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Abstract 

A renewable energy and energy storage system is designed for a project of 20 upscale houses to be 

constructed in Accra, Ghana is the Swedish start-up company of AsaDuru. Renewable energy 

generation and storage methods are investigated and the suitable types of generation methods and 

the components which shall be used in these are decided. Detailed information about the target 

project site is attained through a visit funded by a Minor Field Studies scholarship, and a 

comprehensive economic analysis based on local conditions is made.   

It is found that a solar energy system using poly-crystalline modules, lithium-ion batteries and a 

generator back-up would be the most suitable system design for this project, and the only way to 

fulfill economic criteria. A renewable energy fraction of 98% is achieved at a cost level of 26 

740$/house, roughly 10% lower than the set upper limit of 30 000$. 
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Sammanfattning 

Ett system för skörd och lagring av förnybar energi för 20 exklusiva, projekterade hus i Accra, Ghana 

har planerats för det svenska start-up företaget AsaDuru. Metoder för att generera och lagra förnybar 

energi utreds och de lämpliga typer av generationsmetoder och komponenter som skall användas i 

dessa bestäms. Detaljerad information om Ghana samlads genom Minor Field Studies (MFS), och en 

omfattande ekonomisk analys för projektets genomförande gjordes.  

Resultaten visar att ett solenergisystem, med hjälp av poly-kristallina moduler, litiumjonbatterier 

och en back-up generator skulle vara det lämpligaste systemdesign för detta projekt, och det enda 

sättet att uppfylla dets ekonomiska kriterier. En fraktion på 98% förnybar energi uppnås vid 

kostnadsnivån 26 740$/hus, ungefär 10% lägre än den beslutade övre gränsen på 30 000 $.  
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1. Introduction 

Buildings account for 40% of the final global energy consumption and about one third of the overall 

CO2 emissions [1]. There would be obvious benefits of turning this industry into a sustainable one. 

Among others, the use of environmental friendly material from local sources, having a reasonable 

insulation and an efficient indoor energy system and finally using renewable energy resources for 

the energy consumption of the building are the most important measures to be taken to make a 

building project sustainable [1] [2].  

Among the areas to be concentrated on regarding this matter, the African continent comes probably 

in the first place. The population of the continent currently is counted around 1,2 billion whereas 
future forecast by UN(United Nations) predict a more than 100% increase to roughly 2,5 billion by 

2050 [3]. This is more than half of the total expected population raise worldwide and makes Africa 

the major growth area in the world. Besides the increase in its population, the rate of urban 

population has increased from 15% in 1960 to 40% in 2010, and it is expected to triple by the next 

50 years [4]. Construction of sustainable housing thus carries utmost importance in the 

circumstances.   

The Swedish start-up company AsaDuru is aiming to do just this with their construction project in 

Accra, Ghana. The company tries to combine five elements to achieve fully self-sufficient housing. 

These elements are namely rammed earth construction, wastewater treatment, rainwater 

harvesting, smart house systems and solar energy with energy storage. The key element, rammed 

earth construction, is a construction method where locally extracted earth is packed layer-by-layer 

in a formwork to create economical, aesthetically appealing walls. The material moreover has high 

thermal balancing capabilities thanks to its high thermal mass [5] and can offer low heat/cold 

penetration in locations where relatively high temperature fluctuations are present.  

The two technologies regarding water consumption; wastewater treatment and rainwater 

harvesting are done to achieve zero water consumption. Rainwater harvesting is an ancient 

technique for gathering and storing water from rainwater. A certain area, such as the roof of a house, 

is used as a catchment area and the water is then transported to a storage tank through canals or 

pipes [6]. This water can be brought to drinking quality by using certain roof materials and applying 

filtrations such as UV-light filtering [7]. The second water systems technology, wastewater treatment 

is also a relatively old technology. The wastewater from the houses are brought to large tanks where, 

by help of mechanical processes and by chemical techniques such as oxidation, the water can be re-

used for purposes such as flushing and watering fauna [7].  

The smart house technologies vary from using energy efficient lightning to automated shading 

systems and smart thermostats. These systems as well as thermal characteristics of rammed earth 

and its benefits/disadvantages are presented in another study simultaneously made at KTH  [8]. The 

study showed five technologies; namely smart thermostats, smart LEDs, door sensors, double pane 

windows and cooling panels to be cost-effective investments.  

The fifth element in achieving self-sustainable houses, renewable energy and energy storage systems, 

are investigated in this report. The scope of the work mostly is concentrated on the existing solutions 

in the market and their performance and cost-efficiency. Renewable energy and energy storage 

markets are both new and therefore many actors and technologies come into existence and vanish 
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before much is known about them. Keeping track of the market is thus a hard task. The systems also 

compose the highest costing part of the self-sufficiency system of the houses, and an in detail 

economic analysis is therefore necessary. In addition to this, the African population lacks availability 

of electricity highest among the world, where 60% of the urban population are energy poor and rely 

on sources such as wood, charcoal and kerosene or pay higher rates for the electricity that they are 

getting [4]. A study made on implementation of renewable energy systems with detailed economic 

analysis should therefore be useful for future projects in Ghana. 

For their first project, AsaDuru wants to construct 20 houses that are aimed for the upper middle 

class segment. Figure 1 presents an introductory modelling of the project area. The project’s main 

purpose is to show the possibility of paying the same cost as that of a luxury house, while also having 

nearly zero environmental impact with renewable energy and zero water consumption through the 

five elements listed afore. The project will hopefully be a showcase for other companies, and the 

lessons learned from this project will be used by AsaDuru later to carry the same concept to the 

poorer segments of the society. 

 

Figure 1 Preliminary rendering for the project 

1.1. Objective and Methodology 

The purpose of this thesis is to identify suitable components for a solar power generation and storage 

system for the microgrid of AsaDuru’s planned eco-community concept in Ghana. Details of a solar 

energy system and its components are shown so that AsaDuru, and in fact any other company or 

individual who are looking into constructing a solar energy system in this region can use the 

information as a basis. 

The first step in the process is to decide on components used in the system. Solar photovoltaic (PV) 

and energy storage systems (ESS) technologies are closely investigated and meetings held with 

company representatives around the globe. Rough designs are made through simulation software, 
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and discussed with these representatives. The companies are then qualitatively rated on several 

criteria and one product selected for detailed system analysis. 

The second step takes the components selected in the first step and simulates them in a microgrid 

using Hybrid Optimization of Multiple Energy Resources (HOMER) software. A parametric cost 

optimization is performed using a range of possible component sizes and system availability. To 

obtain a more detailed perspective, System Advisor Model (SAM) software is also used for certain 

aspects such as determining detailed losses and an orientation study. 

The three primary design goals for the system are to have 100% system availability, be 100% 

renewable, and have an investment cost of 30,000$ or less. The first two criteria can lead to 

unnecessarily large component sizes, and thus investment, therefore a diesel generator is also 

simulated in the microgrid to investigate options less than 100% renewable. Reliability is a primary 

concern in component selection since the system is expected to last 25 years. In addition, novelty of 

the products used in the system carries strategic importance. Making an entry to the market, AsaDuru 

wants to offer a combination of products that have not yet been seen by the public, and thus start off 

with a competitive edge. Conclusively, component selection will be influenced by reliability, lifetime 

and market position in addition to cost and availability. 

1.2. Scope and Limitations 

In this study the power generation method investigated is limited to solar PV and diesel generators 

as back-up. Other renewable energy generations are not investigated, for example wind-, biomass-, 

geothermal- and hydro-power. Geothermal and hydro-power systems are excluded due to local 

environment not supplying these resources. Biomass is excluded due to a local bio-fuel facility would 

not be appropriate in the circumstances. Wind is excluded due to local logistic constraints not 

allowing transportation of the larger system components. 

A second limitation is on the buildings energy loads, which are taken as given. These values are 

supplied from another study made simultaneously for the same project [8]. Hourly demand data for 

one house is used to generate curves for the community of 20 houses. Thus, a uniform size for all the 

houses is taken. In reality, there are likely to be several size houses, however this load curve is 

considered an appropriate average.  

Since the entire community is being developed by a single entity, the construction project can and 

shall be tailored such that no shading over the roofs of the houses would occur. Therefore, no shading 

on the PV systems is modelled.  

The final constraint is the novelty of the products used in the system. Due this reason, the research 

of products is strictly kept to newer companies and technologies. Thus, some bigger and more known 

brands, such as Tesla, which could be included in this study were excluded. 
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2. Background 

Ghana is West African country which gained its independence from Britain in 1957 and was first in 

doing so in sub-Saharan Africa. The country has a population of roughly 27 million. In 2007, oil was 

discovered in Ghana and its being exploited since December 2010 [9] [10]. The country had been in 

continuous economic growth since 1980s until in 2013 when this growth suddenly plummeted and 

the country applied to the International Monetary Fund(IMF) for a bailout [11]. However, Ghana is 

still a peaceful and developing country. Figure 2 shows the average gross domestic product levels in 

Ghana between 1950-2015.  

 

 

Although economic growth has been mostly positive since the 80s, the country still faces several 

issues in energy, environment, and housing. The ratio of available housing vs. population has been 

going down since 1960s [2]. A 2010 estimation presents around 2 million deficits in housing units. 

