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This study explores the optimization of electricity supply to mobile base station with the 
modelling of a hybrid system configuration in Accra, the capital city of Ghana. The hybrid 
system deployed is to enhance sustainability, reliability and stability of electricity supply to 
meet the telecom load. The proposed hybrid system incorporated solar photovoltaic (PV) 
with utility grid and a battery storage backup, (PV/Grid/Battery) with a converter 
conversion. The objective of the study is to reduce operational cost, emissions and cost of 
energy when compared with the existing system operation (Grid/DG/Battery).  
 
The tool deployed in the simulation process is HOMER software, with sensitivity variables 
computed into the system to attain the optimum result. The sensitivity variables were fixed 
around diesel prices pegged between €1 and €2. Another sensitivity variable was the nominal 
discount fixed between 8 and 10 %. Thus, random power outages were infused into the 
system from the utility grid.  Knowing the load consumption of selected cell sites, 
Achimota_1, Taifa_2, High Street and Tetteh Quarshie, the simulated results were compared 
with two different configurations: (PV/Grid/DG/Battery) and (PV/Grid/Battery). The 
simulation resulted in cost of energy for Achimota_1 of €0.425 with a renewable penetration 
of 41.4%. Taifa_2 optimum simulated results indicated COE €0.299 with 40.2% renewable 
fraction. The renewable share for High Street cell sites was 53.2 % and resulted in €0.313 
cost of the energy. Lastly, the outcome of the simulation for Tetteh Quarshie revealed that 
with 17% renewable energy penetration, the cost of energy for the hybrid system was €0.345. 
Clearly, the hybrid system will sustainably improve electricity supply to the base stations, 
reduce GHG emissions, and cost of energy. This will enhance quality services from telecom 
operators. 
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1 INTRODUCTION 
 
1.1 Background 
Technological breakthrough of mobile telephony over the past decades has enormously helped 
improve telecommunication infrastructure and services provision. The increasing number of 
subscribers means more energy is needed to meet demand and expansion. Interestingly, 
wireless communication and internet service provision and the use of mobile phones have been 
experiencing exponential growth in the telecommunication industry. According to the 
International Telecommunication Union, there is an expected leapfrog of mobile telephony 
users worldwide from 5.6 billion in 2014 to over 6.2 billion in the year 2018. (Radicati 2018).   
 
According to Deloitte report, on the future of Telecoms in Africa, due to the competition 
between the existing and new entry firms in the African telecommunication market, operators 
are battling out for subscribers with secure infrastructure and value-added services. 
Additionally, subscriber growth in the future will be magnified by lower call prices and better 
network coverage in remote areas. However, some challenges the operators may face with the 
increase of more subscribers will be poor connectivity and expansion of their network in rural 
areas that may dilute their segment margin. Operators also seek to expand their business line 
with data connectivity, IT banking and aligning with other partners in the media industries, 
such as social networking. (Casey 2014).   
 
With the increasing number of operators in the country and the willingness to expand their 
network, the need for outsourcing has been the focus for most operations to cut down cost. In 
Ghana, three of the most competitive telecom operators; MTN, Tigo and Vodafone have 
outsourced their tower site management. Tigo is managed by Helios, Eaton oversees Vodafone 
and American Towers supervises MTN. (Casey 2014). 
 
The National Communication Authority (NCA), is the pivotal body that licenses and regulates 
communication activities in Ghana. It serves as the governing body, which monitors and 
ensures that telecom operators comply and execute the national communications standards in 
their operations. The NCA grants permits and communication frequency band allocation for 
operators. Additionally, the institution certifies and tests communication devices to ascertain 
   7 
their compliance with international standards. Also, the devices must be devoid of any 
environmental or health hazards, electromagnetic and radiation emissions. (NCA 2018).   
  
According to the Energy Commission of Ghana statistical data, there are only four (4) installed 
capacities of solar electricity generation plants managed by the Volta River Authority. This 
indicates that solar electricity generation plants are scarcely utilized in the country for most 
industries. (Energy Commission, 2014). Thus, this case study would be a remedy to the issue 
of unreliable power supply for the telecommunication giant MTN. The deployment of solar 
energy to power its operations and transmission activities as a result of unreliability of power 
supply from the national grid would help promote green energy. MTN-Ghana has 12 million 
subscribers under its post-paid and prepaid subscriptions. Its network coverage encompasses 
the whole nation including remote and rural areas. Thus, the deployment of a standalone PV 
system or a hybrid system will help provide services to its subscribers in the hinterlands. The 
products and services offered to its subscribers are cloud services, communication, fibre 
broadband, internet and messages as well as security solutions. Within the Accra metropolis, 
there are 810 MTN cell-sites with the main source of power from the national grid supported 
by diesel generators and batteries back up. The company’s foresight to deploy solar energy to 
improve its energy efficiency is sustainably applicable. (MTN-Ghana 2014) 
 
1.2 Significance of the study 
 
With telecommunication operators’ willingness to expand their network and services due to 
increasing number of subscribers, there is a need to consider other alternative and sustainable 
power supply. The reason to deploy a PV system as the prime sustainable source for 
telecommunication industry in developing countries such as Ghana, is to curb the 
environmental effects of conventional power sources, such as a diesel generator which serves 
as a backup system. The introduction of a PV system will help mitigate emissions from diesel 
generators and overdependence on the national grid. Additionally, the advantage of integrating 
a PV power system would eventually curtail the high cost of operation and maintenance of the 
generator i.e. genset. Furthermore, it will enhance power supply stability to the cell sites. 
Essentially, recent research into “green communication” intends to ameliorate energy 
efficiency, reduce OPEX and mitigate GHG emissions of Base Stations to enhance 
telecommunication evolution. Surprisingly, the electricity bills from the BSs are high in 
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comparison to the entire network operation expenditure (OPEX). It is about 18 percent in the 
European Union (EU) and 32 percent in India. (Wu, 2015). According to SMART (Standards, 
Monitoring, Accounting, Rethink, Transform) report, GHG emissions from telecommunication 
networks will increase from 86 Mt CO2e in 2007 to 235 Mt CO2e 2020. (Feshke et al. 2011).   
 
Thus, the deployment of renewable energy resources such as solar and wind would help to 
avert these problems. Furthermore, there is continuous expansion of the cellular network in 
Ghana, however, there is unreliable power supply from the national grid. It is also observed 
that some BSs and DGs’ are constructed in residential areas. During a power outage from the 
grid, the DGs’ automatically become operational. However, their noise is unbearable for the 
residents and their neighbours. Thus, the deployment of solar energy as a source for renewable 
energy in this case study will help to optimize the power supply to the network as well as 
minimize environmental effects such as pollution and noise. This will eventually, enhance the 
quality of service, mitigate GHG emissions and also reduce OPEX for MTN-Ghana.  
 
Additionally, the case study seeks to investigate the feasibility and potential integration of PV 
solar systems with the grid to supply power to the base stations. A comparison of the PV hybrid 
system integration with the existing power system would be considered. This case study only 
focuses on PV hybrid system integration as the main source of renewable energy. It focuses on 
indoor and outdoor hub sites considered to have high daily consumptions. The hub sites serve 
as a backbone from the generation point, thus the power consumption is increasingly high. 
Sensitivity analysis on the indoor and outdoor cell sites is executed to envisage the techno-
economic and environmental viability. 
 
1.3 Objective of the study  
 
The main aim of this study is to model and optimize power supply for selected cellular cell 
sites for MTN-Ghana within the Accra metropolis. The model will consider the total power 
consumption of the cellular cell site. The optimization will be achieved by sizing an optimal 
PV system for the mobile cell site using HOMER PRO software. 
 
Objectives:  
The following steps are to be taken to obtain the optimal goals:  
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 Assess the solar radiation of Accra and conduct case studies on green deployment of 
the selected cell sites. 
 Determine the optimum sizing feasible to sustain the required power ratings of the 
selected base stations. 
 Comparison of simulation results of the optimized system configuration and the 
existing system and proposing a future research recommendation base on the model 
prototype. 
 Determine the cost of electricity and the essence of sustainability of the proposed 
system to ascertain the level of emission reduction. 
 
1.4 Research Question  
 
The research questions outlined for this study are as follows:   
 What will be the optimal sizing of the proposed system configuration to the base 
station? 
 Is the deployed alternative power source sustainable and economically viable? 
 
1.5 Organization of the thesis 
 
This thesis is partitioned into seven chapters and an overview of the layout is expatiated below:  
1. Introduction: This chapter entails the background and the main objectives of the 
thesis.  
2. Mobile telephony and power supply structure: This chapter describes mobile 
telephony evolution with the various components involved in mobile 
communication. Additionally, it also describes power requirement for a mobile base 
station.  
3. Electricity generation in Ghana: This chapter explains how electricity is generated, 
transmitted and distributed in Ghana.  
4. Description of the study company (MTN-Ghana): This chapter highlights on the 
study company and the various products they offer to subscribers.  
5. HOMER: This chapter elaborates on the software used in this thesis.  
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6. Case Study (Hybrid System): Simulation of the data collated helped in the 
optimization of the selected hybrid system configuration. Sensitivity Analysis and 
comparison of the hybrid system with the existing configuration were executed.  
7. Summary and Conclusion: The main aim of optimizing electricity supply to the 
selected base stations were achieved and concluded. Therefore, green 
telecommunication would help reduce emissions as well as cost of energy.  
 
 
1.6 Related Studies 
 
It must be acknowledged that in recent years’ energy efficiency has been one of the prevalent 
and important research topics for the designing and operation of telecommunication networks. 
Thus, the term ‘green communication’ was adopted because the main objective of major and 
current research works is geared towards sustainability, where renewable energy resources are 
integrated into the grid to meet the total energy demand of the base stations. For example, a 
smart grid system was proposed in India, for a hybrid system of photovoltaic, wind generation, 
battery storage and diesel generation for a 2G generation network. The HOMER optimization 
tool was used there to model an optimal cost of hybrid system to fulfil the required load 
demand. Additionally, the results revealed a minimum cost of operation for the BSNL Bhopal 
cell site. (Ambekar & Sengar 2015).  
 
Another related research work has been conducted in Kaduna state, Nigeria, for a hybrid system 
that encompasses solar and wind energy to power a remote base station. The HOMER software 
was used to simulate two scenarios. For optimal system configurations, PV-Diesel-Battery and 
PV-wind-diesel battery system scenarios were in comparison of existing stand-alone diesel 
genset. The simulation indicated that hybrid systems are more viable than stand-alone genset. 
The techno-economical findings revealed PV-Battery is most economically feasible with a total 
net present cost of $69,811 and per unit cost of electricity of $0.409. (Olatomiwa et al. 2015).  
 
A similar research work was conducted in a remote base station at Oromia in Ethiopia, where, 
again, HOMER software was used. The simulation computed the best optimal system 
configuration is the hybrid system PV/Battery and PV/Wind/Battery hybrid when in 
comparison with stand-alone diesel genset. The total net present cost (NPC) of $57,508 and 
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per unit cost of electricity (COE) of $0.355 was presented as economically viable. (Yeshalem 
& Khan, 2017). 
 
 
2 MOBILE TELEPHONY AND POWER SUPPLY STRUCTURE 
 
The evolution of mobile telephony architecture has revolved around four major elements. 
These elements have been the pivotal structure upon which mobile telephony networks have 
been built, starting from the first generation to Long Term Evolution (LTE). The four core 
architectural elements are:  
 Mobile station (MS).   
 Base Station Subsystem (BSS) 
 Network and Switching Subsystem (NSS) 
 Operation and Support Subsystem (OSS).  
 
