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Hybrid of energy resources has proved to be an innovative means of 
providing off-grid power to infrastructures in remote locations where 
there is limited access to the national power supply grid. Adopting a 
mix of renewable energy resources with battery backup, and gas 
generator, to determine the optimum mix of the energy resources to 
meet particular load demands is a major challenge. Load profile for the 
case cell site was used as input to the simulation software, HOMER 
(evaluation version), to simulate the mix of energy resources to meet 
optimum power supply requirement. For cost effective power solution, 
the optimum period of 4–6 hours per day and a converter of 3 kW were 
used to obtain the following results for various mix: use of solar, wind 
and gas generator with 78.4 hours Autonomy produced 6,319 kWh/yr, 
in excess by 1694 kWh/yr (26.8%), Zero Unmet load and Capacity 
Shortage; use of solar and gas generator with 85.3 hours Autonomy 
produced 6,126 kWh/yr., in excess by 1526 kWh/yr (24.8%), with Zero 
Unmet load and Capacity Shortage; use of wind and gas generator with 
177 hours Autonomy produced 5043 kWh/yr in excess by 198 kWh/yr 
(3.92%), Zero Unmet load and Zero Capacity Shortage; and, the use of 
solar and wind with 19.7 hours Autonomy produced 4,509 kWh/yr in 
excess by 632 kWh/yr, (14%), Unmet load of 621 kWh/yr and Capacity 
Shortage of 811 kWh/yr. Therefore, for the study area, the use of wind 
and gas generator produced the optimal supply of highest autonomy 
and minimal excess power with unmet load and zero capacity shortage. 

Keywords 
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1. Introduction 
Inadequacies of electrical power infrastructures have created serious limitations to the supply of adequate 
electricity to power different applications and facilities like the telecommunication Base Transceiver Stations 
(BTS) installed particularly in remote areas. Limitations in the provision of robust connection of 
telecommunication facilities pose major issues to the growth of broadband connectivity in developing countries 
like Nigeria. Issues of power and connectivity are among major challenges that may disenfranchise 5G deployment 
in such countries [1], [2], [3], [4]. With the Nigerian approximated installed power capacity of about 13,500 
Megawatts (MW), only about 8,000 MW of it is injected into the transmission grid with about 5,000 MW or less 
available for distribution to over 200 million people. This confirms the existence of major constraints in the 
country’s electrical power network [5].  

Providing power for major and basic infrastructures in Nigeria has been a major challenge seriously affecting 
the growth of the country’s economy. For the size of telecommunication infrastructure, it is noted that the Nigeria 
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telecommunication market is the largest in Africa with over 20,000-50,000 installed Telecommunication Cell Sites 
(TCS) scattered over the nation’s geographical area [6]. 

However, only an average of 5 to 12 hours of power or none at all at some locations is supplied per day to the 
TCSs from the national grid. With this, the Mobile Network Operators (MNOs) and site operators are forced to 
deploy diesel generators to provide stable power to telecom equipment from the onset in order to ensure that 
numerous subscribers all over the country are satisfied [7]. The reliance on diesel generators as primary source 
of power is a big problem that cannot be over-estimated. Apart from the high operational cost, the use of diesel to 
fuel power generators emit harmful gases of methane (CH4), nitrogen oxides (NOx), fluorinated gases and carbon 
monoxide (CO) into the atmosphere with the resultant effects on the climate and the human health [8].  

With the need to bring telecommunication services close to the people irrespective of their geographical 
location, income, political affiliation, age, gender, or any other discriminatory factors [9], no nation can develop 
and sustain its development without its population and key infrastructures having access to adequate energy [5], 
[10]. Energy is critical for socioeconomic growth and poverty alleviation [11]; hence access to clean efficient 
energy is a struggle for the African continent where typically, about 60-70 % of the Nigeria's population does not 
have access to constant electricity supply [12], [13].  

This study discussed the design of an off-grid hybrid power generation system that combined renewable 
energy sources of solar and wind with the diesel generator to provide off-grid power to the TCS. This is done from 
the technical, economic, and environmental viewpoints. The aim is to analyse how these energy sources could be 
used to optimally meet the energy demand of TCSs in rural communities like the one at the Oke-Imobi, a remote 
community in the Northern side of Ogun State in Nigeria. 

