com, 29- Sep- 2019) 

Description Value 

Inflation in % 4.69 

Interest rate in % 7.00 

Discount rate in % 2.21 

7.2 LCoE using load optimisation algorithm 

Table 17 shows the system configuration used for the calculation of the LCoE of the 

designed 30 kWp PV system with an NLP optimiser. The battery capacity was reduced 

from 104 kWh for the non-NLP optimiser system to 90 kWh for the NLP optimiser system 

which lessened the battery cost by 13 %.  Table 18 shows the investment cost used for 

the calculation of the designed 30 kWp PV system. 

Table 17. System Configuration for LCoE Calculation 

System Configuration Value 

Number of modules 138 

Module area in m² 231.84 

Battery storage capacity in kWh 90 

Battery usable capacity in kWh 54 

Annual energy demand in kWh/a 31,000 

Annual energy produced in kWh/a 37,700 

Annual energy deficit in kWh/a  50 

Table 18. Investment Cost for LCOE Calculation (based on contractor’s quotation) 

Description Value 

Solar array in € 27,600 

Battery storage in € 20,339 

Solar inverter in € 5,158 

Battery inverter in € 6,000 

Other components in € 2,000 
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Mounting in € 1,000 

Total investment cost in € 63,097 

The load optimisation algorithm was able to reduce the annual energy deficit from 375 

kWh to 50 kWh, and the operation and maintenance cost remains the same as for the 

system without load optimisation. Table 19, shows the calculated LCoE considering 

equation 6.1 for the 30 kWp PV system. 

7.3 Summary 

Table 19. LCoE of system with and without load optimisation 

LCoE without load optimisation LCoE with load optimisation 

18.24 €-Ct/ kWh 17.07 €-Ct/ kWh 

It can be seen in Table 19 that the LCoE for the system with and without NLP load 

optimisation is 17.07 €-Ct/ kWh and 18.24 €-Ct/ kWh respectively (see appendix 1.1 and 

1.9). It can be seen that the system with NLP yields a cheaper cost of electricity because 

of the use of a lesser central battery bank capacity of 90 kWh as against 104 kWh for a 

non-NLP system.  

Therefore, the load management algorithm has proven to be a good option to reduce 

the energy deficit, maximise the utilisation of PV power production as well as cut down 

investment costs.  
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Conclusion 

Using MATLAB, Simulink, and CARNOT 7.0 Toolbox, this study investigated the 

integration of e-bikes into an off-grid 30 kWp WE Hub PV system in rural Kenya. Analysis 

of the PV system's electricity production, demand, and the deficit was carried out, this 

resulted in annual electricity demand of 27,200 kWh and a PV electricity production of 

37,700 kWh, respectively for a non-optimised load profile system. Since the size and 

performance of PV systems are highly dependent on metrological factors like solar 

radiation, wind speed, and ambient temperature, the system with the non-optimised 

load profile shows an annual power deficit of about 375 kWh. That indicates that owing 

to the aforementioned PV system variabilities, the system was unable to completely 

meet the WE Hub's electricity demand. 

In order to avoid increasing the technical scale of the PV system or the requirement for 

diesel generators for energy deficit reduction, a load management algorithm (NLP 

algorithm) was created to effectively integrate the e-bike solutions into the WE Hub. The 

most variable solar energy was captured by the load management algorithm, which sizes 

and schedules a certain number of devices to follow available solar PV power. After load 

optimization, 31,300 kWh of annual electricity consumption—11% more than the non-

optimized load profile of 27,200 kWh—was attained. For instance, this 11% increase 

(3,500 kWh) is enough to charge 80 more lanterns per day or 4 more OpiBus batteries 

per day.  

The additional results obtained show that the system with the NLP algorithm was able 

to maintain the same PV capacity of 30 kWp and reduce the central battery capacity 

from 104 kWh to 90 kWh, thereby reducing the annual energy deficit for the system 

without NLP optimization from 375 kWh to 50 kWh. Similarly, by implementing an NLP 

load optimiser-based system, expenses for buying additional PV modules, and inverters 

were avoided and central battery capacity cost was reduced. As a result, the NLP-based 

system assisted in the low-cost and efficient integration of electric mobility solutions 

into the Mbita WE Hub off-grid PV system. 

To aid with the knowledge transfer of the research objectives to additional locations and 

energy hubs, a MATLAB App was created. Based on the available loads, the operator 

may hypothetically size a PV and battery system using the MATLAB App (i.e., fishing 
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lanterns or electric vehicles). For the best integration of electric mobility solutions into 

any rural off-grid PV system at cheap capital costs, it also included the created MATLAB 

NLP algorithm for load scheduling, shifting, and optimization. 

The Mbita WE Hub has proven to provide a cheaper cost of electricity compared to the 

cost of electricity for grid connection which stands at 21.10  €-Ct/kWh in Kenya. The 

system with the NLP algorithm has an LCoE of 17.04 €-Ct/kWh compared to 18.24  €-

Ct/kWh for the system with the non-NLP algorithm. This is because the NLP system had 

a reduction in the central battery capacity from 104 kWh for the non-NLP system to 90 

kWh. Hence, for example, to fully charge a 2.2 kWh e-bike battery, the user is required 

to pay 37.55 €-Ct and 40.13 €-Ct for NLP based system and a non-NLP system 

respectively.  