Figure 1: Mobile Telephony System Architecture Diagram. (Electronics-notes. n.d). 
Figure 1 represents a simplified architectural diagram of a mobile telephony system with the 
four main foundations. The MS entails the mobile equipment with which the everyday user 
comes into contact. Whereas the Base Station Subsystem describes communication with 
mobile equipment (ME) on the network. The Network Switching Subsystem is referred to as 
the core network of the architecture. Lastly, Operation and Support Subsystem (OSS) is a 
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section within the architecture that is linked to units Network Switching Subsystem (NSS) and 
Base Station Controller (BSC) components. (Poole. n.d).   
 
Mobile Station  
  
The mobile station defines the mobile equipment or phone that comprises of main hardware 
and Subscriber Identity Module (SIM) used by subscribers or individuals. The main body that 
houses the electronic part for transmitting and receiving of signals and battery to power the 
equipment is the hardware. Additionally, it is assigned an identification number known as 
International Mobile Equipment Identity (IMEI). This unique number cannot be changed, and 
it is used for verification of the mobile station.  The other part of the mobile station is the SIM 
which the network operator allocates to the user for identification. (Poole. n.d).  
 
Base Station Subsystem  
 
The base station subsystem consists of two main fundamental elements to communicate with 
the mobiles in the network framework.  These are Base Transceiver Station (BTS) and Base 
Station Controller.   
 Base Transceiver Station defines each cell that is in the geographical area coverage of 
the radio transmitter receivers. It also incorporates the antenna that transmits and 
receives signals directly to communicate with the mobile stations. The connection 
between the two interfaces is termed Um interface. (Poole. n.d).        
 
 Base Station Controller controls the BTS and supervises or manages the radio 
resources. It also mitigates network signal problems such as handover within group of 
BTS. Handover, entails allocating a channel to a subscriber experiencing weak signal 
as a result of distance, interference or out of frequencies range. Hence, the BTS 
connects the subscriber to the nearest cell with the strongest signal to avoid call drops.  
The communication interface between the BSC and BTS is Abis interface. (Poole. n.d).     
 
Network Switching Subsystem  
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The Network Switching Subsystem is often referred to as the core network because it serves as 
the interface that governs the whole mobile network.  The following constitutes the major 
elements in the core network.  
 
 Mobile Service Switching Centre (MSC):  The main role of MSC, in the core network 
is to serve as a switch node. Some of the main functionality of MSC is supporting 
mobile users’ entails, call location, authentication, registration and call routing.  
Gateway Mobile Switching Center is an external or kind of MSC that facilitates and 
routes calls outside the network and also assists in routing a call from one network 
operator to another operator. 
 
 Home Location Register houses all administrative data information of each subscriber. 
This data information can entail the subscriber’s present or last location.  HLR contains 
permanent data information about subscribers.  
 
 Visitor Location Register contains data information temporary of subscriber roaming 
within a mobile switching centre’s (MSC) zone. Additionally, it relays information to 
the HLR and deletes information of inactive subscriber to free space in HLR.   
 
 Equipment Identity Register performs one of these three duties at a time, allowing a 
mobile equipment (ME) onto the network, monitoring the unique identity to determine 
if it’s a menace or barring the access of the ME.   
 
 Authentication Centre is a vault that contains the secret protected key in the SIM card 
and also for ciphering. Ciphering is the process of encrypting communication between 
mobile equipment within a network on a dedicated radio channel (Poole. n.d).     
 
Operating and Support Subsystem (OSS)   
 
The OSS is connected to NSS and BSC, and its functionality in the entire network is monitoring 
and controlling the traffic load of the BSS. The OSS also entails network inventory and 
configuration as well as service provision and fault management. (Poole. n.d).   
 
   14 
2.1 Power Requirement for Mobile Base Station 
 
The base station equipment installed at the selected cell sites are Ericsson products. The 
Ericsson Radio Base Station (RBS) 6000 series is designed to meet the prevalent high 
consumption in a base station. The total power consumption of a base station can be defined 
by the summation of the power consumption of all the electrical components. Thus, the power 
consumption depends on the traffic load, radio configuration, frequency band and ambient 
temperature. Additionally, the use of interference-limitation features [Discontinuous 
Transmission (DTX) and downlink power control] also affects the power consumption. A 
typical RBS 6120 power rating: the power supply: 230VAC and -48VDC, max 6kW 5x4m2 
cable for the feeder cable @ 230 V (Ericsson, 2009).  
 
Figure 2. The setup of the transmission equipment. (Ericsson, 2009). 
 
Figure 2 illustrates the set up of a transmission baseband unit (BBU) with a remote radio unit 
connected with a feeder cable to the base transceiver station antenna. Thus, power is required 
in transmitting signal from the transmission unit through optical cabling to the sector antenna.  
  
Base Band Unit: This unit serves a digital data processing unit which feeds the radio receiver 
unit.   
Radio Receiver Unit: It converts the signal to radio frequency which is in form of electrical 
signal.   
Antenna Unit: The antenna converts the electrical signal into electromagnetic signal. All these 
conversions require power consumption. (Ericsson, 2009).    
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Cellular base stations are categorized according to the area coverage, the output power and the 
data processing rate. Based on these factors a cell site can be classified as Macro, Micro and 
small cells [ Femto (indoor) and Pico] base station. Typically, small cells are deployed and 
sometimes dedicated for offices, hotels, malls among others. Moreover, micro base stations 
coverage is on a higher scale as compare with small cells. Micro is deployed within dense areas 
in urban cities.  Obviously, small and micro cells base stations power consumption, coverage 
and radiations are less as compared to macro base stations.  Most of the electronic equipment 
requires cooling, thus indoor Base stations are sheltered in an air-conditioned room. In effect, 
this adds up to more power consumption. (Alsharif et.al 2017)   
 
2.2 Factors Affecting Base Station Power Requirement. 
As indicated earlier, the main unit within the mobile network that continually consumes high 
energy is the base station.  Increase in number of subscribers within a geographical site of the 
base station implies an increase in the traffic load.  Moreover, the type of technology depends 
on whether the equipment must be housed (sheltered) or not. That is whether it is an indoor or 
outdoor base station. Indoor cell sites demand more energy consumption than outdoor due to 
air-conditioning the shelter. The table 1 below illustrates the various classifications under 
which power consumption is observed.  
 
Table 1. Factors that contribute to power consumption 
Segment Description Category 
Technology The type of technology 
installed at the cell site 
RBS 6000 series. 900MHz 
cabinet or 1800MHz etc. 
Framework  Subscriber density and 
architectural aerial (building 
or trees shading microwave 
signals). 
Dense populated area or city. 
Urban or sub-urban.  
Indoor or outdoor cell sites 
infrastructure. 
Configuration Indicates the number of 
sectors 
sector configuration for 
capacity gain.  Example 4/4/4 
configuration. 
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2.3 Overview of existing Base Station operation system 
The existing operating power supply components are the grid, diesel genset and energy storage 
battery bank. The grid power supply is expected to be 24 hours, but this is unreliable, thus a 
back-up diesel generation (Generator Logic) with a capacity of 30kVA is installed as a standby 
power source at each cell site. The RBS equipment runs on DC current, thus the AC power 
from the grid is convert to DC. The Delta Energy System PSC 1000 which contains rectifiers 
convert the AC to DC to power the RBS cabinets. See Appendix II for the caption of cell site 
infrastructure and equipment at the base station. Additionally, an energy storage battery bank 
is installed at the cellular cell site to supply DC to the RBS cabinet.  
 
 
Figure 3: Existing set up of the operating system  
 
Figure 3 shows a schematic diagram of a setup of how electricity is supplied to the electrical 
load of the existing mobile cell site. The operating system components comprise of the grid, 
diesel generator, battery storage and the converter that converts the alternating current into 
direct current to power the RBS and other loads in the cell sites. Depending on the cell site 
capacity, the battery storage bank may be a single string or double strings. Often, hub sites 
have double strings battery storage banks installed because of the load requirement. 
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3 ELECTRICITY GENERATION IN GHANA 
 
Electricity generation in Ghana can be mainly categorized into hydroelectric and thermal power 
generation. The first arm of the power chain is generation, followed by transmission and lastly 
distribution. There are seven (7) public established institutions associated in the power 
generation sector. These are the Ministry of Power (MoP), Energy Commission (EC), Public 
Utility Regulatory Commission (PURC), Volta River Authority (VRA), Ghana Grid Company 
(GridCo), Electricity Company of Ghana Limited (ECG) and Northern Electricity Department 
Company (NEDCo). Notably, Energy Foundation is private-public organization collaborating 
with the public established institution to promote energy efficiency in the country.  
Additionally, Independent Power Producers (IPPs) such as Ameri, Karpower, Sunon-Asogli 
and Cenit are privately owned firms in the power sector. (ECG. 2016).    
 
3.1  Electricity Installed Capacity in Ghana 
 
Generation Sources in Ghana  
 
 The Volta River Authority (VRA), which is solely owned by the Government has the largest 
installed hydroelectric capacity of 1020 MW located at Akosombo. The other hydroelectric 
power plants are located at Bui and Kpong with installed capacity of 400MW and 160 MW 
respectively. On the other hand, there are thermal power plants installed in Ghana. There are 
three (3) thermal power plants installed in Takoradi in the Western Region. These are Takoradi 
Thermal Power Station (T1) with a capacity of 330 MW, Takoradi International Company 
(TICO/T2) with a capacity of 220 MW and Takoradi Thermal Power Station (T3) 132 MW. 
Additionally, there are other two (2) installed capacities at Tema which is located in the Greater 
Accra Region.  The Tema thermal 1power plant-T1 (TT1PP) with a capacity of 110 MW and 
Tema thermal 2 power plant (TT2PP) with installed capacities of 50 MW. (ECG. 2016).  
 
Table 2. Existing Generation Facilities in Ghana (ECG. 2016). 
Generation Facility Installed Capacity (MW) 
Akosombo Hydroelectric Power Plant 1020 
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Kpong Hydroelectric Power Plant 160 
Takoradi Thermal Power Station (T1) 330 
Takoradi International Company  220 
Takoradi Thermal Power Station (T3) 132 
Tema Thermal 1 Power Plant 110 
Tema Thermal 2 Power Plant 50 
Mines Reserve Power Plant 80 
Solar Power Plant 2.5 
Sunon-Asogli Power Plant (SAPP)* 200 
CENIT* 126 
Bui Hydroelectric Power Plant 400 
Karpower* 225 
Ameri* 250 
BXC Solar PV Plant 20 
*Independent Power Producer   
 
Table 2 shows all installed capacities in the country including that of the Independent Power 
Producers. The Independent Power Producers are privately owned firms that complement the 
power sector with their generation. In all, the Independent Power Producers’ total installed 
capacity amounts to about 800 MW.   
 
Figure 4 depicts the major generation resources and location for both hydroelectric and power 
in Ghana. It shows the state owned operational generation resources installed in the country.  
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Figure 4. Generation Locations in Ghana. (GRIDCo. 2010) 
 
The yellow legends indicate thermal plants and the blue hydroelectric installations in Ghana.  
 
Transmission  
 
As stated above, transmission is the second arm of the power chain. GRIDCo owns and 
manages transmission lines. GRIDCO operates a transmission grid of about 5100 km in length 
at 161 kV, 69kV, 225kV and 330kV.  These transmission lines convey power from the 
generation stations to about fifty-four (54) substations managed and owned by GRIDCo. 
Furthermore, the power is stepped down at the substations to lower voltages of about 34.5kV 
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and 11kV for distribution companies in the country. (ECG. 2016). The transmission lines in 
Ghana are shown in Figure 5.  
 
 
 
The map of Ghana grid transmission with existing hydro installed power plant, potential hydro 
major sites, existing thermal plants, substations and the various transmission lines connections.  
 
Distribution  
Figure 5. Depicts Map of Ghana Grid Transmission (GRIDCo, 2011). 
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Distribution is the final of arm of the power chain in Ghana. Notably, the major distribution 
company of electricity with over 70% market share is the Electricity Company of Ghana 
(ECG).  ECG distributes power to six (6) regions out of ten (10) administrative regions. These 
regions are Greater Accra, Western, Ashanti, Central, Volta and Eastern Region. (ECG. 2016). 
Figure 6 shows the various stages of the power chain in the country. This represents the various 
steps of generation from government owned operating institutions and Independent Power 
Providers (IPP) in Ghana. 
 