Renewable energy sources like hydro, solar, wind, biomass and so on, are off-grid energy systems that 
promise to provide solution to the problem of lack or shortage of energy supply to infrastructures particularly at 
remote locations not connected to the national power grid across the country [14]. This study is focused on the 
design, planning and implementation of optimal off-grid hybrid power generation for remote telecom BTS’s. This 
system combined diesel-powered generators with renewable energy sources of solar and wind along with backup 
battery banks as storage system to ensure optimal availability, reliability and security of power supply, as shown 
in Fig. 1. 

1.1 Photovoltaic (PV) System Parameters 
In standard photovoltaic systems, basic parameters for describing the performance of solar PV systems are 
discussed as follows [15], [16], [17]:

i. Open-circuit voltage, (Voc), is given as the peak Direct Current (DC) voltage on the Current-Voltage (I-
V) characteristics curve. It reflects the operating voltage when there is no load, when the current and 
power values are zero in an open-circuit (no load) state. It is unaffected by the size of the solar panel 
but decreases in value as the temperature of the panel rises.  

ii. Short-circuit current, (Isc), is the peak Direct Current on the characteristic curve obtained in a short-
circuit state, with the values of the voltage and power being negative. It is proportional to the solar 
irradiance. As a result, a site with strong solar irradiation periods would be appropriate for solar-
powered energy systems. 

iii. Maximum power point current, (Impp), is the magnitude of current when the solar panel is operating at 
the maximum power point and the value of the voltage is equivalent to Vmpp. For some solar cells, the 
Impp is about 90% of the Isc. 

iv. Maximum power point voltage, (Vmpp), is the voltage of the solar panel when the output power is at its 
peak. It is typically 0.7–0.8 of Voc, and it is the voltage equivalence of the peak power current, Impp. 

v. Maximum power point, (Pmpp), is the peak power obtained from the output voltage and current of the 
solar panel as indicated on the I-V characteristics curve. With the use of a charge controller, the 
maximum power point tracking (MPPT) ensures the PV modules operate at the maximum power point.  

vi. Series resistance, (Rs), is the minimum resistance value obtained from the diode model required for 
optimising the efficiency of conversion by the solar panel. 

vii. Shunt resistance, (Rsh), is the maximum resistance value required for optimising the efficiency of 
conversion by the solar panel. 

viii. The Balance of System (BOS) of PV systems describes all components other than the PV. These include 
inverters, batteries, solar charge controllers, power conditioners, switches, wiring, and combiner box. 
Figure 1 shows the hybrid power system architecture.   
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Fig. 1 Typical hybrid power system architecture [27] 

1.2 Wind Turbine Power Systems 
A wind turbine is specially built to convert wind energy into mechanical energy which is further converted by the 
wind generator into electrical energy to power a load. There are varieties of the design of wind turbine which 
include the most well-known Flat Hub Turbine (FHT), the Horizontal Axis Wind Turbine (HAWT), and the less 
efficient Vertical Axis Wind Turbine (VAWT) [18], [19].  

The turbine framework uses a fixed speed rotor with three variable pitch cutting edges that are naturally 
adjusted to maintain a constant turn speed regardless of wind speed. The large rotor edges are necessary for 
capturing the most air stream resulting in high tip speeds. Due to high disturbance and commotion levels, tip 
speeds are limited, leading to low turn rates of between 10 and 20 revolution per minute (RPM) for large wind 
turbines. The rotor drives a simultaneous generator via a stuff box, and the complete module is contained in a 
nacelle above a pinnacle, requiring massive building work including many cubic meters of built-up concrete. A 
gearbox is utilized to achieve a speed enough to drive the generator to its designed constant operating speed. The 
construction of the foundation work comes with reinforcement that can support and ensure that the wind turbine 
will withstand all wind turbulence that may arise over a long period of time [18], [19]. 

The force P generated in the wind speed is the force exerted on the blade and it is given by Equation (1) [20]: 
 

𝑃𝑃 =  
𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉2

2  
(1) 

 
Where, C is a power efficiency factor that depends on the machine design and geographic location of wind front 
blocked by the cleared side of the rotor edges, A is the area of the wind blade, ρ is the air gap at about 1.225 kg/m3 
density, and V is the wind speed. 