Based on a study conducted by Siemens Stiftung (research partner) on leasing the e-bike 

and battery to riders. The leasing options consisted of pay-as-you-swap and flat rates. 

In the flat rate lease option, the rider pays a bike lease fee of 450 KES with and battery 

lease fee / swap of 0 KES (battery swaps paid for battery use). In the pay-as-you-swap 

option, the rider pays a bike lease fee of 200 KES with and battery lease fee / swap of 70 

KES (unlimited battery swaps). 

According to the study, riders who used the battery pay-as-you-swap leasing option 

covered less kilometers than rider who used  flat rate leasing option. However, the study 

further shows that the riders with the pay-as-you-swap leasing option drain the battery 

more.  This could be a result of the cost-per-swap pricing model, where they aim to use 

every battery to the fullest extent possible. Throughout the study, the discharge pattern 

of the battery was improved by the groups as more awareness was rendered to them 

on the issue of battery discharge beyond the manufacturer's recommendation. 

The volume and number of customers progressively rose over time, reaching seven 

consistent customers in October 2021 from two clients in April 2021. Consistent 

marketing and the offering of multiple lease models tailored to varied client demands 

are the two factors that might explain the rising demand. External factors such as rising 

gasoline prices might also contribute to the growing acceptability of e-motorbikes in the 

Lake Victoria region. 
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Recommendations 

The following recommendations have been identified for a possible extension of the 

research: 

Business model  

Implementing new technologies might be difficult, particularly in rural areas. A suitable 

business strategy is therefore essential for addressing socioeconomic and infrastructure 

problems. 

By offering various leasing options that are suitable for various purposes, as well as 

marketing and awareness campaigns, electric motorbikes may become a practical 

substitute solution, particularly as gasoline prices are rising. 

However, motorcycle batteries are highly dependent on the road's gradient, the 

quantity of luggage or load carried, and the user's riding style (such as rapid 

acceleration). The inclusion of the swapping station stops on routine routes necessitates 

several processes, and customers must be made aware of these modifications.  

Instable EV value chains and e-bike technological challenges are additional 

impediments, particularly in EV business modelling. But if the ecosystem grows and 

becomes more established, such challenges may be overcome.  

However, as this research is solely focused on the charging infrastructure, more studies 

and data collection are needed to address the following: 

▪ Technical information deficiencies (batteries, maintenance, value chains). 

▪ Future research might include the potential for increased income, lowering costs 

from the deployment of e-mobility. 

Such project could be extended to other WE Hubs that are located around Lake Victoria 

as well as African cities as a whole. Since an efficient and environmentally friendly  

transport system  is needed in most African cities as presented in this research. 

Infrastructure 

Install a weather monitoring device that can read especially the solar irradiation, 

temperature, and humidity of the Mbita location. This would help in further verification 

of the simulation result.  
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Connect other satellite hubs with the SMA data manager for remote monitoring of the 

hub electricity production and consumption. 

Implement the proposed load management algorithm for scheduling and optimising the 

charging schedule of the various load thereby leading to optimum utilisation of the PV 

electricity production.  

Equip all vehicles with GPS trackers for a better understanding of rider’s behaviour such 

as distance covered, travel routes, speed, etc. 

Integrate old vehicle batteries into the central batteries of the hub to strengthen the 

connection between the mobility and the hub. This could also help to cover the 

increasing load demands thereby saving battery investment costs. 
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Appendix 

1.1 Glimpses of on-site measurement campaign  

  
Picture A1: A technician 

servicing the e-bike at 

Homabay. The e-bikes were 

posing mechanical challenges. 

The technician had to be sent 

from Nairobi to address the 

problem, 

 

 

Picture A2: The cargo bike 

GreenPack battery displayed 

 

Picture A3: A student taking 

records (data) from the 

data logger 

 

Picture A4: A student (Mike) 

test-riding an e-bike 

 

Picture A5: Windsor hunter 

Fishing Lanterns being 

charged 

 

Picture A6: Mr. Kifalu, Mike, 

Mangeti and Prof Sitati 

(taking photograph) 

inspecting the solar panels 

at Homa Bay Hub.  