 
Figure 6. Electricity distribution to the end user (ECG.2016) 
 
The transmission system is managed by GRIDCo and distribution to the end user is executed 
by ECG to the end user.  
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3.2 Potential Renewable Energy Resources in Ghana  
 
According to the Ghana Energy Commission, the share of solar electricity generation as of 
2014 was only 0.1%. However, Ghana has a high potential for renewable energy resources 
such as energy crops, forest and agricultural residues (bioenergy) to generate electricity. It is 
estimated that about 68 potential hydro sites are yet to be exploited. Additionally, the country 
experiences high wind power along the coast. (Ahiataku-Togobo, 2016).   
 
Wind energy: The strongest wind speed regime recorded in the country is observed along the 
Ghana/Togo border (9-9.9 m/s). Other areas of high winds measurements, recorded between 
6.2-7.1 m/s are along the coast in Ghana  
 
Biomass energy: The government has embarked on a plantation of energy crops such as 
Jatropha Curcas because Ghana has a suitable climate. Jatropha Curcas can be processed into 
biodiesel. 
 
Hydropower: As highlighted above in generation sources in Ghana, hydroelectricity is the 
main source of power supply for the nation. Ghana has a hydropower potential of 2,000 MW, 
of which large hydropower installed capacity amount to 1200 MW. The remaining 800MW are 
of small hydro power infrastructure.   
 
Waste to energy: The use of waste to generate energy has been in the pipeline. The major 
hindrance is the high cost of waste collection and management. Additionally, waste separation 
and policy need to be enacted in the country. Large amounts of waste have been identified from 
municipal activities, industrial, commercial as well as agricultural residues. Undoubtedly, 
Ghana can generate an equitable amount of energy from waste if measures are put in place 
appropriately.  
 
Solar energy: The main renewable energy resource that will be deployed for this case study is 
solar energy. There is large potential in the country with an average global horizontal 
irradiation recording between 4-6.5 kWh/m2/day. The northern region records the highest solar 
potential. However, electrification in that part of the country is at a lower rate. Figure 7 depicts 
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the global horizontal irradiation map of Ghana. Interestingly, the country is endowed with solar 
irradiation, but it is not being utilized effectively on mass scale. (Ahiataku-Togobo, 2016).   
 
A look at the map in figure 7 indicates that Accra has good solar resources and that is the 
location where the case study will be observed.   
 
 
Figure 7: Global horizontal irradiation-Ghana (Solargis. 2018). 
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Overall, the country has more than reasonable amount of solar resources that can be harvested 
for energy purposes.  
3.3 Renewable Energy Hybrid with the Grid   
 
Deployment of renewable energy resources in the telecommunication industries is increasingly 
becoming paramount and prevalent with most firms striving to promote “Green 
telecommunication.” In geographical locations such as Ghana, renewable resources such as 
solar and wind can be deployed in the telecom industries. As indicated in Figure 7, the solar 
irradiance strength and availability in the country is worth harnessing.  The combination of 
renewable resources with the grid to power a base station will help to promote sustainability 
activities within its sector of operation. The components deployed in the hybrid system 
configuration are expatiated as follows:    
 
Photovoltaic Solar Panel   
 
The PV solar panel collects sunlight (rays) and converts solar energy into DC electricity. The 
solar powered panel ratings are given as kW/m2. Notably, the power output of a solar PV panel 
depends on various factors such as the solar irradiance and the efficiency ratio that defines the 
conversion losses. Moreover, system and cabling wires losses can be accounted for as a power 
loss factor during power transformation (DC-AC loss factor). It is also observed that it is 
essential to orient and tilt the angle of the mounted PV panel to the latitude of the site in order 
to harvest the optimum amount of energy.  
 
Characteristics of Battery 
 
The battery serves as an integral part of the power supply line for the BTS. Generally, batteries 
can be characterized into nominal capacity, battery voltage and cycle life. Battery Nominal 
Capacity is expressed in Ampere-hour (Ah), which defines the current a battery provides within 
a specified duration. Battery voltage describes the battery bank or string which comprises of a 
number of cells connected in series. The battery string voltage is normally 6V, 12V, 24V or 
48V. Typically in a BTS power system, the required voltage is 48V. Additionally, the cycle 
life of a battery is essential, as it entails the number of applicable cycles of charging and 
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discharging of the battery. (Ashok et. al n.d). Thus, the set-up of renewable energy resource 
considered for the hybrid system can be seen in Figure 8. 
 
 
Figure 8: Renewable resource hybrid with the grid. (Zhang et, al. 2016). 
 
The deployment of a hybrid system will eventually curtail an economic, environmental and 
social sustainability menace the industries are facing. It can be noted that constant power and 
service outages will render the operator losing subscribers to other competitors. Therefore, 
deploying renewable resources to power base stations will lead to cost effectiveness (reduce 
OPEX), efficiency of the systems as well as reliability in the long term. The elimination of 
diesel genset will help to curtail noise pollution and emissions.  
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4 DESCRIPTION OF STUDY COMPANY (MTN-GHANA)  
 
MTN-Ghana is under the umbrella of MTN Group which was launched in 1994. The group 
connects subscribers in 22 countries in Africa, Asia and Middle East. The Group entered into 
the Ghanaian market in the year 2006, after procuring Investcom. The Group’s ultimate 
mission is to be a driving force in promoting world-class telecommunications services and 
products for its valuable customers. Its objectives are geared towards innovative, sustainable 
and corporate social investment initiatives. In Ghana, MTN is the leading operator among the 
six (6) telecommunication operators in the country, namely Vodafone, Tigo, Airtel, GLO and 
Expresso Telecom. It operates with a total of 12 million subscribers around the 10 regional 
capitals in the country and offering its valuable customers services and products under prepaid 
and post-paid. (MTN-Ghana, 2014).  
    
An essential service package provided by the company is MTN Business which entails data 
solutions and IT services to small, medium and large business entities with high efficiency.  
Additional services provided by MTN-Ghana are seamless roaming, Mobile Money and 
vehicle tracking service among others. With the company’s readiness to provide quality service 
in terms of secured data for its customer, MTN-Ghana has invested a total of USD 90 million 
in the subsea West Africa Cable System (WACS).  Furthermore, the company has established 
the MTN Ghana Foundation which is in collaboration with government and other agencies to 
promote and improve the well-being of Ghanaians. The Foundation aims to provide a 
supporting hand in national development in the areas of health, education and economic 
empowerment. (MTN-Ghana, 2014).   
 
As stated in the introduction, ATC manages the tower and monitors MTN cells sites 
maintenance and power consumption. In addition, Aviat Networks Services designs MTN-
Ghana’s backhaul links and network rings with Eclipse microwave radios. The fibre optic 
network for MTN-Ghana is managed by Huawei. Thus, the transmission signals are a 
combination of fibre optic and backed by microwave links. This design is to minimize 
downtime or mean time to repair (MTTR) in case there is network failure. More highlights are 
expounded on these outsourced companies in the next sections. 
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4.1 American Tower Company (ATC) 
 
American Tower is an independent real estate owner in the telecom industry. It operates 
wireless broadcast communication and has over 160,000 sites globally. Its operations enhance 
network deployment by leasing space on built towers for operators for co-location, thus 
reducing the number of towers being built in a country. Additionally, they build smart 
infrastructures such as rooftops, stealth sites and in-building systems to support network 
connectivity at vicinities where towers are not available. One of the unique qualities of ATC is 
the value for assets, the communities it operates in, that is promoting environmentally viable 
business approaches. (ATC, 2018).  
 
In Ghana, ATC has over 1970 wireless towers that they lease to telecommunication operators 
in the country to optimize their networks. The towers built by ATC are tailored towards 
meeting the coverage needs and height specifications of the operators.  In a densely populated 
area or urban cities ATC collaborate with property owners and builds rooftop towers. The ATC 
company has built about 140 rooftop sites and has the license to acquire space from property 
owners. Furthermore, ATC, has in-building infrastructures in complex buildings such as 
shopping malls, hotels and offices with dedicated antennas. (ATC, 2018).   
 
Another essential service ATC-Ghana provides to its customers is power solutions. Due to 
unreliable power supply in the country, ATC-Ghana provides efficient services to operators. 
Knowing that power outages cost operators’ time and money as well as valuable customers, 
ATC-Ghana has a reliable Network Operating Center (NOC) that effectively monitors each 
cell site. The NOC office generates ticketing for fault resolution and ATC provides the needed 
maintenance for the power systems. Thereby maintaining a reliable network for the operators. 
(ATC, 2018).  
 
4.2 MTN-Ghana Microwave links (Aviat Network Services)   
 
Aviat Network Services has been managing the microwave links for MTN-Ghana since 2007. 
With MTN-Ghana as the telecommunication giant in the country this implies there is constant 
addition of subscribers to the network. Thus, the need to fortify the network to meet this rapid 
growth that can lead to traffic disturbances if too much load is experienced on the network. 
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Aviat Networks Services has been in operation planning and designing networks worldwide 
for over 50 years. Aviat has the reputation of building a reliable network infrastructure and also 
provides solutions to its clients in network advancement. (Aviat, 2013).   
 
One prime objective of Aviat Networks Services is to reduce systems and network downtime 
by researching and assembling components before validating its usage. Also, Aviat Networks 
aims to lower project costs with smart network design and engineering best system 
optimization practices.  Furthermore, the company deploys supported project management 
with system integration services as well as site services. Additionally, Aviat provides long term 
network management and training for clients. (Aviat, 2013).    
 
Aviat professional engineers design and deploy eclipse microwave radio to establish backhaul 
path links and network rings for MTN-Ghana. Aviat Network deploys ProVision EMS, a 
network management software which enables total visibility to the entire network. The 
ProVision is a unique management system that has helped MTN-Ghana to reduce its OPEX 
and man-hours as monitoring the network is now centralized. It has helped with the visibility 
and management of the stress network in the capital region Accra as the ProVision can be 
autopilot. (Aviat, 2013).    
 
The Provision management supports about 25 simultaneous client sessions and extensive fault 
statistics. Additionally, the ProVision enhances advanced graphical user interface and detailed 
user interface view levels. Figure 9 presents MTN-Ghana radio links nationwide. (Aviat, 2013).  
The network is a protected ring that allows for further upgrade as and when necessary. It serves 
as a backbone radio network connection for the fibre optic laid network connection for MTN-
Ghana. 
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Figure 9. MTN-Ghana nationwide microwave radio links connection. (Aviat.2013). 
 
The reason for having a protected ring alongside the fibre network is that whenever there is a 
damage to a section of the fibre network connection due to illegal mining and construction such 
as road construction the microwave network can serve as a backbone. (Aviat, 2013). 
 
4.3 MTN-Ghana Fibre Optic (Huawei Management) 
 
MTN Ghana is part of MTN Group operating in six countries in Africa that is being managed 
by Huawei. Among these countries are Cameroun, Guinea and Benin. Huawei, as a technically 
inclined company in the telecommunication industry has been contracted to manage the 
network operations, network performance and spare part management. In MTN-Ghana, 
Huawei’s sole responsibilities are to manage the fibre optic network and to adequately design 
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a robust network with reliable performance. Huawei provides daily monitoring and reporting 
of the fibre optic network performance. This can be achieved by using the Managed Service 
Unified Platform (MSUP) to measure and analyse the network performance and develop an 
effective strategy to improve the network (IT News. 2018). Figure 10 exhibits the fibre optic 
layout within Accra metropolis.  
 
 
Figure 10: MTN Fiber Optic layout within Accra Metropolis (MTN.2014) 
 
MTN-Ghana fibre optic installation within the Greater Accra region ensures an excellent and 
fortified network to enable businesses operate harmoniously. (MTN-2014). 
 