1.3 Battery as Storage 
Batteries are energy storage devices that serve as energy source to provide power to the TCS equipment whenever 
supply from the main energy sources is low and cannot effectively power the load or during power supply 
maintenance. The battery system powers the load till the renewable energy sources are fully restored. Types of 
batteries used in this case include the Lead Acid (LA) battery which, due to its high cell voltage and lower cost, is 
mostly deployed for power backup in power plants and substations [21]. Other specialised batteries which could 
also be used are the Vanadium Redox Flow (VRF) battery [22], [23], high-energy and prelithiation-strategies 
Lithium-ions battery [24], [25], and the Zero Emission Batteries Research Activity (ZEBRA) battery [26]. 
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Nomenclatures 
BOS Balance of System 𝐼𝐼𝑠𝑠𝑠𝑠 Charge controller short-circuit current 
BTS Base Transceiver Station 𝐼𝐼𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 Capacity of inverter (kVA) 
CH4 Methane 𝐿𝐿𝑖𝑖  Inductive load (kW) 
CO Carbon monoxide 𝐿𝐿𝑜𝑜𝑜𝑜𝑜𝑜  Other loads (kW)  
COE Cost of Electricity Impp Maximum power point current  
HAWT Horizontal Axis Wind Turbine Isc Short-circuit current 
HOMER Hybrid Optimization of Multiple Energy 

Resource 
NOx Nitrogen oxides 

GHI Global Horizontal Irradiance Ns Numbers of cells connected in series   
KWh kilo Watt hour Pmpp Maximum power point  
LA Lead Acid Rs Series resistance 
MNO Mobile Network Operators Rsh Shunt resistance 
MW Megawatts 𝑅𝑅𝑝𝑝 Equivalent parallel resistance 
NPC Net Present Cost 𝑅𝑅𝑠𝑠 Equivalent series resistance  
TCS Telecommunication Cell Sites Vmpp Maximum power point voltage 
VAWT Vertical Axis Wind Turbine   Voc Open-circuit voltage 
VRB Vanadium Redox Battery 𝑃𝑃𝑟𝑟 Wind turbine’s rated output power 
ZEBRA Zero Emission Batteries Research Activity 𝑣𝑣𝑢𝑢, Actual wind speed 
𝐶𝐶𝐵𝐵𝐵𝐵ℎ  Battery energy storage capacity 𝑣𝑣𝑖𝑖𝑖𝑖, Wind turbine's cut-in speed    
𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎,𝑡𝑡𝑡𝑡𝑡𝑡   Total annualized cost of a system 𝑣𝑣𝑟𝑟, Turbine's rated speed 
CRF Capital recovery factor 𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜 Turbine's cut-off/out speed  
𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  Capacity of the solar charge controller  𝑉𝑉𝑡𝑡  Thermal voltage of PV modules 

𝐼𝐼𝑝𝑝𝑝𝑝 Photovoltaic current α Short-circuit temperature coefficient 

𝐼𝐼0 Saturation current 𝜂𝜂𝐵𝐵𝐵𝐵ℎ  Round trip battery efficiency 

2. Methods and Materials 
Over time, studies in this area have focused on techno-environmental and techno-economic analysis of power 
supply optimization [28]. However, this study focused on the conduct of technical, environmental, and economical 
analysis, based on addition of solar PV and wind renewable energy sources into existing off-grid diesel generator 
power supply. The load profile of a remote TCS was modeled and simulated, and the analyses of the off-grid power 
sources were carried out. The Hybrid Optimization of Multiple Energy Resources (HOMER) pro-version 3.14.5 
application program was utilised to decide the spans of various energy-producing frameworks in the energy blend 
required to effectively power the TCS. The HOMER version used was the evaluation edition with “For Evaluation 
Use” stamped on results obtained by the software. 

Electric load of the TCS comprises of radio, antennas, microwave, BTS auxiliary power, air conditioner and 
lighting. The technical data of these load parameters were used as inputs to the Hybrid Optimization of Multiple 
Energy Resource (HOMER) simulation tool. HOMER was used to optimise, simulate, and give sensitivity analysis 
to create the daily load profile and energy supply requirement for a TCS at Oke-Imobi with location at Longitude 
& Latitude of 6.65° and 4.19694° and average temperature of 24°C and 32°C respectively were adopted. Oke-Imobi 
is a developing rural area with small scale industries like wood sawmills, agriculture processing, small-scale 
poultry yards, and about two elementary Community schools. 