With increasing urbanization and population, this value is not to decrease unless very drastic actions 

are taken by the government. For the existing housing stock, 57,5% is estimated to use mainly cement 

blocks or concrete, and the ratio is even higher in central and southern regions, such as the capital 

Accra [12]. Ghana imports 20% of its 5 million tons of annual cement consumption [13] [14]. This 

gives good grounds to construct housing units using rammed earth. 

On the electrical front the country faces several issues as well. Ghana still does not have universal 

electricity access. In 2010, about 64,2% of the households are connected to the national grid while a 

small minority (less than 1%) used private generators [12] [15]. The country’s aim is to reach 

universal electricity access by 2020; a hard target to achieve [15]. If microgrids prove to be 

economically viable, they can play a crucial role in electrifying the remaining areas of Ghana.  

Electricity is mostly generated through hydropower, thanks to an abundance of the resource in the 

country’s Volta region. Currently 64% of electrical power is generated from hydro sources while the 

Figure 2 Average gross domestic product in Ghana between 1950-2015 
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rest is generated by thermal plants [16]. Being so dependent on rainfall has led to several power 

crises in times of draughts. Ghana also shares its hydro resources with its neighboring country 

Burkina Faso.  

The aging infrastructure, high rate of urbanization and the increase in middle class has also been 

causing severe problems. Ghanaians have been suffering from rolling blackouts, especially during the 

last years. This has gone to such an extent that the public had nicknamed their president “Dumsor”, 

which in Twi (most widely spoken language in Ghana) means “on-off” [17]. Moreover in 2015, the 
electricity and water prices went up by a staggering 59,2% and 67,2%, respectively [18] [19]. The 

rolling blackouts were at a peak then, where from an already 12 hour a day-scheduled blackout, 

people received electricity for 12 hours while not receiving it for 24 hours [20]. Wealthier people 

went around this problem by installing diesel generators, while the ones who could not had to simply 

live and work without electricity. This led to negative impacts such as the increase of greenhouse gas 

emissions and economic losses as the efficiency of the work-power declined due to lack of electricity.  

With the increases in 2015, Ghana has reached quite high levels of electricity prices.  The current 

electricity tariff can be seen in Table 1 below. 

Tariff Category Tariff Band  Rates in GHp Rates in US cents 
1st Tier 0-50 kWh 33,56 8,67 
2nd Tier 51-300 kWh 67,33 17,40 
3rd Tier 300-600 kWh 87,33 22,58 
4th Tier 600+ kWh 97,09 25,09 

Table 1 Residential electricity rates in Ghana [23] 

Ghana has a homogeneous electricity tariff throughout the land. The price of electricity is based on 

the amount consumed in a month. As can be seen in the table, the greater the consumption, the more 

would be paid per kWh. This pricing escalates through the different stages for every user, i.e. a user 

who consumes 1000 kWh during a month would pay (50*0.087) + (250*0.174) + (300*0.2258) + 

(400*0.2509) = 176,79 $/month. 

Electricity is relatively expensive in Ghana. For comparison, the electricity price in Sweden is about 

8 US cents per kWh [21], lower than the first tier of Ghana called the “life-line”, which is specifically 

tailored for those who lack electricity most (i.e. in rural areas). The national income level in Ghana is 

around 4 000$ compared to 47 000$ of Sweden [22].  

Tackling high energy costs and power shortages is not going to be easy for Ghana, but this gives good 

ground for introducing renewable energy to the country’s energy mix. The solar resource is abundant 

all over the country and its potential is estimated at 35 EJ (exajoules). That is about 100 times more 

than the country’s current power consumption [16]. Long term investments are however rather hard 

to evaluate as the inflation rate has been highly fluctuating in the final 20 years and makes the 

assessment of a valid discount rate rather tough. The rate has varied between a maximum of 63% in 

March 2001 and a minimum of 0,4% in May 1999 in the last 20 years. The level was 13,2% in January 

2017 where it has been at a continuous decline since January 2016, at which the rate was at roughly 

20%. The projected level at 2020 is a further decline to 9% [111].  Figure 3 shows the fluctuation of 

inflation rate between 1999-2017.  
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Figure 3 Inflation rate of Ghana between 1999-2017 [23] 

Nevertheless, the Energy Commission of Ghana has set a 10% renewable energy in national energy 

supply mix by 2020. Currently, a total of 3017 kWp grid-connected, 98 kW off-grid solar systems exist 

in Ghana [15]. A 155 MW solar PV plant is also being planned [16]. A solar resource map of Ghana is 

presented in Figure 4. 

 

Electricity accounts for 13% of the total energy consumption in the country. The energy supply in 

general consists of greenhouse gas emitting sources; biomass and oil. For households, the ratio of 

electricity compared to other fuels goes even lower. The shares of household fuels can be seen in 

Figure 5.  

Figure 4 Solar resource map of Ghana [139] 
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Ghanaians use biofuels, namely charcoal, as their primary energy source. This energy goes mostly to 

cooking, however this does not reflect the energy consumption regime of the houses which AsaDuru 

plans to build. As mentioned in the introduction section, the houses are primarily aimed for upper 

middle – high class, which exists to a good extent in Accra. These houses consume mainly electricity, 

use air conditioning for cooling purposes, and have considerably higher energy consumption.  

AsaDuru’s purpose with constructing houses for a higher income segment to begin with is to follow 

a top down approach. Meaning the company will first start with exclusive projects, giving high 

margins and thus room for errors. Thereafter, the company’s hopes are to be able to serve poorer 

segments of the society, assist in solving the housing crises and improve the energy mix using 

renewable energy sources. Thus, the analyses and the knowledge in this report are aimed to show 

the reader the components needed in an energy system in detail, and the aspects that are needed to 

be taken into account economically when implementing such a project by using this case as an 

example.  

2.1. Microgrids 

Microgrids can be explained as low voltage distribution systems with distributed energy resources 

and storage systems which feed flexible local loads [23]. They are in other words small-scale energy 

systems, which are supposed to be able to supply a demand in a relatively small area independent 

from a larger grid network. Microgrids can be connected to the grid but also should have the ability 

to work exclusively by themselves. This is also called the island mode, where there is no electricity 
received from the main grid and the microgrid is solely sustaining the load. This mode carries extra 

importance since it is crucial to be in island mode when there is a maintenance occurring in the grid, 

and there should be no electricity sent to it [24]. 

17,6

9,6

1,5

3,268,2

0,1

Shares of Household Fuels

Charcoal Electricity Kerosene

LPG Wood Solar

Figure 5 Household fuels and their uses in Ghana as of 2010 (Adapted from [15]) 
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A microgrid can be created using different generation agents such as generators, wind turbines, solar 

modules, pico-hydro generators, fuel cells and other technologies. In this report the microgrid will 

consist of twenty energy systems set for each of the twenty houses in AsaDuru’s project. An example 

for the system connection diagram is seen below in Figure 6.  

The figure shows a connection diagram of a representative energy system. The system consists of 

solar panels on top left, which are first connected, or combined, with each other through a combiner 

box, then to a DC-disconnect for security reasons. From that point, the system would then go into the 

inverter, charge controller, batteries, a second disconnect (AC-disconnect) and finally to the house 

through the circuit board. The components and their sizes used here are examples and are not the 

final suggestions made to AsaDuru. 

 

  

Figure 6 Example of a single household energy supply system 
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2.2. Solar Cells 

Solar cells make use of semiconductor materials (such as silicon) doped into two other materials with 

a potential difference (such as phosphorous and boron) to generate electricity [25] [26]. 

Semiconductor materials conduct electricity when a certain amount of energy is applied on them. 

The amount of energy is also called the material’s band gap [26].  

Silicon has a band gap of 1,1eV. Meaning if a photon with 1,1eV or higher amount of energy hits the 

silicon, it will excite a single electron enough to leave its orbit around the silicon atom. However, this 

electron also needs to be captured by something. Otherwise it will just dissipate its energy as heat 

and fall back into its orbit. Figure 7 depicts the process. 

 

Figure 7 Simple depiction of a photon with a wavelength λ being released from the valence band to the conduction band [26]. 

At this point, a P-N(positive-negative) junction is used. By covering, or doping, the silicon with 
materials such as boron, which has three valence electrons contrary to silicon’s four, and phosphorus 

which has five, a potential difference is created [26]. With silicon’s semiconductor capabilities one 

then creates a bridge in which the electrons can travel through and their energy can be harvested; 

thus, electricity is generated. 

One can trace back the story of PVs more than 175 years when Alexandre Edmond Becquerel first 

observed the photovoltaic effect in 1839. The key points thereafter are in 1905 when Einstein came 

out with the photon theory and single crystal extraction method discovered by Jan Czochralski in 

1916, which set the ground for electronic grade silicon which can be used for manufacturing PV and 

electronic chips [25] [27] [28]. 

In the 1950’s the first solar cells were manufactured [29]. The New York Times was already 

forecasting that solar cells would eventually lead to a source of ‘‘limitless energy of the sun’’ [30]. The 

price of a solar cell was a stagerring $1785/Watt in 1955 [25] [29], about 2000 times more than the 

price now. By the 1960’s however, satelites in space were powered by solar cells [25]. Reaching the 
1970’s, the US oil embargo by the Middle Eastern countries opened the gates to the first commercial 

terrestrial PV systems. There was a hype for renewable energy and also for energy independence for 
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quite some time in the US, pushing forward the commercial deployment of PVs. In 1970s the price of 

solar power had already fallen to levels of $60-$50/Watt [25].  