4.4 Study Area (Accra Metropolis) 
 
The study area is within the Greater Accra Metropolitan Area. Accra is the capital city of 
Ghana. Thus, it is pivotal to the socio-economic development of the nation. There is greater 
demand for electricity consumption in the capital city, due to numerous institutional 
establishments. Such establishments are manufacturing firms, telecommunication, health 
institutions, tourism, education, financial institutions and many others. Due to the daily 
business activities, Accra is the largest dense city in the country with an urban population of 
approximately 2,27 million people. The selection of the capital city was very essential to the 
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study, as the weather condition has been well researched, and the area has considerably 
uninterrupted sunshine hours. Additionally, the ease of access of data as well as reliable 
transport to selected cell sites made the area a prime study area. (World Population, 2018).  
 
Accra is geographically located in the equatorial belt of the globe at latitude 5 33 21.67 N 
and longitude 0 11 48.84 E. There are two main weather seasons observed, these are the 
rainy and dry/hot seasons. The first rainy season is often experienced from May to mid-July 
and the second mid of August to October. August is the coolest month in the year with an 
average temperature of 24.7C. The annual average rainfall in the region is recorded at about 
730mm and during the wet season it is mostly cloudy. On the other hand, the dry/hot seasons 
is observed from November to March. The daylight hours are invariably homogenous 
throughout the year. (Ghana Statistical Service, 2014). 
 
 The annual average relative humidity was computed to be 82.5%. The Renewable Energy-
efficient Technologies software tool which was originally developed by Natural Resources 
Canada in 1996, recorded Accra’s annual average earth temperature to be 26.8C. This can be 
seen in the RETScreen print in Figure 11. It captures the daily solar radiation-horizontal and 
the climate data conditions of the city of Accra. The average daily solar radiation-horizontal 
captured by RETScreen for the city of Accra is observed to be 4,49 kWh/m2/d.  
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Figure.11 Daily solar radiation of the city of Accra (RETScreen. 2018). 
 
The RETScreen is a Clean Energy Project Analysis Software deployed in this project to 
complement the HOMER software that will be use in the proposed model design. 
(RETScreen. 2018).   
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5 HOMER 
HOMER is an acronym for Hybrid Optimization of Multiple Electric Renewables. It is a 
software tool used in micropower optimization models. It analyses and evaluates system model 
designs for both off-grid and grid connected power systems. In designing a power system, 
applicable decisions about system configuration are vital and worth considering. Thus, what 
and which system component is applicable as well as cost of technology are prognosis to the 
design modelling. Furthermore, availability of energy resources informs the elementary 
decision of which component can be deployed. HOMER’s optimization and sensitivity analytic 
algorithms simplifies and estimate numerous feasible system configuration options to be 
evaluated. (HOMER, 2017). 
 
5.1 Homer Components Tabs   
 
In HOMER, a component is defined as an equipment capable of generating, converting or 
storing energy. Thus, the equipment forms an integral part of a power system.  The components 
in the HOMER software include dispatchable energy sources such as generators (diesel), grid 
and boilers. Dispatchable energy sources are power systems where the output supply power 
can be adjusted to meet the demand load. On the other hand, intermittent renewable energy 
resource components are PV, Wind turbines and hydro turbines. (HOMER, 2017).   
 
Thus, intermittent energy resources are a source of energy that cannot be continuously 
harvested all year round. Invariably, storage plays an important role whenever an intermittent 
energy resource is deployed. Furthermore, converters, electrolyser and reformers are the other 
components that can be deployed. The converter core function is to convert electricity from 
DC to AC or vice versa. The electrolyser through the process of electrolysis converts AC or 
DC to hydrogen which can be used as fuel for generators. However, the software allows for 
the addition of more than one component into a model design with different properties so such 
that comparisons can be executed (HOMER, 2017). In the next chapter, the relevant 
components tab that would be deployed in the proposed model design will be discussed. These 
are the generator, storage (battery), converter/inverter and the PV module. However, another 
significant menu in HOMER software is the Resources tab. The Resources tab entails anything 
outside the system that helps fuel and complement the component to generate electricity. 
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Typically, for flat PV module, the solar GHI Resource and temperature are the most essential 
resource. (HOMER, 2017). 
 
5.2 Component Tabs deployed in proposed model 
5.2.1 Generator 
 
The generator operational function in the system is to produce AC or DC electricity through 
the combustion of fuel. In the existing operational system, the generator consumes diesel fuel. 
Under the generator component, the HOMER software provides a sub-tab where one can enter 
the cost, size, fuel resource/curve, maintenance and schedule. Figure 12 illustrates the input 
parameters of the generator’s initial and replacement cost, as well as the maintenance cost. 
Moreover, the type of fuel used, its properties and emissions have been computed. 
Furthermore, fuel consumption and efficiency at each capacity is illustrated graphically in the 
Figure 12. 
The lower heating value of the diesel fuel used is 43,2 MJ/kg with a carbon monoxide emission 
of 16,5 g/L. The Maintenance tab allows for input parameters such as cost of oil change and 
the downtime hours. All the generators incorporated into the model have expectant running or 
operating time pecked at 15000 hours and a minimum load ratio of 25%. In modelling, the 
diesel fuel prices considered were [1, 1,5, and 2 (€/L)]. At the time of executing this project 
work, the price of diesel fuel in Ghana was 1,05 (€/L). (GlobalPetrolPrices-July,2018).  
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Figure 12. Generator input parameter  
 
 Furthermore, HOMER can be set as default under the Schedule tab to allow the generator to 
run only when needed, such as during grid failure.  
 
5.3 Solar Resource Input 
 
The solar resource data used in the proposed model designed for the selected cell sites were 
obtained either through the NREL (National Renewable Energy Laboratory) or NASA 
database. HOMER provides an option to select either from NASA or NREL database.  
Afterwards, the solar resource data of the selected location is uploaded. The HOMER software 
uses the solar resource inputs from the respective cell sites to calculate the PV array power 
output for each hour of the year.  Essentially, the latitude and the longitude of the location must 
be computed. Notably, HOMER uses the latitude to calculate the average daily radiation from 
the clearness index and vice versa.   
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HOMER defines clearness index as a measure of clarity of the atmosphere with a dimensionless 
aggregate, ranging between 0 and 1. Notably, HOMER computes monthly average clearness 
index (Kt) for the selected area. A low Kt indicates cloudy months whereas high Kt signifies 
sunny months. (HOMER, 2017). The coordinates retrieved from NREL for Achimota_1 cell 
site, were latitude 5 36 59.99 N and longitude 0 13 60.00 E. Figure 13 indicates the 
monthly clearness index (Kt) and an annual average solar GHI of 5.08 kWh/m
2/day for 
Achimota_1 cell site. (HOMER, 2017).  
 
 
 
Figure 13: Solar resource data input 
 
HOMER computes the clearness index using the equation expressed below:  
 
                                         𝐾𝑇 =
𝐺
𝐺𝑜
                                                                     (1)                                              
 where:    
 𝐾𝑇 = clearness index 
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 G = global average horizontal radiation on earth’s surface (kWh/m2/day).  
 
 𝐺𝑜 = the extra-terrestrial average horizontal radiation (kWh/m
2/day).   
 
Therefore, with a known extra-terrestrial average horizontal radiation and the clearness index, 
the global average horizontal radiation for the selected cell site can be calculated using equation 
(1). Noticeably, the amount of solar radiation striking a surface perpendicularly to the sun’s 
rays situated at the top of the earth’s atmosphere is described as the extra-terrestrial normal 
radiation. Thus, HOMER calculates the extra-terrestrial normal radiation using equation (2): 
(HOMER, 2017).   
 
                                                 𝐺
𝑜𝑛 = 𝐺𝑠𝑐 (1+0.033 𝑐𝑜𝑠
360𝑛
365
 )
                                            (2) 
 
where:  
 Gon = extra-terrestrial normal radiation [kW/m
2]  
 Gsc = 1.367 [kW/m
2] (Solar Constant)  
 n = number of days in a year (a number between 1 and 365) 
 
The extra-terrestrial radiation on the horizontal surfaces of the selected sites forge an intrinsic 
part of this study. HOMER calculates the extra-terrestrial radiation on the horizontal surfaces 
using the equation (3):  
 
𝐺𝑜 = 𝐺𝑜𝑛 𝑐𝑜𝑠 𝑧      (3) 
where:  
  𝑧 = zenith angle []  
 
The zenith angle can be calculated using a trigonometric expression:  
  
                        cos 𝑧 = cos  𝑐𝑜𝑠 𝑐𝑜𝑠  + 𝑠𝑖𝑛 𝑠𝑖𝑛                                           (3.1) 
 
where:  
  = Latitude []   
  = Solar declination []  
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 = Hour angle []   
Thus, HOMER calculates the solar declination, which is the angle between the sun’s rays and 
the equator plane using the equation (3.2) below:   
 
    = 23.45 sin (360 
284+𝑛
365
)                                             (3.2) 
 
where:   
 n = the days of the year, with January 1, as the first day.  
Integrating equation (3), will result in attaining a daily extra-terrestrial radiation per meter 
square. Thus, considering the sunrise and sunset, integration results in the equation (3.3) below:   
  
      𝐻𝑜 =
24

 𝐺𝑜𝑛 [cos  cos (sin𝑠) +
(𝑠)
180
sin  𝑠𝑖𝑛  ]                    (3.3) 
      
where:  
 𝐻𝑜= daily averaged extra-terrestrial horizontal radiation [kW/m
2/day] 
   
  = hour angle for sunset [ ] 
 
Notably, HOMER calculates the hour angle for sunset using the expression below:   
 
      𝑐𝑜𝑠𝑠 = −𝑡𝑎𝑛 𝑡𝑎𝑛                                                    (3.4)  
 
Knowing the daily average extra-terrestrial horizontal radiation, HOMER calculates monthly 
average extra-terrestrial horizontal using equation (3.5) below:    
 
                                  𝐻𝑜,𝑎𝑣𝑒 =  
∑ 𝐻𝑜
𝑁
𝑛=1
𝑁
                                                             (3.5)                                                                                                             
where:  
 𝐻𝑜,𝑎𝑣𝑒 = average monthly extra-terrestrial horizontal radiation [kW/m
2/day]  
        N = number of days in a month   
 
The global solar radiation is the summation of the beam (direct) and diffuse radiation to the 
earth surface. The beam radiation is described as direct radiation that is not scattered by the 
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atmosphere when it transmits from the sun to the earth surface. Conversely, the diffuse are 
scattered radiation that is amassed from all parts of the sky. Therefore, the sum of beam and 
diffuse can be expressed mathematically as in equation (3.6). (HOMER, 2017).   
      
           𝐺 =  𝐺𝑏 +  𝐺𝑑                     (3.6)  
where:   
 𝐺𝑏= beam radiation [kW/m
2]   
 𝐺𝑑 = diffuse radiation [kW/m
2]   
 
Essentially, knowing the amount of solar radiation striking the surface of the PV, HOMER 
calculates the power output of the solar PV module. HOMER correlates the diffuse fraction as 
a function of the clearness index as expressed in equation (3.7). With this correlation function 
of Erbs et. al. (1982); HOMER computes the incidence radiation angle on the PV array by 
considering the beam and diffuse radiations of the global horizontal radiation.    
𝐺𝑑
𝐺
= {
1.0 − 0.09𝑘𝑇                                                                                                                                           𝑓𝑜𝑟   𝑘𝑇 ≤ 0.22
0.9511 − 0.1604𝑘𝑇 + 4.388𝑘
2
𝑇
− 16.638𝑘
3
𝑇
+ 12.336𝑘
4
𝑇
      𝑓𝑜𝑟 0.22 < 𝑘𝑇 ≤ 0.8
0.165                                                                                                            𝑓𝑜𝑟   𝑘𝑇  > 0.80
                                                                                                              
                                                                                                                                          (3.7) 
Furthermore, HOMER calculates the global radiation striking a titled PV array using the 
HDKR model. The HDKR model classifies diffuse radiation into three (3) categories; these are 
the isotropic, horizon brightening and circumsolar. The isotropic radiation describes radiation 
equally emanating from all parts of the sky while the horizon brightening entails radiations 
from the horizon. Circumsolar considers radiation originating directly from the sun. (HOMER, 
2017).     
 