2.1 Energy Resource Data for Solar at Oke-Imobi in Ogun State, Nigeria 
To generate solar data, it is required to know the temperature, Global Horizontal Irradiance (GHI), and Clearness 
index of the area as follows [29] 

Fig. 2 shows the load demand of the BTS devices with the energy consumption of the devices put in percentage 
range is shown in Fig. 3. The energy resource data was downloaded from the power solar database of the National 
Aeronautics and Space Administration (NASA) website as point download for the Oke-Imobi community [30] 
based on the given longitude and latitude dimensions. The values of the energy resources parameters for Oke-
Imobi are given in Table 1. The data is monthly solar GHI (kWh/m2), Clearness Index, Average Temperature (0C) 
and Average Wind Speed (m/s).   
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Fig. 2 Required power for devices of a typical radio base station [32] 

 
 

 

Fig. 3 Energy consumption of the components of a BTS [33] 

Table 1 Solar and wind data for Oke-Imobi (HOMER optimisation software) 
Month Daily Radiation 

(kWh/m²/d) 
Clearness 

Index 
Aver. Temp. 

(°C) 
Aver. Wind 

Speed (m/s) 
January 5.28 0.529 25.26 2.41 
February 5.49 0.504 26.49 2.74 
March 5.46 0.586 26.85 2.97 
April 5.21 0.544 26.64 2.97 
May 4.76 0.519 26.16 2.75 
June 4.04 0.473 25.27 2.99 
July 3.95 0.412 24.42 3.41 
August 3.98 0.391 24.23 3.48 
September 4.09 0.421 24.7 3.07 
October 4.55 0.509 25.28 2.56 
November 4.95 0.519 25.85 2.08 
December 5.17 0.526 25.35 2.09 

2.2 Load Demand Model 
The load demand for an appliance in an installation is given by Equation (1) [31]: 
 

𝐸𝐸 =  𝑛𝑛𝑎𝑎𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 . 𝑡𝑡 (2) 
 
Where, E is energy demand (kWh), na is number of such appliance, Prating is power rating of the appliance (kW), t 
is duration of operating the appliance (hrs.). 

Equation [3] is used to sum up energy demand of similar appliances such as lighting, and so on, [31]: 
 

Etotal =  E1 +  E2 +  E3 +  E4 + ⋯+ En (3) 
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Also, the profile shows the energy demand over a 24-hour day, on which the energy system design is created. 
The load profile used in this work is based on the profile for industrial location obtained from HOMER. The input 
data to the simulation software and the design constraints are given in Tables 2 and 3 respectively.  

Table 1  HOMER input data 
HOMER Constraints Values 
Discount rate, % 6 
Inflation rate, % 15.63 
Annual capacity shortage, % 0% 
Project life-span, yrs. 25 

 

Table 3 Design input speci�ications 
Design Components Specifications 
Diesel generator 6.6 kVA capacity 
Solar PV Canadian Solar MaxPower CS6X-325P 
And another entry Panel: flat plate 
 Temp coefficient: 0.41 
 Operating temperature: 45 0C 
 Technology: mono/poly crystalline 
 De-rating factor: 0.88 
 Efficiency: 16.94%; Round trip efficiency is 80% 
Storage Battery – Crown 12CRV100 128kWh 
Wind turbine Generic 1kW 
Converter Generic System converter AC/DC 
  

2.3 Wind System Data, Sizing and Modeling 
Wind systems thrive in huge climatic region or geographical locations. To know the wind potential of Oke-Imobi, 
the wind data was generated for the area. This wind data shows that July has the highest wind velocity while 
November has the least wind velocity. 

If the range of the wind speed exceeds the cut-out speed, no power is created. The governing equations 
described by Equation (4) and (5) were applied using real-world experimental Cp figures from wind turbine 
datasheet. Equation (4) is applied for computational efficiency. The power output is the derivative of the wind 
turbine model. Equation (5) is a result of its implicit generality. 

 
 

0 0 ≤ 𝑣𝑣𝑢𝑢 < 𝑣𝑣𝑖𝑖𝑖𝑖

𝑃𝑃 =  
1
2 𝜌𝜌𝜌𝜌𝑣𝑣𝑢𝑢

3𝐶𝐶𝑝𝑝 𝑣𝑣𝑖𝑖𝑖𝑖 ≤ 𝑣𝑣𝑢𝑢 ≤ 𝑣𝑣𝑟𝑟
𝑃𝑃𝑟𝑟 𝑣𝑣𝑟𝑟 ≤ 𝑣𝑣𝑢𝑢 < 𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜
0 𝑣𝑣_𝑢𝑢 ≥ 𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜

 

(4) 