In the 1980’s the political climate in the U.S., where most of the development was happening, had 

changed from the enthusiastic support for energy independence to an emphasis on protecting the oil 

supply from the Middle-East. The growth of the industry accordingly halted until the 2000’s, only 

then to recover with increasing concerns about global warming and the efforts of countries like 

Germany with feed-in-tariffs (FiTs) [25]. To this day, government support helps create the biggest 
portion of solar PV projects. Figure 8 below presents the main policy drivers for solar PV projects in 

2015. It can be seen from the figure that about 75% of the projects are achieved with the support of 

government subsidies and FiTs. 

 

Figure 8 Main policy drivers for Solar PV in 2015 [31] 
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2.3. Types of Solar cells 

There are many types of solar cells that are commercially available, and even more types that are 

under research, some of which are shown in Figure 9. The main strive is to increase the amount of 

sunlight transformed into useful electricity and/or to manufacture cheaper cells.  

2.3.1. Commercially Available Solar Cells for Household Use 

The predominant commercial solar cells used in household applications as of 2016 are one of two 

silicon crystalline types; poly- and mono-crystalline [31]. Each method is done by cutting very thin 

layers of silicon (wafers) and adding the p- and n-type dopants using different methods and finalizing 

with adding anti-reflective coating and enclosure of different materials such as anti-reflective 

coating. Figure 10 shows the photovoltaic process and rough layers of a solar cell. 

Solar Cell 
Types

Silicon Based

Mono-
Crystallines

Poly-
Crystallines

Commercially 
Available

Thin Film

Amorphous 
Silicon

CdTe

CI(G)S

Multi-Junction
Next 

generation

Dye Sensitized

Perovskites Organic PV

Quantum dot

Other

Figure 9 Solar Cell Types 
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Mono-crystalline cells  

These are the earliest type of PV cells and still offer the highest efficiencies available in the market at 

levels around 20%. They are a robust technology. What makes them not so attractive is their high 

costs. This is due to the process which grows (Czochralski process) their single crystal being time-

consuming and energy intensive [26].  

Poly-crystalline cells 
Poly-crystallines go over the long-process-barrier of mono-crystallines by using a different method 

of getting silicon crystals. Instead of growing a single crystal using the Czochralski process, molten 

silicon is simply cooled down at a faster rate where several of the single crystals are formed and 

again cut in very thin layers. Hence the name poly-crystalline (multicrystal). This does bring down 

the efficiency due to added resistance to electron flow between the different crystals. However, 

poly-crystalline modules still reach efficiency levels of 16-17% at commercial rates and thanks to 

their considerably lower cost, they are the most preferred solar module types around the globe 

[32]. 

Thin-film 

The thin-film industry is a relatively new industry. They advanced especially during 2007-2008 due 

to prices of refined silicon being high. Although since then, with the increase in refinery capacity, they 

have not kept their cost advantages [32]. They do however still have a considerable share in the 

market mainly thanks to the U.S. based First Solar, one of the largest PV-manufacturers worldwide.   

Thin film technologies have a good advantage since they require use of much less material compared 

to silicon based models, thus they are also relatively easier to manufacture with lower material costs. 

They also offer higher resistance to heat, which has made them preferable choices in utility scale 

projects in highly warm areas. They also get less negatively affected by shading [25] [26] [33]. 

Types of thin-film technologies which are applicable to this project are thin-films using Cadmium-

Telluride (CdTe) and Copper-Indium-Gallium-Selenide (CiGS). CdTe technology is the predominant 

technology in the thin-film industry, with lab efficiencies around 20% and commercial efficiencies 

around 8-14%. CiGS, which with some manufacturers can also be CIS as gallium is not always used, 

offers higher efficiencies around 22% in lab conditions whereas with commercial products around 

15% [26]. 

 

 

Figure 10 Photovoltaic process [7] 
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2.3.2. Solar Cell Technologies Under Research 

There are several types of solar cells under research. Some that are worth mentioning are 
perovskites, organic PV, dye sensitized and quantum dot solar cells. 

Organic PV 

Organic PV cells are composed of inexpensive polymer materials. Although inexpensive, they are not 

very efficient. 4-5% efficiencies are available on commercial products while 8% has been reached in 

the laboratory. Their future is unclear as they also have instability problems over long-term [26] [34]. 

Dye Sensitized Solar Cells  

Dye sensitized solar cells, like the organic PV cells, are made from low-cost materials and are 

relatively simple to manufacture. The cells have reached 4-5% efficiency in commercial products, and 

around 15% in laboratory environments. Dye sensitized cells performance degrade with exposure to 

UV light, a problem that needs to be tackled efficiently if these cells are going to be used outdoors 

[26] [34].  

Quantum dot  

Quantum dots, as their name suggests are very small semiconductor crystals. Their dimensions are 

in nanometer scale, where quantum mechanics describe most effects, and hence their name. What is 

interesting with quantum dot cells is that by adjusting the dimensions of the dot, the band gap of the 

cell can be adjusted. By doing this, spectrums of light that are normally not harvestable can be 

harvested. The research is moving forward yet not a very fast rate, and issues with long term stability 

remain a problem [26]. 

Perovskites 

Perovskites are a group of compounds that have the crystalline structure of calcium-titanium-oxide 

(CaTiO3). This technology has in very short time reached very high efficiencies of 21%. It is possibly 

the most promising solar cell technology under research, however much work is needed to be done 

to achieve stability of perovskite cells as currently cells of this structure have very short lifetimes 

around 1 year [35] [36]. 

2.3.3. PV Modules 

PV modules are several solar cells connected in series and enclosed in a tight and durable packing to 

withstand environmental conditions that will surround them for many years to come. A good quality 

PV module will have various layers on top and below the solar cell to enhance its performance and 

make it more durable. The connections between the cells needs to also be made using quality 

conductors and security measures such as bypass diodes for phenomenon which can occur due to 

shading and dirt and other reasons. 

The main measure unit for a solar modules performance is the efficiency. The efficiency of a PV 

module is simply derived through the ratio between the power output the incoming solar radiation 

and the area of the module. 

 η =
𝑃𝑚

𝐼𝑚𝐴𝑚
                                                                (Eq. 1)      

Where 𝑃𝑚𝑝is the power of the module at its maximum point, 𝐼𝑚 is the incident solar insolation on the 

collector and 𝐴𝑚 is the area of the module [26]. 
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2.3.4. Losses in PV-modules 

High heats lead to loss of efficiency in solar cells, and thus leads to losses in PV modules’ generation 
levels. Temperature escalation causes a decrease in voltage levels.  This decline is rather linear, 

however the amount of loss for each degree grows after 40°C [27]. PV modules are rated for standard 

test conditions(STC) where they are subject to a 1000W/m2 at a 25°C ambient temperature. Any 

degree of higher temperature at the same insolation level will lead to a loss in the power output. This 

loss The amount of loss is estimated through the temperature coefficient of the module, which is 

around -0,4%/°C for crystalline structure cells and -0,25%/°C for thin film cells. This means a 

crystalline structure module will lose about 0,4% and a thin film module will lose about 0,25% of its 

rated power for every degree over 25°C. 

The losses due to temperature effects are the largest single loss of a PV-system. Figure 11 shows how 

voltage and power output gets affected by different temperatures. Various cooling methods are 

discussed to avoid this, such as using heat pipes, micro-channels, liquid immersion techniques, heat 

exchangers and several others [37] [38]. There are also solutions of which economic viability has 

been proven [39]. 

 

Figure 11 Power and voltage output of a solar cell under different temperatures [40] 
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2.4. Inverters 

The inverter can be said to be the brain of a solar energy system. It is where the direct current (DC) 

of solar modules is transformed into usable alternative current (AC) in the houses. Over time 

inverters have also become the parts in a system where metering and important functions such as 

power shutdowns in case of emergencies are made. However, the most important function of the 

inverter is still transforming DC from modules to AC for the load. This transformation can occur in 
different waveforms, from a simple rectangular output to the most desirable sinusoidal output [41]. 

An inverter on will do this with efficiencies around 95%. 

An inverter also serves as an optimizer by adjusting the voltage and current towards open circuit 

conditions [42]. This is called Maximum Power Point Tracking (MPPT) and it is done to get the 

maximum power under the varying conditions of the sun. There are different methods of MPPT, such 

as Perturb and Observe/Hill Climbing method, Incremental Conductance, Artificial Intelligence, 

sensor employment and using estimation techniques [43] [44]. With each one the purpose is the 

same, to give out the maximum current while alternating the voltage levels to fit load voltage, or with 

battery voltage. MPPT can also be done separately by, for instance, charge controllers [45] [46] [42]. 

A graph showing the MPP curve of a solar module is presented in Figure 12. 

Inverters and charge controllers can also have multiple MPP trackers. This allows them to be more 

flexible as each MPP tracker can track a certain array, enabling more efficient tracking of two arrays 

with different azimuth angles, solar tilt angles or string lengths or with dissimilar modules. It would 

also provide better monitoring granularity [45]. 

Figure 12 The maximum point curve of a solar module [137] 
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Charge controllers are components that are responsible of charging the battery in the right way and 

at a sufficient level. This functionality might be inbuilt if the inverter is a hybrid inverter. 

Nevertheless, the functionality will be the same; first, to draw down the voltage of the solar array to 

acceptable levels by battery. Second, follow up on battery State-of-Charge (SoC) and keep it from 

over-charging or over-discharging [46]. 