The ratio between the beam radiation on the titled surface of the PV model to the beam radiation 
on the horizontal surface must be known. This ratio is expressed as:  
  
                                                                    𝑅𝑏 =
𝑐𝑜𝑠
𝑐𝑜𝑠𝑧
                                            (3.8)  
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Additionally, accounting for the horizon brightening and the cloudiness of the sky in the HDKR 
model, the expression in (3.9) below is used.   
 
 
       𝑓 = √
𝐺𝑏
𝐺
                                                     (3.9)  
 
The last factor considered in HDKR model which defines the circumsolar diffused radiation is 
the anisotropy index (𝐴𝑖). This defines the atmospheric transmittance of the beam radiation 
and it is expressed in equation (4):  
 
                                                          𝐴𝑖 =  
𝐺𝑏
𝐺𝑜
            (3.91)  
 
Finally, the HDKR model calculates the global radiation on a PV array using the equation 
(3.92) expressed below:  
𝐺𝑇 = (𝐺𝑏 + 𝐺𝑑𝐴𝑖)𝑅𝑏 + 𝐺𝑑 (1 − 𝐴𝑖) (
1 + 𝑐𝑜𝑠
2
) [1 + 𝑓𝑠𝑖𝑛3 (

2
)] + 𝐺𝑔 (
1 − 𝑐𝑜𝑠
2
) 
                (3.92) 
where:   
 𝐺𝑇  = global radiation incident on the PV array   
     = slope [ ]   
 
𝑔 
= ground reflectance [%]  
 
Thus, equation (3.92) incorporates all the three diffuse radiation factors, the ratio of beam 
radiation on the tilted surface to the beam radiation on the horizontal surface (𝑅𝑏), horizon 
brightening factor (f) and the anisotropy index (Ai). The three types of diffusion that 
encomposes solar radiation can be seen in Figure 14. (HOMER, 2017).   
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Figure 14. Irradiation Components- HDKR model. (Souheil et.al. 2014).  
 
Figure 14 illustrates a schematic diagram of solar radiation on a tilted PV module with ground 
reflection, isotropic and circumsolar diffusion. 
 
5.4  HOMER parameters 
5.4.1 PV Parameter 
 
The dialogue box under Photovoltaic allows for the computation of cost, performance 
characteristics and orientation of the array of the PV module. A monocrystalline silicon flat 
PV module type was selected from the Photovoltaic Library. In this study, the Capital, 
Replacement cost per kilowatt and the O&M cost of the PV system incorporates the PV panels, 
mounting of the hardware, wiring and installation.   
 
The table 3 below, shows the PV window with cost and properties of the PV system. A flat PV 
panel was chosen for this study with a panel slope of 5,61degrees, a panel azimuth of 0 degree 
(West of South) and ground reflectance of 20%. In addition, the table 3 exhibits the PV system 
specifications, which includes Nominal Operating Cell Temperature, Efficiency and 
temperature co-efficient of power. 
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Table 3. Photovoltaic input 
Monocrystalline silicon flat PV module 
Capital Cost (€) 3000 
Replacement Cost (€) 3000 
O&M Cost (€/year) 100 
Derating factor (%) 80 
Lifetime span (years) 25 
Ground Reflectance (%) 20 
Temperature effects on power (%/ 𝑪) -0,500 
Nominal operating cell Temperature ( 𝑪) 47,00 
Efficiency at standard test conditions (%) 13,00 
  
Table 3 illustrates the parameters considered by HOMER in modelling the hybrid system to 
optimize the power system for the cell sites. Mathematically, the number of solar panels that 
would be deployed in each cell site can be calculated as follows:  
  
                                           Number of panels =  
capacity installed
output power of solar panel
       (4) 
 
Additionally, the total area coverage of the installation of the solar panel can be mathematically 
calculated as:  
 
                                         Total Area = Number of panels lengthbreath   (5)  
 
Therefore, the number of panels and the land area required to deploy a hybrid system for each 
cell site can be deduced with equation (4) and (5) respectively.   
5.4.2 Temperature Parameter 
 
The temperature dialogue box allows for the computations of the ambient temperature of the 
selected cell sites for the whole year. HOMER uses the effect of ambient temperatures to 
calculate the power output of the PV array in each time step.  HOMER uses, Duffie and 
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Beckman (1991) energy balance equation to describe and calculate the cell temperature and 
the radiation striking the PV array. (HOMER, 2017). 
 
                                        𝐺𝑇 =  𝑐𝐺𝑇 + 𝑈𝐿(𝑇𝑐 − 𝑇)    (6) 
 where:  
  = solar transmittance of the cover over the PV array [%]  
  = solar absorptance of the PV array [%]  
 𝐺𝑇 = solar radiation striking the PV array [𝑘𝑊/𝑚
2]  
 
𝑐
= electrical conversion efficiency of the PV array [%]  
 𝑈𝐿 = co − efficient of heat transfer to the surroundings [kW/𝑚
2 C]  
 𝑇𝑐 = PV cell temperature[ C] 
 𝑇 =  ambient temperature [ C]  
 
Importantly, equation (9), illustrates energy balance considering solar energy absorbed unto 
the PV array, the electrical output and the heat transfer to the surroundings. However, this is 
resolved for the cell temperature yield in equation (4.1).   
 
                                                     𝑇𝑐 = 𝑇 + 𝐺𝑇 (

𝑈𝐿
) (1 −

𝑐

)                                     (6.1)   
 
Remarkably, at an ambient temperature of 20C, and an incident radiation of 0.8 𝑘𝑊/𝑚2 , 
manufacturers describe cell temperature as nominal operating cell temperature (NOCT) at no 
load operation (
𝑐
= 0). This is because it is difficult to define the value for (

𝑈𝐿
) , thus 
equation (4.1) can be re-written as:  
 
                                                                

𝑈𝐿
=
𝑇𝑐,𝑁𝑂𝐶𝑇 − 𝑇,𝑁𝑂𝐶𝑇
𝐺𝑇,𝑁𝑂𝐶𝑇
                                               (6.2) 
 
where:  
 
 𝑇𝑐,𝑁𝑂𝐶𝑇 = Nominal Operating Cell Temperature [ 𝐶] 
 𝑇,𝑁𝑂𝐶𝑇 = Ambient temperature at NOCT @ [20 𝐶]   
 𝐺𝑇,𝑁𝑂𝐶𝑇 = solar radiation at NOCT defined [0.8 𝑘𝑊/𝑚
2] 
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Mathematically, if (

𝑈𝐿
) is assumed constant then substituting equation (4.1) into (4.2) can be 
revised as: 
                                                                                              
                                          𝑇𝑐 = 𝑇 +  𝐺𝑇 (
𝑇𝑐,𝑁𝑂𝐶𝑇−𝑇,𝑁𝑂𝐶𝑇
𝐺𝑇,𝑁𝑂𝐶𝑇
) (1 −
𝑐

)                                         (6.3) 
 
However, HOMER considers Duffie and Beckman (1991) assumption in estimating the 
quantity  = 0.9. Thus, HOMER assumes the PV arrays cell efficiency is equal to the 
maximum power point when it is controlled by a tracker. This is expressed in equation (4.3.1).   
 
     
𝑐
=  
𝑚𝑝
                             (6.3.1) 
 
where: 
 
  
𝑚𝑝
= Efficiency of PV array at maximum power point [%] 
Therefore, substituting 
𝑐
 with 
𝑚𝑝
 equation (4.3) can be revised as  
 
                            𝑇𝑐 = 𝑇 +  𝐺𝑇 (
𝑇𝑐,𝑁𝑂𝐶𝑇−𝑇,𝑁𝑂𝐶𝑇
𝐺𝑇,𝑁𝑂𝐶𝑇
) (1 −
𝑚𝑝

)                             (6.3.2) 
    
The maximum power point (
𝑚𝑝
) is dependent on the cell temperature (𝑇𝑐), thus HOMER 
assumes a linear relation between the efficiency and temperature. This linear variation is 
expressed in equation (4.3.3). (HOMER, 2017).   
      
                      
𝑚𝑝
 =  
𝑚𝑝,𝑆𝑇𝐶
[1 + 𝑃(𝑇𝐶 − 𝑇𝐶,𝑆𝑇𝐶)]                                            (6.3.3)                                                                      
 
 
where:  
 
𝑚𝑝,𝑆𝑇𝐶
 = maximum power point efficiency at standard test conditions [%]  
     𝑃   = temperature co-efficient of power [%/ 𝐶]  
 𝑇𝐶,𝑆𝑇𝐶  = Cell temperature at standard test conditions [25 𝐶]  
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Generally, the temperature co-efficient of power is negated, implying that the efficiency of the 
PV array is inversely proportional to cell temperature. Thus, as the efficiency of the PV array 
increases, the cell temperature decreases.  Therefore, substituting equation (4.3.3) into (4.3.2), 
the cell temperature yields equation (4.3.4) below which is expressed in Kelvin.   
 
                             𝑇𝑐 =  
  𝑇+ (𝑇𝑐,𝑁𝑂𝐶𝑇−𝑇,𝑁𝑂𝐶𝑇)(
𝐺𝑇
𝐺𝑇,𝑁𝑂𝐶𝑇
)(1−
𝑚𝑝,𝑆𝑇𝐶(1−   𝑃 𝑇𝐶,𝑆𝑇𝐶

) 
 1+ (𝑇𝑐,𝑁𝑂𝐶𝑇 − 𝑇,𝑁𝑂𝐶𝑇 )(
𝐺𝑇
𝐺𝑇,𝑁𝑂𝐶𝑇
)(
   𝑃𝑚𝑝,𝑆𝑇𝐶

) 
          (6.3.4) 
 
Notably, HOMER computes in each time step for the cell temperature using equation (4.3.4), 
above.   Conclusively, HOMER calculates the power output of PV array with the expression 
in equation (4.35):   
 
                              𝑃𝑃𝑉 =  𝑌𝑃𝑉𝑓𝑃𝑉 (
𝐺𝑇
𝐺𝑇,𝑆𝑇𝐶
) [1 −    𝑃(𝑇𝑐 − 𝑇𝐶,𝑆𝑇𝐶)]                              (6.3.5) 
 where:  
 𝑃𝑃𝑉 = PV array power output [kW]    
 𝑌𝑃𝑉 = PV power output at STC [kW]  
 𝑓𝑃𝑉 = PV derating factor [%] 
 𝐺𝑇 = solar radiation incident on PV array [𝑘𝑊/𝑚
2]  
 𝐺𝑇,𝑆𝑇𝐶 = Incident radiation at STC [𝑘𝑊/𝑚
2]  
 𝑇𝑐  = PV cell temperature [ 𝐶]    
           𝑃 = Temperature co-efficient of power [%/ 𝐶]    
 𝑇𝐶,𝑆𝑇𝐶 = PV cell temperature at STC [25 𝐶]    
 
Thus, the table 4 defines the temperature effects at ambient temperature of the PV module 
considered by HOMER software in the optimization model. 
 
Table 4. Temperature Resource on PV Module 
Temperature effects on power (%/ 𝐶) -0.500 
Nominal operating cell Temperature ( 𝐶) 47.00 
Efficiency at standard test conditions (%) 13.00 
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5.4.3 Battery Parameter  
 
HOMER battery input menu allows the modeller to the select an appropriate battery from the 
range of batteries provided in the Library. In this model, a 1 kWh generic lead acid storage 
with a 12V string size was chosen. The initial state of charge was 100 % with a minimum state 
of charge (SOC) of 40%. Additionally, the maximum float lifetime of the lead acid storage 
battery was 10 years and a minimum of 5 years. Thus, HOMER models a battery system that 
can withstand the load for a considerable number of hours when there is failure in the primary 
source of electricity supply. The table 5 and 6 below account for the cost and the physical 
properties of the 1kWh generic lead acid storage battery respectively. (HOMER, 2017). 
 