  
0 0 ≤ 𝑣𝑣𝑢𝑢<𝑣𝑣𝑖𝑖𝑖𝑖

𝑃𝑃 = 𝑃𝑃𝑟𝑟
𝑣𝑣𝑢𝑢 − 𝑣𝑣𝑖𝑖𝑖𝑖
𝑣𝑣𝑟𝑟 − 𝑣𝑣𝑖𝑖𝑖𝑖

𝑣𝑣𝑖𝑖𝑖𝑖 ≤ 𝑣𝑣𝑢𝑢 ≤ 𝑣𝑣𝑟𝑟

𝑝𝑝𝑟𝑟 𝑣𝑣𝑟𝑟 ≤ 𝑣𝑣𝑢𝑢 < 𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜
𝑜𝑜 𝑣𝑣𝑢𝑢 ≥ 𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜

 

(5) 

 
Where, 𝑃𝑃𝑟𝑟 is the wind turbine’s rated output rate power; 𝑣𝑣𝑢𝑢, is the actual wind speed corresponding to the tower 
height; 𝑣𝑣𝑖𝑖𝑖𝑖, is the wind turbine's cut-in speed, as determined by the turbine datasheet; 𝑣𝑣𝑟𝑟, is the turbine's rated 
speed as determined by the turbine datasheet; and 𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜, is the turbine's cut-off/cut-out speed captured from the 
turbine datasheet. 
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2.4 Battery Sizing 
Equation (6) is used to measure the battery's energy storage capacity [34]: 
 

𝐶𝐶𝐵𝐵𝐵𝐵ℎ =  
𝐸𝐸𝑑𝑑𝑑𝑑 × 𝐴𝐴𝐴𝐴

𝐷𝐷𝐷𝐷𝐷𝐷 × 𝜂𝜂𝐵𝐵𝐵𝐵ℎ × 𝑉𝑉𝐵𝐵
 (6) 

 
Where, 𝐶𝐶𝐵𝐵𝐵𝐵ℎ is total ampere-hour, 𝐸𝐸𝑑𝑑𝑑𝑑  is battery energy required on daily basis, DOD is maximum battery 
discharge depth,  𝜂𝜂𝐵𝐵𝐵𝐵ℎis round trip battery efficiency, and 𝑉𝑉𝐵𝐵  is the nominal DC voltage of the battery block. 

2.5 Inverter Sizing            
Solar PV systems produce Direct Current (DC), which requires the use of an inverter to convert to Alternating 
Current (AC) to power the load. Sizing of the inverter is affected by the types of loads, either resistive or inductive 
loads [13]. Inverter’s power rating can be calculated by Equation (7): 
 

𝐼𝐼𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 3 ×  (𝐿𝐿𝑖𝑖) + 𝐿𝐿𝑜𝑜𝑜𝑜ℎ  (7) 
 
Where, 𝐼𝐼𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the capacity of inverter in (kVA), 𝐿𝐿𝑖𝑖 is the inductive load (kW), and 𝐿𝐿𝑜𝑜𝑜𝑜ℎ is the other loads (kW). 

2.6 Charge Regulator Sizing 
To ensure charging the battery is done safely, correctly and adequately, the battery charging process has to be 
regulated. This also majorly helps to avoid over-charging. They are rated in maximum input voltage (V) and 
maximum charge current (A) [35]. As given by Equation (8), the charge regulated is exceeded by 30% to allow it 
to absorb any surge current coming from the array of the solar panel: 
 

𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 1.3 ×  𝐼𝐼𝑠𝑠𝑠𝑠 (8) 
 
Where, 𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the capacity of the solar charge controller and 𝐼𝐼𝑠𝑠𝑠𝑠 is the charge controller short-circuit current 
(A). 

2.7 Solar PV Module Sizing 
After the determination of the load requirement, the next stage is to determine the quantity of PV modules 
required for system reliability. In this step, the following are required to be put into consideration: 
a) Total daily power consumption = Total daily wattage of appliances.  
b) Total daily energy use = Total daily appliance usage in watt-hours. 
c) Total energy required from the panel = Total energy consumption per day1.3, where 1.3 is the energy loss 

factor in the system. The minimal PV module required is given by Equation (9). 
 