The inverter must have quality components as it must withstand the fluctuating voltage received 

from the PV array due to factors such as temperature difference, shading and soiling and other factors 
[24]. The open-circuit-voltage (Voc) of the PV array should moreover be within the range of operating 

voltages of the inverter. For being able to harvest low voltage periods efficiently, such as during the 

morning and evening hours, the Voc would ideally be closer to the upper operation voltage limit [47]. 

Inverters typically have an operating temperature of -15°C to 80°C [24]. Failure to keep temperature 

in good ranges can cause loss in system performance and de-rate the inverter [24]. There are three 

main types of inverters depending on the area of use. 

2.4.1. Grid-tied inverter 

The grid-tied inverter (Figure 13) takes the input of the renewable energy system, and matches it 

with the grid’s electrical characteristics. In Ghana, the grid has the standard voltage at 230V with 50 
Hertz frequency [48].  The grid tied inverter then will be adapting the voltage level it receives from 

the modules to the level that of the grid, and synchronize the frequency with the help of oscillators. 

In this way, the system will be able to co-exist with the national grid, import electricity when modules 

don’t generate enough, and export to the grid when the modules generate more than needed.  

 

Figure 13 Grid-tied system scheme [130] 
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2.4.2. Off-grid inverter 

Off-grid types of inverters(Figure 14) are made solely for using with the renewable energy system 
itself. This system will most likely include batteries since there is no stable source of power. As in any 

system which includes batteries, the electrical characteristics of the input from the power generating 

actors will then need to be adjusted to be on the same level with the battery’s voltage levels, similarly 

to when grid-tied systems adjust their voltage levels to the level of the grid. A battery’s voltage 

generally is between 12V and 48V. The voltage adjustment can be taken care of a charge controller 

which can come with the inverter itself.  

2.4.3. Hybrid inverter 

The final type of inverter is the hybrid inverter. Figure 15 shows the working scheme of hybrid 

inverters. These types of inverters can work with and without connection to the grid. They have all 

the functionalities of the grid-tied inverter, but instead of cutting the power when there is a blackout 

in the grid, they can go into the so-called island mode and operate as a microgrid of their own. Hybrid 

inverters are the most versatile of the inverters. 

Figure 15 Hybrid system working scheme [130] 

Figure 14 Off-Grid system scheme [130] 
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2.5. Energy Storage Systems (ESS) 

Energy storage is the key part of a microgrid. The name storage can be a bit deceiving, since its 

purpose is more than just storing the energy. In a microgrid, where load and energy generation 

fluctuations are high, the second purpose of the storage can be said to attain the flexibility between 

supply and demand [49]. What a storage system does, other than to sustain energy to the system 

when there is no generation being made, is to provide the bursts of power when the load increases 
sharply to keep the power output stable [50] [51]. 

An energy storage unit’s important characteristics in this case are its capacity, power density, charge 

and discharge capabilities, its cycle lifetime, its safety and toxicity. The ESS should achieve meeting 

the required levels in all these categories at an affordable rate.  

The different types of energy storage technologies can be seen in Figure 16. 

 

Figure 16 Energy Storage Technologies [52] 

For the solar energy system, the technologies examined in this project are lead-acid batteries, 

lithium-ion batteries and vanadium redox flow batteries, thus all belong to the electrochemical 

energy storage technology tree. The reason for excluding the other technologies is because of these 

technologies’ high costs due to expensive manufacturing and low penetration in the market and/or 

their usage areas being other fields such as short term storage [26] [52] [53].  

An electrochemical energy storage unit is a system which is based on a specific set of oxidizer, 

reducer (electrodes) and electrolyte [53]. The two electrodes with different potentials exchange 

electrons through the electrolyte. Charging of the batteries occur by forcing the electrons from 
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positive to negative while discharging occurs by letting electrons flow from negative electrode to 

positive electrode [51] [53]. The working principle can be observed in Figure 17 below.  

Some main characteristics of electrochemical energy storage units are their cycle lifetime, depth-of-

discharge(DoD) allowed, charge- and discharge-rates and their round-trip efficiency. The cycle 

lifetime explains how many times the batteries can be charged and discharged. This amount also 

depends on how deeply the battery is discharged of its total capacity. This is the second 

characteristic; DoD, which as its name suggests, tells how deeply the battery can be discharged 

without losing its electrochemical capabilities. The charge- and discharge-rates explain how rapidly 

the batteries can be charged and discharged, in other words, how much current they can withstand 

from and supply to the system. Finally, round-trip efficiency, or sometimes simply called the 

efficiency, tells how efficiently the battery stores energy. In other words, how much energy is taken 

out for the amount of energy put in. 

2.5.1. Lead acid batteries 

Lead acid batteries are the oldest type of energy storage units, and date back to 1854. Wilhelm Josef 

Sinsteden first observed the rechargeable capabilities of two lead plates diluted in sulphuric acid. The 

method is then developed into the lead-acid battery we know in 1859 by Gaston Planté, and is known 

to be the first type rechargeable battery [42]. Since then lead acid batteries have been used in many 

areas, from early radio receivers to golf carts to energy storage for household. The batteries are 

distinctively used in cars for ignition and lighting [55] [52] [54]. 

Lead acid batteries are thus a mature technology. There are three main types of lead acid batteries; 

flooded, Absorbent Glass Mat (AGM) and gel type lead acid batteries. The flooded battery is the least 

costly however is also the least user-friendly lead acid battery technology. This type of lead acid 

batteries simply consists of electrodes dipped in an electrolyte-water solution. They are not 

completely sealed and during operation the water evaporates and needs to be periodically replaced. 

Otherwise sulphation can occur on the electrodes and leave the battery inoperable. The flooded type 

batteries should also be charged and discharged with great care to their characteristics as higher 

currents than what the battery is rated for will cause excessive gas-leakage. These gasses can be 

poisonous such as hydrogen-sulfides, or highly explosive such as hydrogen [56] [52].  

Figure 17 Working principle of an electrochemical battery cell [53] 
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The AGM and gel types of lead acid batteries don’t have their electrolytes in a water solution but 

instead have them absorbed in different sponge or gel materials. This enables the batteries to be 

completely sealed, reduces the risks of leakage, takes away the need of replenishing water for the 

electrolyte, and thus become maintenance-free. Both types offer higher cycle-lifetimes, however the 

AGM type is superior when it comes to charge- and discharge-rates. Gel batteries are highly sensitive 

to high amperage when charging and discharging, which can cause the batteries to fail prematurely 

[56] [52].  

In each one of the technologies, lead acid batteries offer relatively low cycle lifetime, are not able to 

withstand rapid charge and discharge over long periods of time, offer low round-trip efficiencies and 

include highly toxic lead that needs to be recycled with care. A lead acid battery type applicable for 

this project typically offers 2000 cycles at a 20% DoD. Discharging the batteries at a higher depth 

degrades the batteries and leads to shortens the lifetime, for instance if discharged to 60% the 

expected cycle lifetime might drop to 300-400. This leads to lead acid batteries losing their cost 

advantage, as for every kWh storage needed, batteries with a capacity of two or more kWhs storage 

would be needed.   

2.5.2. Lithium-ion batteries 

Lithium, being the lightest and one of the most reactive of metals, offers great electrochemical 

properties, and is used as an electrolyte to make lithium-ion batteries with various combinations of 

electrodes commercially since the 1980’s [52]. Technically, lithium ion batteries surpass lead acid 

battery technologies nearly in every aspect.  Lithium based batteries have higher energy and power 

densities than lead acid batteries, thus can pack same capacity in a smaller and lighter form. They 

offer higher amount of cycles and allow discharging up to 100% of their capacity. They cannot 

however function at sub-zero temperatures, unlike lead acid counterparts [52] [54]. 

Lithium Cobalt Oxide (LiCoO2) Lithium Nickel Manganese Cobalt Oxide (LiNiMnCoO2) 

Lithium Iron Phosphate(LiFePO4) Lithium Nickel Cobalt Aluminum Oxide (LiNiCoAlO2) 

Figure 18 Different types of lithium-ion batteries [56] 
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There are many types of lithium ion batteries. Their characteristics vary regarding their ability to 

deliver certain capacity at a certain runtime (specific energy), deliver high current (specific power), 

their safety, their overall performance and ability to withstand high/low temperatures 

(performance), their cycle life and longevity (life span), and finally their costs per amount of capacity. 

Figure 18 presents some different types of lithium-ion battery chemistries and their characteristics. 

With these characteristics for instance, lithium cobalt oxides are good choices for mobile phones and 

laptops thanks to their high specific energy while nickel-manganese-cobalt oxide and nickel-cobalt-
aluminum oxide variants are better for power tools and electric-vehicles (EVs) and are notably used 

in Tesla batteries. The lithium iron phosphates are good for home applications due to their high safety 

and also their cell voltage. Four cells of LiFePO4 connected in series gives a very similar voltage level 

to a classic 12V lead acid battery, and this enables LiFePO4 to be adaptable into installations with 

existing power electronics such as 24-48Vdc inverters. The downside of LiFePO4 is its low specific 

energy, thus relatively large units compared to other sorts of lithium ion. However, even at this level, 

they require considerably less area then lead acid solutions [57]. 

Lithium-ion batteries offer the highest efficiencies available when it comes to energy storage. The 

round-trip efficiency of lithium batteries is 95-98% [57]. Their prices have been continuously 

decreasing through the last decades and combined with the long lifetime they offer, their lifetime-

costs have reached and in cases surpassed lifetime-costs of lead acid batteries. 