Appendix        xi 

 

 

Picture A7: Solar panels on the 

roof of the Mbita hub 

 

Picture A8: Inspection of the 

batteries, charging system 

and inverters at the Mbita 

Hub 

 

Picture A9: Moi Team and 

Wetu team pause for a 

photograph at the Homa 

Bay Hub 

 

Picture A10: Moi Team and 

Wetu team pause for a 

photograph at the Homa Bay 

Hub 
 

Picture A11: Cargo bike still 

under design and testing 

 

Picture A12: Energy Data 

logger used to take 

measurements at the Homa 

Bay hub 
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Picture A13: Rider getting 

ready for field measurement 

investigation 

 

 

Picture A14: Rider getting 

ready for field measurement 

investigation 

 

 

 

Picture A15: Rider taking 

energy readings from 

energy meter 
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1.2 Solar module datasheet 
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1.3 PV inverter datasheet 
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1.4 Battery inverter datasheet 
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1.5 Battery hoppecke OPzS datasheet 
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1.6 Cargo bike battery 
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1.7 Niwa lantern datasheet 
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1.8 LCoE for system with non-NLP load optimiser 

 

 

 

 

 

 

 

 

 

System configuration t Mt    € Crecurrent    € ΣC / ( + )t Et / (1+r)t

Type Solar System 1 664.08 649.74 36886.10
Location Mbita, Kenya 2 664.08 635.72 36089.78
Number of modules 138.00 3 664.08 621.99 35310.64
Module area in m² 231.84 4 664.08 608.56 34548.33
Battery storage Capacity in kWh 104.00 5 664.08 595.43 33802.47
Annual energy demand in kWh/a 27,200.00 6 664.08 582.57 33072.72
Annual energy produced in kWh/a 37,700.00 7 664.08 569.99 32358.72
Annual energy deficit in  kWh/a 375.00                8 664.08 557.69 31660.13

9 664.08 545.65 30976.63
10 664.08 27650.00 22762.33 30307.88

Investment costs   ,   .   € 11 664.08 522.34 29653.57
Solar array   ,   .   € 12 664.08 511.07 29013.39
Battery storage   ,   .   € 13 664.08 500.03 28387.02
Solar Inverter  ,   .   € 14 664.08 489.24 27774.18
Battery Inverter  ,   .   € 15 664.08 478.68 27174.57
Other components  ,   .   € 16 664.08 4000.00 3289.34 26587.90
Mounting  ,   .   € 17 664.08 458.23 26013.90

18 664.08 448.34 25452.30
Operation and maintenance costs 19 664.08 438.66 24902.81
                           €  664.08 20 664.08 429.19 24365.19
                     €    0.00 21 664.08 419.92 23839.17
                     €                                 0.00 22 664.08 410.86 23324.52

23 664.08 401.99 22820.97
24 664.08 393.31 22328.29
25 664.08 384.82 21846.25

Economic parameters 26 664.08 376.51 21374.62
Interest rate in %/a 7.00% 27 664.08 368.38 20913.16
Inflation in %/a 4.69% 28 664.08 360.43 20461.67
Discount rate in %/a 2.21% 29 664.08 352.65 20019.93

30 664.08 345.03 19587.73
LCOH 34826.94 555070.23
Observation period in a 20
        €       18.24
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1.9 LCoE for system with NLP load optimiser 

 

 

 

 

 

 

System configuration t Mt    € Crecurrent    € ΣC / ( + )t Et / (1+r)t

Type Solar System 1 630.97 617.35 36886.10
Location Mbita, Kenya 2 630.97 604.02 36089.78
Number of modules 138.00 3 630.97 590.98 35310.64
Module area in m² 231.84 4 630.97 578.22 34548.33
Battery storage Capacity in kWh 90.00 5 630.97 565.74 33802.47
Annual energy demand in kWh/a 31,300.00 6 630.97 553.53 33072.72
Annual energy produced in kWh/a 37,700.00 7 630.97 541.58 32358.72
Annual energy deficit in  kWh/a 50.00                  8 630.97 529.88 31660.13

9 630.97 518.44 30976.63
10 630.97 24339.00 20073.92 30307.88

Investment costs   ,   .   € 11 630.97 496.30 29653.57
Solar array   ,   .   € 12 630.97 485.59 29013.39
Battery storage   ,   .   € 13 630.97 475.10 28387.02
Solar Inverter  ,   .   € 14 630.97 464.85 27774.18
Battery Inverter  ,   .   € 15 630.97 454.81 27174.57
Other components  ,   .   € 16 630.97 4000.00 3265.99 26587.90
Mounting  ,   .   € 17 630.97 435.38 26013.90

18 630.97 425.99 25452.30
Operation and maintenance costs 19 630.97 416.79 24902.81
                           €  630.97 20 630.97 407.79 24365.19
                     €    0.00 21 630.97 398.99 23839.17
                     €                                 0.00 22 630.97 390.37 23324.52

23 630.97 381.95 22820.97
24 630.97 373.70 22328.29
25 630.97 365.63 21846.25

Economic parameters 26 630.97 357.74 21374.62
Interest rate in %/a 7.00% 27 630.97 350.02 20913.16
Inflation in %/a 4.69% 28 630.97 342.46 20461.67
Discount rate in %/a 2.21% 29 630.97 335.07 20019.93

30 630.97 327.83 19587.73
LCOH 31677.66 555070.23
Observation period in a 20
        €       17.07
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1.10 Measurement investigation on OpiBus Bike 
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1.11 Measurement investigation on BodaWerk Bike 
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1.12 Measurement investigation on AnywhereBerlin Cargo Bike 
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