𝑃𝑃𝑃𝑃 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑢𝑢𝑢𝑢𝑢𝑢 𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝 𝑑𝑑𝑑𝑑𝑑𝑑

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑜𝑜𝑜𝑜 𝑃𝑃𝑃𝑃 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛  ×  
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑃𝑃𝑃𝑃 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

 (9) 

 
Constraints at the PV modules’ terminals necessitate addition of extra parameters to the basic PV equation 

because modules are made up of numerous connected cells. The PV module (current) is given by Equation (10) 
[36]: 
 

𝐼𝐼 = 𝐼𝐼𝑝𝑝𝑝𝑝 − 𝐼𝐼0 �exp �
𝑉𝑉 + 𝑅𝑅𝑠𝑠𝐼𝐼
𝑉𝑉𝑡𝑡𝑎𝑎

� − 1� −
𝑉𝑉 + 𝑅𝑅𝑠𝑠𝐼𝐼
𝑅𝑅𝑝𝑝

 (10) 

 
Where, 𝐼𝐼𝑝𝑝𝑝𝑝 is the photovoltaic current, 𝐼𝐼0 saturation current, 𝑉𝑉𝑡𝑡 =  𝐾𝐾𝐾𝐾 𝑞𝑞⁄  is thermal voltage of modules connected 
in series, 𝑅𝑅𝑠𝑠  and 𝑅𝑅𝑝𝑝  being the equivalent series and parallel resistance respectively, and α is the short-circuit 
temperature coefficient. 

The maximum current output of the solar panel at nominal temperature and solar radiation (at 25oC and 1000 
W/m2) is represented by Equation (11): 
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𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐼𝐼
𝑝𝑝𝑝𝑝,𝑛𝑛

− 𝐼𝐼0,𝑛𝑛 �𝑒𝑒𝑒𝑒𝑒𝑒�
𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑅𝑅𝑠𝑠𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚

𝑉𝑉𝑡𝑡,𝑛𝑛𝑎𝑎
� − 1� −

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑅𝑅𝑠𝑠𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚
𝑅𝑅𝑝𝑝

 
(11) 

 
Where, 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum power point (MPP) voltage, while 𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚 is the current at MPP at the thermal voltage 
of the modules. 

2.8 Economic Analysis  
The Cost of Electricity (COE) of various power systems is calculated using Equation (12) as follows in [37], [4]: 

𝐶𝐶𝐶𝐶𝐶𝐶 =  
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 � $

𝑦𝑦𝑦𝑦�

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 �𝑘𝑘𝑘𝑘𝑦𝑦𝑦𝑦�
 

(12) 

 
The total annualized cost is computed from in Equation (13): 

 
𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎,𝑡𝑡𝑡𝑡𝑡𝑡 =  𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁 .𝐶𝐶𝐶𝐶𝐶𝐶 (13) 

 
Where, 𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁 is the Net Present Cost (NPC) of a system, CRF is capital recovery factor given by Equation (14) [37], 
[4]: 
 

𝐶𝐶𝐶𝐶𝐶𝐶(𝑖𝑖,𝑁𝑁) =  
𝑖𝑖(𝑖𝑖 + 1)𝑁𝑁

(𝑖𝑖 + 1)𝑁𝑁 − 1
 

(14) 

 
Where, N is the number of years the project will last, and 𝑖𝑖 is the annual interest rate.   
 The net present cost (or life cycle cost) of the component is obtained from the present installation and 
operation costs all over the project lifespan less the present income earned over the duration of the project. 

3. Results and Analysis 

3.1 Results of Simulation and Sensitivity Analysis 
The results of the simulation were analysed based on the electrical production, unmet electricity, fuel summary 
and emissions for the distributed generation scenarios. The optimization procedure for the given sensitivity 
variables were repeated using HOMER. For the wind turbine, the turbine height was also used as a sensitivity 
variable input. The impacts of this variable on electrical production and unmet electricity were examined.   

3.1.1 Results of Model 1 
Model 1 consists of solar, wind and diesel generator design. A converter size of 3kW was used. This configuration 
was simulated to supply power to the load as shown in Fig 2 until 4. The Autonomy is 78.7hrs. The solar-wind-
diesel generator design produced 6,319 kWh/yr, with an excess electricity of 1694 kWh/yr (26.8% of produced 
power). The unmet electric load and the capacity shortage are both 0 kWh/yr respectively. 
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Fig. 2 Solar-wind-gas generator cost summary 

 

Fig. 3 Solar-wind-gas generator electrical result 
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Fig. 4 Solar-wind-gas generator emission results 

3.1.2 Results of Model 2 
Model 2 consists of wind and diesel generator design. A converter size of 3kW was used. This configuration was 
simulated to supply power to the load as shown in Fig 5 until 7. The Autonomy is 177hrs. The wind-gas generator 
design produced 5,043 kWh/yr., with an excess electricity of 198 kWh/yr (3.92% of produced power). The Unmet 
Electric load and the Capacity Shortage are both 0 kWh/yr respectively.  
 