2.5.3. Redox Flow Batteries 

Redox flow batteries (RFB) are categorized under electrochemical energy storage category because 

their charge and discharge phases occur through electrochemical reactions. However, their working 

principle is quite different than the types mentioned in previous sections. While working, the 

electrolyte in RFBs are circulated through the electrodes causing charging/discharging of the system. 

The flow of electrolyte is managed by pumps, and therefore there is an energy consumption inside 

the system while energy is being stored or used [58]. The working principle of a flow battery can 

better be observed in Figure 19 below. 

Figure 19 Working principle of a flow battery [58] 
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The use of pumps to circulate the electrolyte and the charging-discharging reactions occurring under 

a flow of electrolyte material comes with an obvious cost; the energy storage efficiencies of flow 

batteries are lower compared to other storage technologies. The efficiencies of flow batteries 

typically are around 70% with highest achieved efficiencies at 90% in lab conditions [59] [60] 

[61].The flow batteries can achieve very high power delivery and very high storage capacities. By 

increasing the number of stacks the power delivery capabilities of the system increases. By increasing 

the volume of the electrolyte (larger tanks) the energy storage capability increases. These factors 

allow a rather exponential decrease in the price/Wh stored in flow battery systems as the system 

size increase. With other storage systems explained before, this cost reduction with higher amounts 

of storage are rather linear. Thus, flow batteries offer excellent large scale energy storage 

possibilities, which are taken advantage of by utilities [61].  

There are several different types of RFBs depending on the redox species present in the systems. The 

challenge is in having durable systems with high performance and low material cost. Here some 

notable systems are Zinc-Bromine systems for their relatively low material costs and good 

performance, and Vanadium-Vanadium systems are notable thanks to their good performance and 

excellent lifetime [59] [60] [61]. 

2.6. Sub-System Components 

2.6.1. Cables & fuses 

Cables are the veins of the energy system. Although standing for only a fraction of the cost, the wrong 

choice in cables can lead to high energy losses and fire hazards. The cables should therefore be 

checked in close relation with the PV system and must be rated above the short circuit current and 

open circuit voltage [24] [62]. For an array of S series connected modules and P parallel connected 

strings the criteria below are suggested; 

For string cables; 

Voltage > VOC×S×1,15 

                                                    Current > ISC×(P-1)×1,25                                    (Eq. 2)                        

For the main DC-cable; 

 Voltage = VOC×S×1,15 

           Current = ISC×P×1,25                                        (Eq. 3)                       

The cables should be sunlight resistant and rated for wet locations, including ones in watertight 

conduits as moisture exists even in these. The cables should be rated for 90°C since rooftops are high 

temperature environments. If the roof is to include only the energy system and thus not much activity 

will occur on the roof, a PVC housing is suggested for basic protection. If there will be activity on the 

roof, such as roof gardens considered in some AsaDuru projects, steel conduit systems are suggested 

[47] [63]. 

Fuses/circuit breakers are necessary to keep the load safe in case the system overloads, and to keep 

the modules safe in case of reverse current occurrence. Reverse current is a phenomenon which 
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occurs when there are more than one strings in parallel in a PV array and the VOC of a module falls 

significantly due to a fault in the module [64]. Breaker sizes then are dependent on the open circuit 

voltage, number of modules in series per string and number of strings in parallel per sub array. 

Reverse current can cause heat build-ups in the modules which can lead to module failure and create 

fire hazards, thus should be avoided through employing fuses and diodes [24] [47] [63].  

After the system is designed, the cable and fuse sizes can be calculated to keep the voltage drop in 

acceptable levels, which in this study are kept to below 5%. 

2.6.2. Metering Devices 

Metering devices are necessary for mainly two reasons; to inform the user on their generation levels, 

and to do a net energy reading on the amount that is eventually fed into to the grid. The easiest way 

to do this is by employing a bi-directional meter, which will allow seeing the net consumption [47].  

The inverter will generally be doing all these different readings. Moreover system, if grid-connected, 

will be supplied with net metering devices from the Ghana Energy Commission [65]. However, it is 

suggested to have separate meters since this would make fault detection easier [24], and should be 

considered in case of a budget surplus. 

2.6.3. Junction Box (Combiner Box) 

The DC-junction box is the unit where the several strings are connected in parallel. Fuses/circuit 

breakers which belong to these arrays can also be in the junction box. The junction box thus allows 

disconnecting the array and separating one array from another in case a fault occurs, such as the 

mentioned reverse current. It is important that the positives and negatives are separated enough 

from each other and the enclosure is made from non-conductive materials for avoiding short-circuits 

[24]. 

2.6.4. AC & DC Disconnects 

A solar PV system typically has two safety disconnects. The first is the PV disconnect (or Array DC 

Disconnect). The PV disconnect allows the DC current between the modules (source) to be 

interrupted before reaching the inverter [63] [66]. 

The second disconnect is the AC Disconnect. The AC Disconnect is used to separate the inverter from 

the electrical grid. In a solar PV system, the AC Disconnect is usually mounted to the wall between 

the inverter and utility meter. The AC disconnect may be a breaker on a service panel or it may be a 

stand-alone switch [47] [63]. 
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2.6.5. Losses through the sub-system components 

Losses through sub-system components are an unavoidable occurrence. These losses entail losses 
through cables, fuses and other connection points. Here perhaps the highest amount of losses occurs 

in the cables in the form of a voltage drop. With higher distances and/or higher currents in the circuit, 

the voltage drop through the conductor will increase [47]. The voltage drop can be calculated through 

the formula below; 

                                                         %𝑉𝑑𝑟𝑜𝑝 =

2×𝑑×𝐼
1000𝑚

𝑘𝑚

×(
Ω

𝑘𝑚
)

𝑉𝑛𝑜𝑚
×100%                                              (Eq. 4) 

Here, 𝑑 is the total distance, 𝐼 the total current, 𝑉𝑛𝑜𝑚 nominal system voltage and 
Ω

𝑘𝑚
 represents the 

internal resistance of the cable. This means that for instance using a 24V battery, the voltage drop 

between the components will be double the amount of the voltage drop of a system using 48V 

batteries. The higher the voltage in the system, the lower the voltage drop would be, which is why 

48V systems are generally recommended among the most popular 12-24-48V systems [47] [67]. 

The level of voltage loss through sub-system components would be acceptable until a level of 5% in 

solar energy systems [47]. This would be including the whole circuit; thus, the losses should be 

minimized for both the AC a nd the DC circuit of the system. To set an example; the expected loss 

between PV array and the combiner box should be in between 1%-3% in order to keep the overall 

losses less than 5%. There will also be voltage drops in fuses, circuit breakers and switches. These 

are minor losses which can be add up to 0,5% for a 24V system [47].  

2.7. Previous work on microgrids 

There are several papers written on design of microgrid systems around the globe. These studies give 

a good understanding of the environmental and economic conditions around the world, while also 

giving a perspective on the history of the market. They are also crucial in understanding where the 

knowledge gaps are, so that efforts can be made towards filling these.  

A study made for a school in Surabaya, Indonesia finds that for the tropical climate of the area, the 

continuous use of air conditioning units requires a back-up power, in this case the grid, in periods of 

low irradiation. The writers try various system designs using solar power, battery back-up and grid 

connection. They outline the need for a large battery bank to provide a day’s load for the high energy 

consuming air conditioning unit [68]. The study presents several readings made to estimate the load, 

which gives valuable information. The costs for the components are received from online sources and 

a detailed cost analysis is not present. Neither is an analysis of different components from different 

manufacturers, but rather testing the already existing component’s capabilities by 

increasing/decreasing their quantities. 

Another study made for the city of Shanghai suggests having PV with diesel generators, battery 

storage and microturbines as the most profitable microgrid system for an area with a load of 

1 565kWh/day and a peak of 250kW. Wind turbines are also tested however, the total costs end up 

being higher and thus are not suggested [69]. The study results at a LCOE of 0,483$/kWh using solar 

PV, microturbines, diesel engines and lead acid batteries, which is quite high. At the same time, the 
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writers don’t go into the details of each component as to which technology of PV modules were used 

or where their cost data is based on.  

The study made by Ghenai and Janajreh [70] goes slightly more in detail with the technologies aspect, 

where they model a solar-biomass hybrid microgrid system for the city of Sharjah of The United Arab 

Emirates. The system consists of solar PV modules with 14% efficiency and -0,5%/°C temperature 

coefficient, a 50kW biogas generator, 20 000 strings of 6V Li-Ion batteries. With the system 

generating 51GWh per year, 14% of the city’s energy needs are estimated to be covered through the 
suggested system [70]. However, not a detailed component inspection/comparison but rather a 

detailed comparison of the solar and the biomass generation parts are made in the study. The project 

moreover has a much larger scope than this project and thus does not offer a detailed approach on 

matters such as achieving 100% of a load. The economic analysis is also made on assumed values. 

Lau et.al.  [71] did a performance analysis study of a photovoltaic/diesel hybrid system in their study 

made for Malaysian conditions. Malaysia offers a climate that is comparable to Ghana with high 

average temperatures and high relative humidity. A 60kW PV array is tested with 12kWh battery and 

two generator sets rated at 50kW each for a load of 40 houses with a 2kW peak each. They conclude 

that for remote locations, employing solar diesel hybrid with battery storage might be more feasible 

than compared to solely using diesel generators, especially if the diesel price were to increase. Given 

that the study was written in 2010, when PV and battery prices were considerably higher, the 

economic feasibility is highly likely to be reached for such project.  