Table 5. Cost estimate for lead acid battery 
Quantity Capital cost (€) Replacement Cost (€)   O&M (€) 
1 200 200   10 
 
Table 5 illustrates the cost estimates of the lead acid battery used in the model.   
 
Table 6. Physical Properties of Lead Acid Battery 
Physical Specification of 1kWh Lead Acid Battery 
Nominal Voltage 12V 
Maximum Capacity 83,4 Ah 
Initial State of Charge (SOC) 100 % 
Minimum State of Charge 40% 
Maximum storage life 10 years 
Minimum storage life 5 years 
Capacity Ratio 0,403 
Rate Constant 0,827 (1/hr) 
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Roundtrip efficiency 80% 
Maximum Charge Rate 1 (A/Ah) 
Maximum Charge Current 16,7 A 
Maximum Discharge Current  24,3 A 
Throughput  800 (kWh) 
 
5.4.4 Converter/Inverter Parameter  
 
Converter plays a vital role in the model or design of the power system set up. A converter 
contains both an inverter and rectifier. The rectifier transforms the alternating current (AC) 
from the power source such as the grid and the diesel generator into a required amount of direct 
current (DC) to power the telecom electronic equipment. On the other hand, the inverter 
converts the direct current produced from the renewable source such as the Photovoltaic (PV) 
array into alternating current (AC). Figure 15 illustrates the converter parameters computed 
into the HOMER software. Additionally, the converter facilitates the storing of energy into the 
lead acid battery. The capital and replacement cost considered for 1kWh system converter was 
€200 euros. (HOMER, 2017). 
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Figure 15. Input parameter for the converter 
 
Moreover, rectifier parameters considered in the modelling have an efficiency of 95% with a 
relative capacity of 100%. Furthermore, the converter input integrated into the model also has 
an efficiency of 95% with a lifetime of 15 years. (HOMER, 2017).  
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6 CASE STUDY (HYBRID SYSTEM) 
 
The HOMER software was deployed to design an optimum energy system with minimal 
emission and levelized cost of electricity for the selected cell sites. The selected cell sites are 
Achimota_1, Taifa_2, High Street, and Tetteh Quarshie. A Hybrid system is the deployment 
of renewable energy system and the integration of a conventional system to meet the load 
demand of the cell sites. The system deployed for this project is a mixture of the grid, 
photovoltaic, storage batteries and diesel generation. Thus, knowing the electricity 
consumption and the demand for each cell site, a load profile was modelled. Table 7 represents 
the daily energy consumption and the cell site type in terms of structure.    
 
Table 7. Daily Commercial Energy Consumption of the selected cell sites 
Cell Site ID: Site name 
Commercial Energy 
Consumption 
(kWh/d) 
Cell Site 
Structural Type 
GR 600134 Achimota_1 161.48 Outdoor 
GR 600969 Taifa_2 159.51 Outdoor 
GR 600128 High Street 112.47 Indoor 
GR 600053 Tetteh Quarshie 269.44 Indoor 
 
Table 7 indicates Achimota_1 and Taifa_2 are outdoor cell sites. The telecom equipment is not 
sheltered. The other two cell sites, High Street and Tetteh Quarshie are indoor, implying that 
the telecom equipment is sheltered with an air conditioning unit. (See Appendix II for typical 
outdoor and indoor cell site structure). 
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6.1 HOMER Simulation and Analysis 
6.1.1 Optimization 
 
The HOMER software simulates a spectrum of feasible configurations and evaluates which 
system configuration is optimum in terms of net present cost (sometimes referred to as lifecycle 
cost). Additionally, the model input describes the resource available, the technology deployed 
and component costs. HOMER simulated results are demonstrated graphically and tabulated 
with a range of feasible system configurations. This allows for comparison and evaluation 
between the configured system and other design alternatives economically and on the basis of 
technical capabilities. Essentially, HOMER eliminates unworkable configurations that cannot 
adequately meet the required load. This is as a result of constraints specified in the system 
configuration or availability of resources (see section 6.1.3). 
 
6.1.2 Sensitivity Analysis 
 
Importantly, HOMER performs sensitivity analysis by repeating the optimization processes 
based on defining the sensitivity parameters input. In this project, photovoltaic capital cost 
multiplier of 2 was introduced to ascertain the level of renewable penetration into the system.  
Additionally, sensitivity analysis was introduced based on the diesel fuel price which was fixed 
between 1 and 2 (€/L). Another sensitivity variable that was integrated into the system was the 
nominal discount rate, which was pecked between 8% and 10%. The project total cost was 
appropriated for a life span of 25 years. Lastly, random power outages throughout the week 
were infused into the system because of unreliable grid power supply within the study area.   
 
6.1.3 HOMER Simulation Constraints Input 
 
The constraints data computed into the HOMER software allow for no capacity shortage, thus 
a 10% of the hourly load was set as operation reserve. Moreover, the operating reserve of the 
renewable energy (solar) power output was 20%. Operating reserve serves as a safe limit and 
a surplus operating capacity that ensures reliability of electricity supply. This helps to meet 
abrupt increase or decrease in load supply despite variations in the solar and electric power 
supply. 
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Table 8. Simulation Constraints 
Maximum annual capacity shortage 0% 
Minimum renewable fraction 0% 
Operating reserve as percentage of hourly load 10% 
Operating reserve as percentage of annual peak load 0% 
Operating reserve as percentage of solar power output 20% 
 
6.2 Achimota_1 Simulation Results 
 
The hybrid system modelled for Achimota_1 cell site comprises of functional units such as 
power production (grid/DG/PV), storage (battery) and energy consumption (Telecom 
equipment). Figure 16 depicts the hybrid system modelled for Achimota_1 cell site. Thus, 
knowing the average energy load consumption of 161,48 kWh/d, as represented in table 7, the 
hybrid energy system design in Figure 16 illustrates the connectivity between the components 
with the converter playing a vital role to enhance effective energy storage. 
 
Figure 16. Hybrid System model for Achimota_1 cell site 
Notably, the PV and the storage battery supply DC current to the load through the DC busbar 
as shown in the schematic diagram. Furthermore, the grid and the DG supply AC current to the 
telecom load via the AC busbar. HOMER calculates the time steps of the input data in 8760 
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hours for annual consumption and 60 minutes for daily energy consumption. With the 
parameters computed into the system configuration, the HOMER software reported 36 826 
feasible solutions were simulated.  
 
6.2.1 Achimota_1 Load Profile 
 
The load profile of Achimota_1 cell site is graphically presented below in figure 17. This 
illustrates the load curve with peak demand of 23,19 kW as shown in figure 16. The peak hours 
reveal the working hours when daily businesses are transacted leading to increase in traffic 
signals on the network. 
 
 
Figure 17. Load profile of Achimota_1 cell site  
 
Figure 17 shows the monthly load profile distribution for the whole year. The undulating nature 
of the load profiles exhibits the seasonal changes experienced monthly and drop in mobile 
calls.  
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6.2.2 Achimota_1 Optimization Results   
 
The HOMER software aggregates all feasible configurations from the lowest net present cost 
to the highest. Three different scenarios were selected from table 9 and analysed below.  
 
Scenario A (PV/Grid/Battery)  
 
The optimization results for this scenario indicated a 20 kW PV array and 100 pieces of storage 
batteries, the Net Present Cost (NPC) €270,677 and COE €0.425 with a renewable penetration 
fraction of 41.4%. The initial capital cost was €147,816 with an operating cost of €11,356 at 
nominal discount rate of 10 %. This scenario resulted in an emission of 21 804 CO2 (kg/yr). 
The annual throughput of the battery was computed to around 6,411 (kWh/yr) with an 
autonomy of 8.5 hrs. The battery throughput defines the total amount of energy stored and 
discharged over its lifetime while autonomy describes the duration with which the battery 
supports the critical load when there is power outage from the primary source.   
 
Scenario B (PV/Grid/DG/ Battery)  
 
Considering scenario B implies a 10 kW PV array with 33 pieces of storage batteries with a 
25-kW diesel generator system configuration set up is established. The diesel fuel price for this 
scenario is pivoted at 1€/L. A net present cost of € 276 696 and COE € 0.434 with a renewable 
penetration fraction of 21.5% was attained. Additionally, an initial capital cost of € 124 778 
with total fuel consumption of 2,413 (L/yr). The annual throughput of the storage batteries is 
3,909 (kWh/yr) with an autonomy of 3 hrs. The CO2 emission recorded for this scenario is 
31,175 (kg/yr).   
 
Scenario C (Grid/DG/Battery)   
 
This system configuration is the existing setup for the cell site. With a diesel generator capacity 
of 25-kW and 41 pieces of storage batteries. In this scenario there is no renewable energy 
penetration and the NPC is €276 605. The operation cost is around €15 777 with an initial cost 
of € 105 906. The storage battery throughput is 3 909 (kWh/yr) with an autonomy of 3 hrs.  
 
   54 
Table 9 shows the optimization results for Achimota_1 cell site with all feasible system 
configurations for the cell site.  
 
 Table 9.Optimization result of Achimota_1 
 
 
Notably, in scenario C the carbon dioxide emission recorded was 39 833 kg/yr. Thus, there is 
about 55% reduction in CO2 emission if scenario C is compared to the selected optimization 
hybrid scenario (PV/Grid/Battery).  
  
6.2.3 Achimota-1 Load Characteristics  
 
In figure 18 the upper picture demonstrates the AC load consumption for the system configured 
with the renewable energy penetration. The lower electrical pulses in Figure 18 represents lead 
acid power charge for the system configured for the whole year. 
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Figure 18. Achimota_1 load Characteristics  
 
The penetration of the renewable clearly indicates that solar can be harvested throughout the 
year and can sustainably support the cell sites anytime there is power outage from the utility 
grid.  
6.2.4 Achimota¬_1 Cost Summary   
 
The chart below summarizes the net present cost by component introduced in the system 
configuration. Figure 19 constitutes the cost of components for powering Achiomota_1 cell 
site, with the solar PV recording the highest cost. This is due to the initial cost of the panel and 
other miscellaneous costs such as installation.  
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Figure 19. Component Costs for Achimota_1  
 
The lead acid battery records the second highest cost for the components deployed for the 
hybrid system. The lead acid batteries play an essential role in terms of storage. With the 
knowledge that telecom equipment requires much power, mobile network operators purchase 
power from the grid providers to operate their services. 
 
 
Figure 20. Hybrid System Project lifetime cost 
 
Figure 19 depicts the components costs for hybrid system configuration with the PV system 
having the highest net present cost of about €47 000. Moreover, the figure 20, represents the 
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selected hybrid configuration system. Eventually, at the end of the project lifetime a salvage of 
almost €12 000 is expected.  
 
Economics Comparison  
 
Figure 21 represents the economic comparison of the existing system (base case) to the 
proposed hybrid system configuration. It can be deduced that for the proposed hybrid design, 
a LCOE of 0,426 € would be achieved with a net present cost of 271,60 €.  
 
 
Figure 21. Economic comparison between the base case and the proposed model 
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The hybrid system initial capital was estimated around 151 274 € while the base case was 105 
770 €. However, an internal rate of return of 9% with a payback time estimated at 8 years in 
comparison to the base case is attainable 
6.2.5 Achimota_1 Sensitivity Analysis  
 
Figure 22 represents the level of dominance and consumption of each component, based on the 
scenario selected (see section 6.2.2). Based on the sensitivity variable computed into the 
system, that is, nominal discount was fixed between 8% and 10%, an incremental capital cost 
of PV with a factor of 1 and 2. It can be deduced from figure 22 that in scenario C; 
(Gen/1kWhLA/Grid) the diesel generator is dominant. 
 