 

 
Fig. 5 Wind-gas generator cost summary 
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Fig. 6 Wind-gas generator electrical result 

 

Fig. 7 Wind-gas generator emission 

3.1.3 Results of Model 3 
Model 3 consists of solar-gas generator design. This configuration was simulated to supply power to the load as 
shown in Figure 8 until 10. A converter size of 3kW was used. The Autonomy is 85.3hrs. The solar-gas generator 
design produced 6,126 kWh/yr., with an excess electricity of 1526 kWh/yr (24.8% of produced power). The 
Unmet Electric load and the Capacity Shortage are both 0kWh/yr respectively. 
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Fig. 8 Solar-gas generator cost summary 

 

Fig. 9 Solar-gas generator electrical result 
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Fig. 10 Solar-gas generator emission 

 

3.1.4 Results of Model 4 
Model 4 consists of solar-wind design. A converter size of 3kW was used. This configuration was simulated to 
supply power to the load as shown in Figure 11 until 13. The Autonomy is 19.7hrs. The solar-wind design 
produced 4,509 kWh/yr., with an excess electricity of 632 kWh/yr (14.0% of produced power). The Unmet 
Electric load is 621 kWh/yr and the Capacity Shortage is 811 kWh/yr.  
 

 

Fig. 11 Solar-wind cost summary 
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Fig. 12 Solar-wind electrical result 

 

Fig. 13 Solar-wind battery result 

Another simulation was performed by suggesting an increase in the PV capacity so as to investigate whether 
the unmet load will be reduced. A 28.8 kW PV capacity was then simulated with use of a 5kW converter size. The 
PV-based TCS produced 40,875 kWh/yr. with excess electricity of 8,838kWh/yr., Unmet Electric load of 3,258 
kWh/yr. (10.6%) and Capacity Shortage of 4,626kWh/yr. (15.1%). The cost of Electricity (COE) is $0.543/kWh. 
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3.2 Summary of Models Results 
Table 4 shows the summary of the results obtained for the different models of energy resources mix. From the 
technical and economic perspectives, the results of Model 3 energy mix demonstrate optimal performance with 
lowest amount of excess power of 198kWh/yr. The excess power was more or less wasted power since there was 
no plan to sell excess power to anyone. The model also has the lowest Net Present Cost (NPC) of $14,596.51, Cost 
of Electricity (COE) of $0.2745/kWh and second lowest operating cost of $470.95. This is actually because of the 
nature of the rural location, the wind current showed consistent availability and remarkable strength. So that this 
coupled with the generator supply, optimality is improved. 

Table 4 Comparative analysis of results of energy mix models 
Energy Resources Model Model 1: 

Solar, Wind and 
Generator 

Model 2: 
Solar and 
Generator 

Model 3: 
Wind and 
Generator 

Model 4: 
Solar and 
Wind 

Autonomy (Hours) 78.4 85.3 177 19.7 
Power Produced (kWh/yr) 6,319 6,126 5,043 4,509 
DC Primary Load (kWh/yr) 4,113 4,113 4,113 3,492 
Excess (kWh/yr) 1,694 1526 198 632 
%age Excess  26.8 24.8 3.92 14 
Unmet Load (kWh/yr) 0 0 0 621 
Capacity Shortage (kWh/yr) 0 0 0 811 
Total NPC ($) 20,456.97 164,763.60 14,596.51 14,925.17 
Levelised COE ($/kWh) 0.3847 3.10 0.2745 0.3307 
Operating Cost ($) 591.12 5,660.90 470.95 462.80 

From the emission perspective and the environmental implications of the different energy resources models, 
Table 5 presents data on the dangerous gas emissions form the different energy mix models. 

Table 5 Dangerous gas emission of each model 
Energy Resources Model Model 1: 

Solar, Wind 
and Generator 

Model 2: 
Solar and 
Generator 

Model 3: 
Wind and 
Generator 

Model 4: 
Solar and Wind 

Carbon monoxide (kg/yr) 0.00458 0.00496 0.320 Zero Emission but suffer: 
Storage Wear Cost of 
0.016 $/kWh and  
Storage Depletion of 9.24 
kWh/yr 

Unburned hydrocarbon (kg/yr) 0 0 0 
Particulate matters (kg/yr) 0.00107 0.00116 0.0750 
Sulfur dioxide (kg/yr) 0.0826 0.893 5.77 
Nitrogen oxide (kg/yr) 0.0108 0.0117 0.755 

 
From Table 5, Model 3 that proved optimal in technical and economic perspectives is worst from the 

perspective of emission of dangerous gases and particulate materials. Model 1 is least in emission from diesel 
generator because it depends least on the use of diesel generator apart from Model 4.  