There are numerous other studies made for different areas in the world, using HOMER software used 
such as [72] [73] [74] [75]. Each study gives good insights on the challenging conditions of different 

environmental and economic factors. However, in none of the listed studies is there a detailed 

analysis of the system losses, a comprehensive analysis of economic structures regarding 

installations of PV-systems and an analysis of different technologies and products are presented. 

Moreover, there are no such studies made especially for Ghana. Therefore, this study presents a 

unique outlook for implementation of solar energy projects. 



26 
 

3. Component Selection 

Through contact with different companies in the field of solar energy and battery storage, several 

pricing and spec-sheet data are gathered for the various components. These are analyzed over their 

purchase costs, performances and logistics and market related aspects. The components can be 

classified in three; the ESS, the PV-modules and the inverter/controllers.  

3.1. ESS 

Battery storage is the center of an off-grid renewable energy system. Therefore, the investigation is 

first made on them. A large number of companies have been investigated for finding an ESS that 

would offer state-of-the-art technology at an economical rate. The investigation is narrowed down to 

Aquion, Alpha-ESS, redT and LGchem, which are presented here. During the process of this study, 

Aquion filed for bankruptcy, however the investigation is still presented. 

3.1.1. Aquion 

Aquion is a storage technology company based in Pennsylvania. They have so far delivered a total of 

30 MWh storage units across the globe. Aquion makes batteries that are first of its kind; the batteries 

use saltwater ion as an electrolyte combined with a manganese oxide cathode and carbon titanium 

phosphate anode. The two parts are separated using synthetic cotton separators. These batteries 

thus mostly make use of materials that are unusual for a battery, and create possibly the most 

environmental friendly battery chemistry in the market right now. 

Aquion batteries are the worlds’ only non-flammable batteries that is also first to receive cradle to 

cradle certification. Cradle to cradle certification checks the sustainability, environmental hazard and 

Figure 20 Aquion battery inner components [79] 
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other environmental factors not only on Aquion, but on their suppliers and even their suppliers’ 

suppliers. 

The batteries come in two different sizes, the Aspen 48S and the Aspen 48M. The Aspen 48M consists 

of twelve Aspen 48S units in a parallel string. Both batteries thus share the same characteristics 

regarding cycle life, DoD, nominal voltage and operating temperature. The specifications which vary 

are naturally the capacity and peak power that can be supplied by the batteries. Figure 21 shows the 

two models of Aquion batteries. 

 

Aquion batteries’ main negative sides are their low tolerance to higher discharge and charge rates, 

low energy density and relatively low cycle life. The capacity of the batteries is affected rather harshly 

when charged / discharged at a higher rate than 2 amps per unit, thus a 20-hour charge and discharge 

period. If one battery unit is to be fully discharged overnight (8 hours), the capacity of each Aspen 

48S unit diminishes to roughly 80%. The cycle life, although higher than lead acid batteries, cannot 

compete with lithium based or flow technology batteries. The lower energy density causes the 

batteries to take up a larger area, and more demanding regarding transportation and installation of 

the units. 

The batteries work well with SMA inverters, which are one of the most used brands of inverters 

worldwide. However, Aquion batteries are not used with all inverters since the products are new and 

the communication protocols to communicate with different brands of inverters are not set yet [76]. 

Thus, there is a limitation on choice of components.  

The price for Aquion batteries for this size of a project is 425$/kWh. The company wishes to come 
down to lead acid battery prices through increase of operation and improved manufacturing lines. 

Their aim is to achieve this in the next two years [76].However, currently the prices are at levels of 

lithium-ion batteries rather than lead acid batteries. 

Figure 21 Aquion Aspen 48S(right) and Aquion Aspen 48M(left) [134] 
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3.1.2. Alpha-ESS 

Alpha-ESS is a German-Chinese collaboration company started in 2012. The company specializes in 
energy storage products and intelligent energy management solutions. The company has three main 

products, the lithium-iron-phosphate battery, the lead-crystal battery and battery housing units 

which combines the batteries with balance-of-system components such as inverter, charge controller 

and a cable box, thus creating an all-in-one ESS. The Storion S5 with LiFePO4 battery units are 

considered for this project. The lead-crystal technology which is an upgraded lead-acid battery type 

is not considered due to short lifetime.   

What makes Alpha-ESS systems interesting is that the system is plug-and-play and allows seamless 

installation. The battery management system also allows a high amount of customizability such as 

custom dispatch hours and grid charging during off-peak hours. The system also offers emergency 

power (UPS) for important wares [77] [67].  Figure 22 shows the all-in-one unit and a setting where 

the batteries are used together with SMA inverters. 

The system comes with a hybrid inverter, which can work with PV, generator and the grid altogether. 

The inverter offers a 97,6% efficiency, and comes with 5-year warranty. It has 5 kW AC and 10 kW 

DC capacity, meaning it can feed the house with 5 kW while charging the batteries with 10 kW. The 

inverter also has double MPPT so two arrays of PV with different orientations can be used with it 

[67] [77]. 

The batteries in the system as mentioned above use LiFePO4 chemistry. This lithium-ion chemistry 

is known for its high durability, excellent cycling performance and high safety. The batteries can be 

stacked up to 4 units per one Storion S5, reaching a total 28,8 kWh storage of which 25,92 kWh usable 

capacity. If more capacity is needed, it can be added through addition of extra battery housing units. 

Figure 22 All-in-one Storion S5 unit with 4 batteries pre-installed (left), and M48100 battery units installed with SMA inverters (right) 
[67] 
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The negative side with Alpha-ESS is the low power capabilities of the inverter, the 5kW AC-rating is 

relatively low and although would cover the peak of the houses in this setting, it would achieve this 

barely. The system however comes with high cost savings, at 325$/kWh for battery storage and 

3000$ per Storion S5 unit, where batteries, inverter and the BMS are combined. As with all such 

battery manufacturers using these new technologies, the future of the company is somewhat 

unknown. In the case of AlphaESS, this is taken a bit further due to relatively low amounts of units 

installed worldwide. 

3.1.3. redT 

redT is a Britain based ESS manufacturer. The company manufactures flow batteries which use 

vanadium redox flow technology [78]. These batteries offer very long lifetimes without significant 

degradation and high power outputs, however with low round trip efficiencies. 

Flow batteries, as mentioned before, are mainly cost-effective in larger applications. For AsaDuru’s 

project, the redT model 60-300 is investigated, which is a containerized flow battery that can supply 

up to 120kW at its peak and store up to 300 kWh. The containerized unit can be observed in Figure 

23. 

 

In this setting, rather than having battery units in each house, two redT 60-300 units would be 

installed at the center of the location. This would then create a true microgrid, where each house 

would be connected to a central inverter and a battery charger which then store and draw energy 

from the two storage units and deliver to the houses.  

The downside of the redT storage units is mainly related to the high upfront costs; the units are priced 

at 640$/kWh. These units would also be requiring a crew from the company itself be sent for the 

installation and start-up, which is not included in the kWh based cost. 

Figure 23 redT 60-300 [78] 



30 
 

3.1.4. LGchem 

LGchem is South Korea’s largest chemical company, is headquartered in Seoul and has been a key 
player in the lithium battery industry. The solar installation company Nyansapo Solar, which is being 

considered for AsaDuru’s project, uses LGchem’s RESU 6.4 EX batteries in their installations. In Figure 

24 installation of a battery unit can be observed.  

The batteries use Lithium-nickel-manganese-cobalt (NMC) chemistry, which is known for offering a 

high-energy density. Thus, the battery is lighter and smaller than any other battery examined for this 

work. The battery comes in one size at 6,4 kWhs. However, there are 3,2kWh expansion kits, and the 

capacity can be upgraded to 12,8 kWh. Figure 25 depicts the battery alone and with its expansion 

kits.  

The batteries’ main downsides are the somewhat high upfront costs, the low customization available 

on storage capacity, the relatively low performance warranty, and their low operating temperature 

span.  

Figure 25 LGchem RESU 6,4 battery unit (left) and LGchem RESU 6,4 battery unit with two extension units installed (right) 
[138] 

Figure 24 LGchem RESU 6,4 installation in Accra 
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3.1.5. Narada Lead Acid 

A lead acid battery available from installation company Nyansapo is also investigated. These 
batteries are from Narada, a Chinese battery manufacturer, and are a modified lead acid battery type 

using namely the lead carbon chemistry. They reflect AGM lead acid type batteries on performance. 

However, AGM types offer around 1 000 cycles at 50% DoD, whereas Narada lead carbon batteries 

offer roughly 2 000 cycles at 50% DoD. The batteries are available at 200$/kWh [48].  

Although slightly more expensive than other lead acid batteries, which could typically be purchased 

at levels of 150$/kWh, the lifetime advantage they offer makes them a cost-efficient choice. The 

downsides of the batteries are their relatively low energy density, low lifetime and higher 

environmental- and safety risks.  

Figure 26 Narada Lead Carbon battery [140] 
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3.2. Choice of ESS  

Each ESS’ characteristics are summarized in Table 2.  