 
Figure 22. Graphical optimal system plot for Achimota_1 
 
On the other hand, for scenario B (Gen/PV/1kWh LA/Grid) the diesel generation consumption 
has diminished. Lastly, the Scenario A (PV/1kWh LA/Grid) demonstrates the level of 
penetration of the renewable into the system.  
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6.3 Taifa_2 Simulation Results 
 
The simulation executed for Taifa_2 cell site with a geographical location of 5 39,2 58  N, 
0 15 8 W. The daily energy consumption monitored and recorded for Taifa_2 is around 
159,51 kWh/day. The schematic diagram in Figure 23 shows the peak demand for Taifa_2 base 
station is approximately 22,90kW. Additionally, the same resources were deployed with 
nominal discount sensitivity variable ranged between 8% to 10%. Another sensitivity variable 
integrated into the system configuration is the fuel diesel price fixed between 1 and 2 €/L. 
Lastly, sensitivity analysis was executed, and the cost of the PV module deployed for the 
proposed hybrid system with a multiplier scale value of 2, which corresponds effectively to the 
initial capital cost of PV. 
 
 
Figure 23. Schematic diagram for Taifa_2 Cell site 
 
The hybrid model includes PV generation and battery backup to augment operation during grid 
outages. Notably, one of the sensitivity parameters integrated into the system configuration 
was selection of random grid outages. 
 
6.3.1 Taifa_2 Optimization results 
 
Three different system configurations were considered for simulation. The HOMER software 
simulated results for all the three different system configurations. The simulation comprises of 
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cost and sizing, which allows for comparison of all three feasible configurations. The table 11 
below shows the optimization results. 
 
Table 10. Optimization result for Taifa_2 
 
 
Scenario A (PV/Grid/Battery) 
 
It can be deduced from this scenario that with a 20 kW PV array, the battery’s annual 
throughput was 10,429(kWh/yr) with an autonomy of 10 hrs. Thus, the renewable penetration 
amounted to 40.2 %.  The NPC was €225,210, COE at €0.229 at nominal discount of 8% for 
diesel fuel price of 1.00€/L. The total annual production of electricity was 28,384kWh/yr.  
 
Scenario B (PV/Grid/DG/Battery) 
  
In scenario B, where PV is integrated into the existing operating system, for 10kW array, the 
annual production of electricity of the PV was 14,192 kWh/yr. This resulted in about 21% 
renewable penetration. The battery throughput was 2,735 kWh/yr for an autonomy of 2 hrs. 
Seemingly, the NPC for this system configuration was €243,585 and the COE €0,324. For a 
diesel fuel price of 1,00 €/L at nominal discount of 8% the total fuel usage recorded for this 
system operation was 4,014L/yr.  
 
Scenario C (Grid/DG/Battery)   
 
This existing system configuration exhibits a NPC cost of €234,531 and COE €0.312. With the 
same conditions, total fuel consumption was 4,824L/yr.  
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6.3.2 Taifa_2 Load Characteristics   
 
Figure 24 shows the load characteristics of the cell site with the highest clearness index of 
0,561 in the month of November. The upper electrical pulses represent the AC load 
consumption with the renewable energy penetration in the system. It can be observed that the 
electrical pulses in the middle of Figure 24 below indicates the lead acid battery charge rate in 
the hybrid system configuration. From the simulation it can be deduced that a 40% renewable 
fraction was observed with the integration of the PV into the hybrid system. 
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Figure 24. Taifa_2 Load Characteristics 
 
The bar chart in the figure 24 above indicates the monthly electricity production for both PV 
and the grid. Also, it can be observed throughout the year that a reasonable amount of electricity 
from the PV helped power the system. This can be estimated as nearly half of the production 
of electricity is coming from the PV.   
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6.3.3 Taifa_2 Economics Comparison   
 
Figure 25 below exhibits the life cycle cost of the hybrid system project for 25 years. The 
picture illustrates cash flow which includes the capital, operating, replacement and the salvage 
at the end of the project lifetime. 
 
 
Figure 25. LCC of the hybrid system project for 25 years  
 
The high capital cost can be attributed to the initial cost involved in purchasing, mounting and 
installing of the PV’s, but eventually at the end of the project life the ultimate aim is achieved. 
Figure 26 represents the net present cost of each individual component with miscellaneous cost 
during the project lifetime for the hybrid system. 
 
 
Figure 26. Project life cost for Taifa_2   
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The lead acid battery shows the highest cost in Figure 26 which implies for the renewable 
penetration potential to be achieved batteries have to play an important role in term of storage.  
 
6.3.4 Taifa_2 Emissions  
 
Table 12 presents the emissions emanated from the three feasible system configurations. It can 
be deduced that the hybrid system (PV/Grid/Battery) which is scenario A has the lowest carbon 
dioxide emissions with 21,985 kg/yr.  
 
Table 11. Emissions from the three different scenarios for Taifa_2 
 
 
 
Quantity 
PV/Grid/Battery 
Scenario A 
PV/Grid/DG/Battery 
Scenario B 
Grid/DG/Battery  
Scenario C 
 
Emissions (kg/yr) 
Carbon Dioxide 21 985 32 819 41 302 
Carbon Monoxide 0 66,2 79,6 
Unburned 
Hydrocarbons 
0 2,89 3,47 
Particulate Matter 0 0,401 0,482 
Sulfur Dioxide 95,3 122 155 
Nitrogen Oxides 46,6 110 136 
 
On the other hand, the existing configuration has the highest emission of carbon dioxide with 
41 302 kg/yr. Thus, scenario A (PV/Grid/Battery) will reduce carbon dioxide emissions by a 
factor of 2 when compared with the existing system setup scenario C (PV/Grid/DG/Battery). 
Moreover, there is no emission of particulate matter and carbon monoxide for the scenario A 
as compared to the other two scenarios, that is PV/Grid/DG/Battery (scenario B) and scenario 
C. 
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6.4 High Street Cell Site Simulation Results 
 
The hybrid system configuration modelled for the High Street Cell Site which is located at the 
John Evans Atta Mills High Street recorded a daily energy consumption around 112,47 kWh/d. 
Moreover, the peak demand is approximately 17 kW. The geographical coordinates are 5 32,5 
58  N, 0 12,4 8 W. The figure 26 below shows the schematic diagram of the system setup 
for High Street Cell site.  
 
 
Figure 27. Schematic diagram of High Street Cell Site 
 
The feasible configuration considered for this simulation also incorporated sensitivity analysis 
as random power outages selection. Notably, all sensitivity variables considered for the 
previous simulations applied. Table 13 shows the optimization results simulated for the High 
Street Cell site. With the hybrid system configuration (PV/Grid/Battery) selected, the NPC was 
€166 215 and the COE €0,313.  
 
Table 12. Optimization Results for High Street Cell Site  
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Additionally, the renewable fraction penetration was 53,2% with rated PV capacity of 20 kW. 
The PV annual electricity production was 28 105 kWh/yr with a capacity factor of 16%. The 
battery storage throughput was 5 757 kWh/yr with an autonomy of 8 hrs. Figure 28 shows the 
monthly PV electric production for the whole year.  
 
 
Figure 28. Monthly Electricity Production for Grid/PV 
 
For the hybrid system configuration (PV/Grid/Battery), the carbon dioxide emission was  
12 142 kg/yr, with an operating cost of 5 757 €. In comparison with the existing operating 
system, the NPC was 180 444 € with a COE 0,340 €. The carbon dioxide emission for the 
existing system was 29 145 kg/yr. Additionally, the operating cost of the proposed  system was 
around 5 757 € compared to 12 339 € of the existing system.  
 
6.4.1 High Street Load Characteristics 
 
Figure 29 represents the hybrid system load characteristics for High Street cell site. The upper 
picture shows the renewable penetration pulses into the system and the bottom picture shows 
the rate of battery charge for the whole year. Recapitulating the simulated results, the renewable 
penetration into the system was 53,2% and this is graphically displayed in the top electrical 
pulses in Figure 29. Additionally, the lead acid battery state of power charged is exhibited in 
the bottom of Figure 29 in electrical pulses.  
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Figure 29. High Street Load Characteristics 
  
6.4.2 High Street Economics Comparison   
 
The figure 30 represents the cost of individual components deployed in the project lifetime for 
High Street cell site with the PV having the highest cost, followed by the lead acid battery.   
 
 
Figure 30. High Street Load Characteristics 
The purchased power from the grid is the third highest cost with the converter as the least.  
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Figure 31 shows the summary of the cash flow during the project lifetime, which comprises of 
the initial capital, operating cost, replacement cost where necessary and the return of 
investment.  
 
 
Figure 31. Cash flow summary for the project  
The main factor leading to high capital cost can be attributed to initial cost of PV systems and 
other components such as the lead acid batteries.    
 
 
Figure 32. Cumulative cash flow summary for the project 
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Figure 32 above represents the cash flow throughout the entire project life span with a salvage 
of about €16 000. This implies that as the years goes by, there is no need for major maintenance 
and operation cost on the PV system. Therefore, no extra cost would be incurred and no cost 
of diesel fuel as the DG is eliminated from the hybrid system. 
 
6.4.3 High Street Emissions 
 
The table 14 represents emissions for the three system configurations considered for High 
Street cell sites. It can be observed that the proposed hybrid model has the least CO2 emissions 
when compared with the existing operating system. 
 
Table 13. Emissions from the three different scenarios for High Street 
 
 
 
Quantity 
PV/Grid/Battery 
Scenario A 
PV/Grid/DG/Battery 
Scenario B 
Grid/DG/Battery 
Scenario C 
 
Value (kg/yr) 
Carbon Dioxide 12,142 20,139 29,145 
Carbon Monoxide 0 34.5 54.5 
Unburned Hydrocarbons 0 1.50 2.38 
Particulate Matter 0 0.209 0.330 
Sulfur Dioxide 52.6 77 110 
Nitrogen Oxides 25.7 63.5 94.6 
 
In general, the proposed system has the least emissions in comparison of emissions in totality 
to the other two scenarios.  
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6.5 Tetteh Quarshie Simulation Results 
 
The simulation results comprise of the three different scenarios considered for the other three 
cell sites.  The geographical coordinates of where Tetteh Quarshie cell site is located is 5 37,4  
N, 0 10,6  W. The schematic diagram in figure 33 depicts the daily energy consumption of 
269,44 kWh/d with a peak demand of 38,69 kW.   
 
 
Figure 33. Schematic diagram for Tetteh Quarshie 
 
Sensitivity variables computed into HOMER software for the last cell site simulation 
considered were the same deployed for the other three cell sites. With nominal discount still 
fixed between 8 and 10 % and the diesel fuel price between 1 and 2 €/L.  
 
6.5.1 Tetteh Quarshie Simulation Results 
 
Table 15 highlights the simulation results for Tetteh Quarshie cell site. The three probable 
system configurations considered for the other three, were also the focus for Tetteh Quarshie 
cell site. optimization results in table 15, the NPC for the hybrid system that is PV/Grid/Battery, 
was €438,628 and COE €0,345. With a PV capacity of 20 kW, the renewable energy 
penetration into this proposed system was 17% with a total production of 25 590 kWh/yr. 
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Table 14. Optimization result for Tetteh Quarshie 
  
 
The battery storage capacity throughput was 24 985 kWh/yr with autonomy of 13 hrs. 
However, the initial capital for the hybrid system was €181 331 as compared to €64 235 for 
the existing system configuration. Observably, the carbon dioxide emission for the hybrid 
configuration was 51 573 kg/yr. Figure 34 depicts the PV power output for the whole year and 
the hours that it is optimally utilized in the system. Figure 34 shows that between the hours of 
6-18 ultimate energy is harvested by the PV array. These hours highlight the rising and setting 
of the sun in the country. 
 