3.3 Summary of Models Results 
Table 6 shows the summary of the results obtained for the different models of energy resources mix. From the 
technical and economic perspectives, the results of Model 3 energy mix demonstrate optimal performance with 
lowest amount of excess power of 198kWh/yr. The excess power was more or less wasted power since there was 
no plan to sell excess power to anyone. The Model also has the lowest Net Present Cost (NPC) of $14,596.51, Cost 
of Electricity (COE) of $0.2745/kWh and second lowest operating cost of $470.95. This is actually because of the 
nature of the rural location, the wind current showed consistent availability and remarkable strength. So that this 
coupled with the generator supply, optimality is improved. 
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Table 6 Comparative analysis of results of energy mix models 
Energy Resources Model Model 1: 

Solar, Wind and 
Generator 

Model 2: 
Solar and 
Generator 

Model 3: 
Wind and 
Generator 

Model 4: 
Solar and 
Wind 

Autonomy (Hours) 78.4 85.3 177 19.7 
Power Produced (kWh/yr) 6,319 6,126 5,043 4,509 
DC Primary Load (kWh/yr) 4,113 4,113 4,113 3,492 
Excess (kWh/yr) 1,694 1526 198 632 
%age Excess  26.8 24.8 3.92 14 
Unmet Load (kWh/yr) 0 0 0 621 
Capacity Shortage (kWh/yr) 0 0 0 811 
Total NPC ($) 20,456.97 164,763.60 14,596.51 14,925.17 
Levelised COE ($/kWh) 0.3847 3.10 0.2745 0.3307 
Operating Cost ($) 591.12 5,660.90 470.95 462.80 

 
From the emission perspective and the environmental implications of the different energy resources models, 

Table 7 presents data on the dangerous gas emissions form the different energy mix models. 

Table 7 Dangerous gas emission of each model 
Energy Resources Model Model 1: 

Solar, Wind 
and Generator 

Model 2: 
Solar and 
Generator 

Model 3: 
Wind and 
Generator 

Model 4: 
Solar and Wind 

Carbon monoxide (kg/yr) 0.00458 0.00496 0.320 Zero Emission but suffer: 
Storage Wear Cost of 

0.016 $/kWh and 
Storage Depletion of 9.24 

kWh/yr 

Unburned hydrocarbon (kg/yr) 0 0 0 
Particulate matters (kg/yr) 0.00107 0.00116 0.0750 
Sulfur dioxide (kg/yr) 0.0826 0.893 5.77 
Nitrogen oxide (kg/yr) 0.0108 0.0117 0.755 
From Table 6, Model 3 that proved optimal in technical and economic perspectives is worst from the 

perspective of emission of dangerous gases and particulate materials. Model 1 is least in emission from diesel 
generator because it depends least on the use of diesel generator apart from Model 4.  

4. Conclusion 
This work designed optimum hybrid power supply solution for remote off-grid TCS making a case study of the 
one at Oke-Imobi in Ogun State, Nigeria. It set out to analyse how solar, wind and diesel-fuelled generator can be 
used to meet the energy demand of TCS in remote locations. The three energy resources were combined with 
battery energy storage bank and the use of HOMER software simulation tool. Inputs were taken from technical, 
economic, and environmental factors, and used to obtain cost effective solutions. Simulations of mix of energy 
sources of solar-wind design, solar-diesel generator design, wind-diesel generator design, solar-wind-diesel 
generator design models were carried out. The yearly electricity production and unmet demand was used to 
ascertain the technical performance. Solar-wind design model for the TCS load is limited due to the intermittent 
characteristics of solar and wind energy which was augmented with the use of a diesel generator. PV/wind 
generation is the most feasible from technical, economic, and majorly environmental perspectives, but it has high 
unmet load and high-capacity shortage due to the variability in the availability of solar and wind resources all-
year round. Therefore, there is the need to support it with minimal usage of diesel-fuelled generator, bringing us 
back to the choice of Model 1. This work becomes indispensable to research into bridging the electricity gap in 
remote communities to improve their socio-economic life through the use of mixed energy sources, particularly 
renewable energy resources, to drastically reduce emission of greenhouse gases from diesel fuel. In the future 
there is the need to introduce some other renewable energy sources like hydropower or biomass energy sources 
to address the variability in the availability of solar and wind sources, and thereby completely knock out the use 
of diesel-fuelled generator and the consequential emissions. 
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