Brand Aquion Alpha ESS redT LGchem Narada 
Lead 
Acid 

Capacity 
per Unit 

2,2 kWh 4,8 kWh 300 kWh 6,4 kWh 1,8 kWh 

Peak Power 1 kW 10 kW 120 kW 5 kW 1,8 kW 
Cycle Life 3 000 (70% DoD) 6000 (80%DoD) 10 000+ 

(100%DoD) 
6 000 (80% DoD) 2 000 

(50% 
DoD) 

Usable DoD 100% 90% 100% 100% 50% 
Round Trip 
Efficiency 

90% 95% 70% 95% 90% 

Nominal 
Voltage 

48V 48V 48V 48V 12V 

Operating 
Temperatu

re 

-5°C to 40°C 0°C to 40°C -40°C to 60°C 0°C to 40°C -20°C to 
50°C 

Warranty 5 years 5 years product-10 
years performance 

warranty (80%) 

7 years 
(extendable) 

7 years (80%) Unknow
n 

Upfront 
Cost 

450$/kWh 325$/kWh 640$/kWh 550$/kWh 200$/k
Wh 

Cost/Cycle 0,881$/kWh/cyc. 0,253$/kWh/cyc. 0,244$/kWh/cyc. 0,276$/kWh/cyc. 0,802$/k
Wh/cyc. 

Table 2 Battery comparison 

The systems are rated qualitatively through 11 criteria. The criteria are scored with 10- or 5-point 

ratings relative to their importance. The economic aspects play a key role, especially for the batteries 

since they make up the majority of the total costs. Therefore, the upfront price of each battery and 

their cost/cycle rate are each scored with 10 points. Environment and safety factors are also very 

important regarding batteries. Due to materials used, batteries may have a large carbon-footprint, 

they can be hazardous to discard into environment, while also incurring risks of toxicity and 

explosion during operation. Therefore, the criteria is rated at 10-points. The performance of the 

system is rated through 10-points as well; as this explains if the batteries will be able to deliver 

enough power when needed. A key criterion for AsaDuru is the novelty of the products; as mentioned 

in section 1.1. Market activity of the company in Africa and especially in Ghana is thus rated with 10-

points.  As the market of renewable energy is quite volatile, finally the future expectancy of the 
company is rated at 10-points.  

The other criteria regard practical challenges such as the logistics related matters ease of 

transportation and installation, how easily eventual reparations would be made and what level of 

warranty coverage is made by the companies, the appeal of the brand to the public and also the 

quality of the contact with the company, as a relationship with the two parts would continue for many 

years to come. The analysis is presented in Table 3. More information about the various rating criteria 

is available in Appendix A. 
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Aquion Alpha ESS redT  LGchem Lead Acid 

Upfront Price (10) 6 8 2 4 10 

Cost/cycle (10) 3 9 10 8 4 

Environment & Safety Aspect (10) 10 8 5 7 2 

Performance (10) 7 9 10 8 2 

Maintenance (5) 4 4 2 5 3 

Ease of logistics (5) 3 4 1 5 4 

Ease of installation (5) 3 5 1 4 4 

Space required (5) 3 4 1 5 2 

Brand Appearance (5) 5 4 4 4 2 

Market activity in Africa (10) 6 10 10 2 1 

Contact Quality (5) 4 5 5 5 4 

Future of the company (10) 7 5 5 9 8 

SUM 61 75 56 68 47 
Table 3 Qualitative analysis of ESS manufacturers 

With the highest rating of 75, the Alpha-ESS system is chosen. The main reason is due its low upfront 

cost, lifetime cost/cycle, high performance characteristics, and no market activity on the African 

continent. Choosing this system also comes with the benefit of having all the balance of system 

components included, which further improves the economics and simplifies installation. 
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3.3. PV-modules 

Reliable data is received for Solibro, Yingli Solar, SPS and three tier-1 PV manufacturing companies; 

Seraphim, Canadian Solar and Trina Solar. 

3.3.1. Solibro 

Solibro manufactures thin-film panels using CiGS technology. Modules of model 

SL-2 vary between 125 and 145 watts. CiGS technology is less negatively affected 

by heat, and can lead to higher generation per installed watt in warmer climates 

even though peak efficiency is lower at ~13%. 

The low temperature coefficient clearly affects the output performance, and is 

seen as a highly positive aspect. The panels are also found aesthetically appealing 

by AsaDuru with their uniform black appearance (Figure 27). The smaller size of 

each panel also is a positive aspect regarding the ease of installation. 

The main negative side with Solibro is the high price. Solibro panels at the time of 

quotation was 0,68$/Wp. Solibro is also owned by Hanergy, a company that is 

going through financial struggles [79] [80] [81]. Thus, there is an uncertainty in 

the future of the company. 

There is also a certain degree of uncertainty in long term performance of CiGS modules, especially 

under humid conditions [26] [34], however the company is convinced that they are over this issue 

by rigorous controls on manufacturing process and with high quality framing [82]. This was shown 

to be the main cause of degradation in CiGS modules [33]. The Ghanaian Government even decided 

to use Solibro panels on a 400 MW solar farm project [83], which demonstrates the confidence on 

the technology.  

3.3.2. Strategic Power Solutions (SPS) 

A Ghanaian PV manufacturing company, SPS, has started its operations in March 2016. The company 

manufactures mono- and poly-crystalline type PV modules as well as tile and glass integrated PV 

cells. Their headquarters’ front façade is covered with their own Building-integrated PV (BiPV) line, 

as shown in Figure 28.  

A positive aspect of SPS is that the company is based in Ghana. This firstly attains the main benefit of 

improving the local economy even further by using locally manufactured PV modules through 

 

Figure 27 Solibro SL-2 
[121] 

Figure 28 SPS front facade 
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AsaDuru’s housing project. Secondly, the maintenance and eventual repairs become less demanding. 

The company offers 250Wp modules with a claimed module efficiency around 15% [84]. 

One negative side of SPS modules is mostly their high costs and relatively lower efficiencies. The plant 

is at 30 MW production capacity. This is a significantly lower amount compared to tier-1 

manufacturers, and has a negative effect on the final product cost. At this rate, SPS could offer the 

panels for this size of a project at 0,72$/Wp.  

Another negative side is the instability of SPS’s future; the company could be affected by the Ghanaian 

politic climate. In a developing country like Ghana, politics can affect businesses rather drastically. 

SPS had close ties with the sitting government. With the elections in the end of 2016, this government 

was replaced. It is unclear what the new government’s position on these types of businesses might 

be.  

3.3.3. Yingli Solar 

Yingli Solar is a Chinese PV manufacturer producing silicon based solar modules. They have a 

vertically integrated business model, meaning the company produces ingots, wafers, PV cells as well 

the modules, thus, they handle all the processes of PV module manufacturing internally.  

The company manufactures mono-crystalline and poly-crystalline modules. For this project the poly-

crystalline modules are considered, which offer a 16,6% maximum efficiency. The reason why Yingli 

Solar is specifically considered in this project is because the company already has a distributor office 

in Accra. The solar installation company, Nyansapo, which is a candidate to handle the installations 

for the project, has already done several installations using Yingli Solar’s 265Wp panels.  

The crew had a good experience with the panels, and testified on the considerably better power 

output compared to smaller brands’ lower tier modules. A performance observation could also be 

made through accompanying the team through an installation. The 3,2kWp system generated 

roughly quarter of its rated capacity in the late afternoon as shown in Figure 29.  

Although Yingli Solar performed relatively well compared to other installations of other brands 

visited, the price of the modules was about the same as SPS, at 0,70$/Wp due to distributors margins 

[85].  The company is also going through financial struggles and is at a risk of bankruptcy [86]. 

Figure 29 Installed modules (left), modules location on the roof (middle) and a reading made at 6 pm (right) 
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3.3.4. Tier 1 manufacturers 

As the products are quite uniform in Tier 1 solar module market, all the companies considered at this 
final stage are put in the same category. The Tier 1 module manufacturers considered here include 3 

companies, Seraphim, Canadian Solar and Trina Solar. All of these companies have a vertically 

integrated business model. Each manufacturer moreover offers significantly lower prices than those 

received from companies in Ghana, and Solibro from Germany. The modules could be purchased at a 

price level of 0,40$/Wp [67] [87].  

Canadian Solar 

Canadian Solar is a module manufacturing company founded in Canada in 2001. The company 

operates in 24 countries and has shipped more than 15 GW of modules since it started business. The 

company’s 270Wp modules come with 16,6% efficiency and a 25-year linear degradation warranty 

[88].  

Seraphim 

Seraphim is a module manufacturer based in China. The company was originally a farm machinery 

production company when it started its business in 1969. The solar manufacturing branch under the 

name Seraphim was founded in 2009. The company offers 270Wp modules at 16,6% efficiency and a 
25-year linear degradation warranty [89].  

Trina Solar 

Trina Solar is also based in China. The company was founded in 1997 and to date have shipped 21 

GW of modules. The company offers 270Wp modules at 16,4% efficiency and a 30-year linear 

degradation warranty. Trina Solar also have their manufacturing plant very close to the Alpha-ESS’ 

plant. This enables shipping the modules together with Alpha-ESS batteries. 
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3.4. Choice of Module 

As with the batteries, a qualitative analysis is made on the solar modules to decide on the final 

selection for the project. Some aspects are disregarded as they are not relevant in PV context. The 

space needed for the modules is intrinsic in the module’s efficiency and thus is taken into account 

already when rating the category of Performance & Reliability. The Price/Cycle category is not 

relevant in this context. Some categories are rated with a lower score. The market activity of the 
company is one of these since the market for solar PV is more mature than the market for ESS. In this 

sense, even bringing in a brand which is non-existent in the market before would not necessarily 

bring in a novel product/concept, thus making the rating at a 10-point level unnecessary. The 

environmental aspect of the modules is also rated lower since the level of environmental risk on the 

consumer side is lower with PV modules. Finally, a new category regarding the aesthetics of the 

product is included here as this is an aspect that AsaDuru values. Table 4 shows the ratings. More 

information about the rating criteria is available in Appendix B. 