 
Figure 34. PV Power Output display 
 
Thus, in comparison with the existing system that is Grid/DG/Battery, the NPC was €464 106 
with COE €0,365. The operating cost for the existing system was €30 932 as  compared to €19 
903 for the hybrid system. The total fuel consumption is 5070 L/yr and the carbon dioxide 
emission for the existing configuration is 68 785 kg/yr. Furthermore, the battery throughput for 
the existing system was 18 968 kWh/yr with an autonomy of 5 hrs. 
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6.5.2 Tetteh Quarshie Load Characteristics 
 
Figure 34 highlights the first quarter of the year load characteristics for Tetteh Quarshie cell 
site.  The upper electric pulses in Figure 34 exhibits the primary AC load and the share of 
renewable energy which was computed as 17% as digitized in table 15.  
 
 
Figure 35.Tetteh Quarshie first quarterly Load characteristics 
 
On the other hand, the middle figure depicts the lead acid battery state of charge and discharge 
power. Lastly, the bottom figure represents the fraction of PV/Grid monthly electricity 
production throughout the year. 
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6.5.3 Tetteh Quarshie Economics Comparison  
 
The figures 36-38 illustrate the project lifetime cost summary, which includes the capital, 
operating, replacement and the salvage. Figure 36 depicts the individual cost for each 
component incorporated into the hybrid system.  
 
 
Figure 36. Project lifetime cost for the hybrid System for Tetteh Quarshie 
 
The high capital cost can be linked to the cost and installation of the hybrid system especially 
the photovoltaic panels, its’ installation and acquisition of land as well as land tenancy 
agreement.  
 
Additionally, figure 37 represents the cash flow throughout the project lifetime, indicating the 
years that some of the components are replaced and the cost incurred. Invariably, storage plays 
a major role in the hybrid system. In this model the size and capacity of the lead acid batteries 
are large. Hence, the lead acid batteries have the highest component cost.  
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Figure 37. Individual Component Cost for the hybrid System 
 
Figure 38 graphically displays the lifecycle cost for Tetteh Quarshie cell site. This includes the 
capital cost, operating cost, replacement cost during the lifetime of the project. Even though 
the renewable fraction was observed to be only 17%, the return of investment in Tetteh 
Quarshie proposed hybrid configuration system is noteworthy. 
 
 
Figure 38. Lifecycle cost for Tetteh Quarshie 
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In much the same way the cash flow for the hybrid system is cumulatively represented in the 
in figure 37. Thus, in comparing to the cash flow of the hybrid system configuration to the 
existing system, it can be deduced that while at the end of the 25-year project lifetime the 
hybrid system operational cost declines, there is random rise and fall of operating cost and 
other expenditure associated to the base case that is PV/Grid/Battery system.  
 
 
Figure 39. Cash flow for Tetteh Quarshie hybrid system 
 
Therefore, from the cumulative cash flow above, it is obvious that by the end of the project’s 
lifetime, the salvage on the proposed hybrid system would be valuable.  
 
6.5.4 Tetteh Quarshie Emissions 
 
Table 14 depicts the emissions emanated from the three feasible system configurations. It can 
be deduced that the hybrid system (PV/Grid/Battery) has the lowest carbon dioxide emission 
with 51,573 kg/yr.  
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Table 15. Emissions from the three feasible system configurations for Tetteh Quarshie 
 
 
 
Quantity 
PV/Grid/Battery 
Scenario A 
PV/Grid/DG/Battery 
Scenario B 
Grid/DG/Battery 
Scenario C 
 
Value (kg/yr) 
Carbon Dioxide 51 573 55 666 68 785 
Carbon Monoxide 0 23,7 83,7 
Unburned Hydrocarbons 0 2,89 3,65 
Particulate Matter 0 0,401 0,507 
Sulfur Dioxide 224 217 273 
Nitrogen Oxides 109 124 196 
 
On the other hand, the existing configuration has the highest emission of carbon dioxide with 
68 785 kg/yr. Also, the hybrid system will reduce carbon dioxide emission by 17 212 kg/yr as 
compared to the existing system. Moreover, there is no emission of particulate matter and 
carbon monoxide for the hybrid system as compared to the other two scenarios.  
 
6.6 Limitation of the study 
 
The study area considered only Accra Metropolitan area. Thus, this could be a limitation when 
forecasting the deployment of PV system as the primary energy source for the entire network 
nationwide.  
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7 CONCLUSION 
 
The determination of telecommunication operators in developing countries such as Ghana to 
expand connectivity will depend on reliable and stable power supply to meet the demand. 
However, due to unreliable power supply from the national grid, subscribers experience 
inadequate quality of service. Additionally, the growing numbers of subscribers have led to 
traffic congestions, thus operators need to sort out a reliable power supply to expand their 
network. Reliance on diesel generators as a source of backup operating system to meet the 
telecom loads lead to environmental challenges. Therefore, introduction of renewable energy 
source such as solar energy will help avert these challenges.  
 
Essentially, this study proposed a hybrid optimization system configuration which comprises 
of solar PV, the utility grid, battery storage and converter/inverter. A recap of the main 
objectives of the proposed hybrid system was to envisage the techno-economic feasibility of 
the proposed model. This intrinsically was defined in the cost of electricity per kilowatt-hour 
and the emission reductions in comparison to the existing system.  
 
The HOMER software was used in the simulation progress to attain feasible and optimum 
system configuration for the four selected cell sites within the Accra metropolis.  
It was evaluated in the proposed hybrid system for Achimota_1 that the cost of energy was 
€0,425 with carbon dioxide emission of 21 804 kg/yr as compared to the existing operating 
system of €0,434 with carbon dioxide emission of 39 829 kg/yr. A reduction of about  
19 160 kg/yr of carbon dioxide. This resulted in a 44,5% of renewable fraction penetration into 
the proposed system.    
 
The simulation results of Taifa_2 deduced that with the proposed model the COE was €0,299 
with a renewable fraction penetration of 40,5%. The carbon dioxide emission was reduced to 
21 985 kg/yr as compared to the existing configuration of 41 302 kg/yr with COE €0,312.  
Thus, a reduction of 53,2% of carbon dioxide emission with the hybrid system. The High Street 
cell site simulation results iterated a COE of €0,313 for the hybrid system proposed with carbon 
dioxide emission of 12 142 kg/yr. Thus, in comparison with the existing operating system with 
a COE of €0,340, and carbon dioxide emission of 29 145 kg/yr. A 26,4% of renewable energy 
penetration was observed for the hybrid system. Lastly, the simulation results for the Tetteh 
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Quarshie cell site computed a COE of €0,345 with a renewable energy fraction of 17%. A 
reduction of 17,212 kg/yr of carbon dioxide emission was recorded in comparison to the 
existing system configuration. Notably, the COE of the existing system is €0,365. From the 
above analysis, it is crystal clear that the hybrid system will reduce the emissions generated by 
the existing system. Additionally, the hybrid system presents an affordable cost of energy as 
compared to the existing system configuration.  
 
It can be concluded that solar energy harvested can be integrated with the utility grid to meet 
the load demand of the telecom load. Analytically, the hybrid system can be deployed 
throughout the nation as the solar potential in the country is high. This will eventually enhance 
the quality of service by operators as well as provide sustainable energy to power the base 
stations. A highlight of the economic and carbon dioxide emission is tabulated below for the 
hybrid system. 
 
Table 16. Summary of Key Performance Index 
Cell Site Name Achimota_1 Taifa_2 High Street Tetteh Quarshie 
 PV/Grid/Battery 
NPC (€) 270 667 255 210 166 215 438 628 
COE (€) 0,425 0,299 0,313 0,345 
Initial Cost (€) 147 816 108 500 91 788 181 331 
Operating Cost 
(€) 
11 356 9 028 5 757 19 903 
Total Fuel(L/yr) - - - - 
CO2 Emissions 
(kg/yr) 
21 804 21 985 12 142 51 573 
Renewable 
Fraction (%) 
41,4 40,2 53,2 17 
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Retrospectively, the project work highlighted and defines the performance of the hybrid system 
based on the cost of energy and emissions. The Graphical representations in Figure 40-41 
illustrate the comparison of the selected hybrid system with the other scenarios based on 
economic performance and emission reduction.   
 
 
Figure 40: Comparison of COE 
 
 
Figure 41: CO2 Emissions comparison 
 
From the above analysis, it can be envisaged that the hybrid proposed model if deployed 
throughout all the cell sites in nation can lower emissions to about 56%. Within the sub-region, 
especially Nigeria, where in order to supply stable electricity to power cell sites is totally relied 
on diesel generators the hybrid system will reduce emission to about 85%.  
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SUMMARY 
 
The main insight and objective of this project work is to attain affordable cost of energy per 
kilowatt-hour and reduce emission reasonably when compared to the existing operational 
system. From another perspective, to promote green telecommunication such that operators 
will provide subscribers with good quality service as well as sustainably expand coverage and 
connectivity. In view of that, a higher percentage of renewable energy into the energy mix was 
integrated. The hybrid system deployed was to enhance sustainability, reliability and stability 
of electricity supply to meet the telecom load. The proposed hybrid system comprised of solar 
photovoltaic (PV), grid and a battery storage backup, (PV/Grid/Battery) with a converter 
conversion. The objective of the study is to reduce operational cost, emissions and cost of 
energy when compared with the existing system operation (Grid/DG/Battery).  
 
HOMER software was deployed in the simulation process, with sensitivity variables computed 
into the system to attain optimum results. The sensitivity variables were fixed between €1 and 
€2 for the price of diesel fuel. Another sensitivity variable was the nominal discount fixed 
between 8 and 10 %. Particularly, random power outages were permeated into the system from 
the utility grid.   
 
 Knowing the load consumption of selected cell sites, Achimota_1, Taifa_2, High Street and 
Tetteh Quarshie, the simulated results were compared with two different configurations: 
(PV/Grid/DG/Battery) and (PV/Grid/Battery). The simulation resulted in cost of energy for 
Achimota_1 was €0.425 with a renewable penetration of 41.4%. Taifa_2 optimum simulated 
results indicated COE €0.299 with 40.2% renewable fraction. The renewable share for High 
Street cell sites was 53.2 % and resulted in €0.313 cost of the energy. Lastly, the simulation for 
Tetteh Quarshie revealed that with 17% renewable energy penetration, the cost of energy for 
the hybrid system was €0.345. 
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Typical Cell Site in Ghana Diesel Generator 
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Rectifiers Ascom Plant containing Rectifiers 
Outdoor Cabinet Diesel Tank & Generator 
Indoor Cabinet & Battery Banks Indoor Shelter 
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APPENDIX III 
Tabulated simulation results of selected cell sites 
 
 
Cell Site 
Name 
 
 
Achimota_1 
 
 
Taifa_2 
 
 
High Street 
 
 
  Tetteh Quarshie 
System 
 
PV/Grid/ 
Battery 
 
Grid/DG/Battery 
 
PV/Grid/Battery 
Grid/DG/Battery PV/Grid/Battery Grid/DG/Battery PV/Grid/Battery Grid/DG/Battery 
NPC (€) 270 667 276 605 255 210 234 531 166 215 180 444 438 628 446 330 
COE (€) 0,425 0,434 0,299 0,312 0,313 0,340 0,345 0,365 
Initial 
Cost (€) 
147 816 105 906 108 500 27,558 91,788 20,932 181 331 64,235 
Operating 
Cost (€) 
11 356 15 777 9028 16 010 5 757 12 339 19 903 30 932 
   88 
Total Fuel 
(L/yr) 
- 2 809 - 4 824 - 3 302 - 5 070 
CO2 
Emission 
(kg/yr) 
21 804 39 833 21 985 41 302 12 142 29 145 51 573 68,785 
Renewable 
Fraction 
(%) 
41,4 - 40,2 - 53,2 - - 17 
 