  SPS Solibro Yingli 
Solar 

Seraphim Canadian 
Solar 

Trina 
Solar 

Price (10) 5 2 6 9 9 10 
Performence & Reliability (10) 7 9 9 9 9 9 
Maintenance & Warranty (5) 5 4 5 3 3 3 
Environmental aspect (5) 4 5 3 3 3 3 
Ease of logistics (5) 5 4 5 3 2 5 
Ease of installation (5) 4 4 4 3 3 3 
Market Activity in Ghana (5) 4 5 1 2 4 4 
Aesthetics of the product (5) 3 5 3 3 3 3 
Brand Appearance (5) 5 5 4 4 4 4 
Contact Quality (5) 5 5 5 3 2 5 
Future of the company (10) 5 6 6 7 9 9 
Total 52 54 51 49 51 58 

Table 4 PV-modules ratings 

Trina Solar modules are selected due to their low price, good performance and ease of logistics. The 

company offers rates which, when combined with tax-free import, lead to a high reduction on 

investment costs. The modules offer high efficiencies and come with 30-year performance warranty. 

Finally, the ease of transportation through Alpha-ESS also played a crucial role in selecting Trina 

Solar as this will minimize cost of logistics and ease the process of installation. 
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3.5. Discussion on component choices 

The chosen ESS and PV-modules are Alpha-ESS storage units and Trina Solar PV modules 

respectively. Both of these units come from China and with project’s implementation, they will be 

sent together. The ESS uses LiFePO4 batteries which have great characteristics for household 

applications, while being economically viable. The solar modules use poly-crystalline technology, 

which is proven worldwide to perform well and give a high return on investment. 

If economics were not playing creating such a bottleneck for the implementation of the project, the 

choice would probably be made for Aquion batteries. The environmental aspects of Aquion batteries 

are currently unmatchable and such a project would be beneficial for the Ghanaian environment and 

for this important company to grow to better foundations. Ironically, Aquion did filed for bankruptcy 

nearing the end of this work, showing how unstable the energy storage market is.   

On the modules, if economics were not creating the bottleneck, SPS and Solibro would be considered 

for the project. Using SPS would have great benefits for the Ghanaian economy and make the AsaDuru 

solution more sustainable by avoiding shipping emissions and creating the economic support to the 

country of operation.  

A remarkable fact is the high price of the Yingli modules. As the modules should normally be at the 

same price level as other Tier 1 modules coming out the factory, a near 100% escalation in price is 

solely due to the operational costs of the company and its set profit margins. The detailed economic 

analysis in section 5 is in this sense also noteworthy, because it shows how much the investment 

costs can be reduced through not including a distributor in the process.  
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4. System Model Description 

Two software is used to design and simulate the outcomes of this system. The first software, System 

Advisory Model (SAM) is a software created through a collaboration between National Renewable 

Energy Laboratory (NREL) of the US and Sandia National Laboratories in 2005. The software can be 

used to design and simulate solar PV, solar water heating, energy storage, wind power, concentrating 

solar power (CSP), biomass combustion and geothermal systems as well as offering different 

economic models for household owners, commercial projects and utilities. In this report, SAM is used 

for seeing effects of different orientations, appreciating the losses of the PV system and finally to 

design the system for one household after the total community system size was decided. 

The second software used, Hybrid Optimization Model for Multiple Energy Resources (HOMER) is 

also developed by NREL, however is later acquired by a private company. The version used in this 

report is the version created by NREL, called HOMER Legacy, and is used to decide on the 

aforementioned total community system size, the initial investment, LCOE, operating and 

management costs and finally to simulate different cases with various integration of solar energy, 

storage and finally generator. HOMER can be fed with various components and sizes to consider for 

a them to create a suitable microgrid. The microgrid can consist of solar PV, hydropower, 

electrolyzer, reformer, generator and batteries. HOMER takes into account several factors such as the 

initial investment, yearly operation and renewal costs, the availability of sources such as wind and 

solar insolation as compared to each other and the characteristics of the demand data to decide on 

the size of each component and/or if they should exist in the microgrid or not. 

4.1. Building Load 

The electric load of the buildings has been determined in a previous study performed on the AsaDuru 

concept [8]. The authors investigated the market for energy efficient components and tried to find a 

balance between economic and electrical efficiency. Thus, there is a detailed consumption analysis 

available which serves as the main load data. The demand comes primarily through cooling, auxiliary 

HVAC, appliances and lighting. Table 5 presents the details of the load. 

Average Consumption Peak Cooling total yearly Total Demand Yearly 

1,56kW 4,45kW 10,54MWh 13,73MWh 
Table 5 Load data details [8] 

Thus, the data available for one house added up to 13,7 MWh consumption per year, of which 10,5 

MWh is used for cooling. The demand data is randomized by creating 10 different versions for 

reflecting the possible reality of 20 houses to a higher extent. This is done firstly by shifting the 

original demand data in hourly steps. Data is moved to two hours back and forward in four total steps. 

Thus, the first five versions of the demand are made. The same process is then repeated after moving 

the original data one day forward. This way, a smoother consumption profile for the 20 houses is 

attained. The variation between one house and twenty houses could be observed in Figure 30. The 

demand is always seen highest during the evening hours between 07:00 pm and 11:00 pm, and 

lowest demand is observed between 02:00 am and 05:00 am. 
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4.2. Irradiation Data 

Solar data is gathered from Meteonorm software. Meteonorm uses a foundation of 8 325 weather 

station and five geostationary satellites to generate weather data. This foundation includes a weather 

station in Accra Kotoka Airport [90]. The data used are Global Horizontal Irradiation values. Figure 

31 presents daily average radiation values for each month over a year. The irradiation levels, 

although not significantly, do vary throughout the year.  

 

Figure 31 Irradiation over a year 
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4.3. Array Orientation 

The orientation and inclination of solar modules can affect generation highly. Various solar position 

calculators are available online [91] [92] [93], and a source is readily available to create the necessary 

algorithms for the process from the NREL of the US [94]. A sun path diagram of the location 

presenting houses with their different orientations of the can be seen in Figure 32.  

The right side of the figure represents sunrise, while the left side represents the sunset on different 

dates. It can thus be observed that the position of the sun during summer months varies from North-

East at sunrise to North-West at sunset, and during winter months South-East at sunrise to South-

West at sunset.  

As the project takes place in the Northern Hemisphere, panels would typically be facing South. 

However, as shown in Figure 32, the sun will be both on North and on South side throughout the year. 

The highest energy yield in this case is actually observed when mounting the panels with no tilt at 

all. However, this is not a possibility since the roofs will be inclined to some extent to allow rainwater 

harvesting. It is also not optimal as debris buildup would be anchored more on the panels between 

the cleaning sessions and affect generation to a higher extent. The panels would therefore be placed 

with 5° inclination facing predominantly towards South. However, the houses are to be placed in half 

circles, thus the direction which they face will vary. To test the differences in generation between 

houses, a preliminary simulation is made facing the array in all four cardinal positons. The results 

are shown in Table 6. 

Array Orientation Generated Energy on Year 1 
Subarray 1 0° 1 419 kWh/kWp 
Subarray 2 90° 1 424 kWh/kWp 
Subarray 3 180° 1 426 kWh/kWp 
Subarray 4 270° 1 421 kWh/kWp 

Table 6 Various orientations and their generation results from SAM 

As the data shows, the orientations of the modules don’t affect the total generation significantly. This 

is mostly due to the low inclination of the modules. As the sun rises sufficiently high in the sky 

throughout the year at the equator, each orientation gets ample irradiation. Observing in any case 

Figure 32 The sun path diagram of the project area [7] 
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the difference is below 1%, a uniform orientation towards true South is used in the system 

simulations.  

4.4. Component Sizing 

The size of the energy system components is selected within maximum and minimum limits for the 

amounts of the different components. HOMER iterates through these limitations to find the most 

suitable amount of each unit. The search range used for the simulations is shown in Table 7 below. 

From the minimum to maximum level, an increment level of 20 PV modules is set so that the 

suggestions of the software can directly and equally be applied to houses. In reality, this would alter 

due to different sizes of the houses, however in this report a uniform size is assumed. 

 Min Max Min (20 houses) Max (20 
houses) 

PV 20 modules 80 modules 400 modules 1 600 modules 
5,4 kWp 21,6 kWp 108 kWp 432 kWp 

Batteries 2 units 16 units 40 units 320 units 
9,6 kWh 76,8 kWh 192 kWh 1 536 kWh 

Table 7 Search range used in HOMER 

The inverters throughout the simulations are tested for one size, which is the 5kW S5-unit built into 

the Alpha-ESS system that has 5 kW AC and 10 kW DC capabilities. This means that the inverter can 

receive up to 10 kW from the PV system and give 5 kW to the house.  

The diesel generator models tested shown in Table 8 are from Aksa Generators in Ghana, which uses 

Perkins engines [95]. The Standby Rating (ESP) is the emergency power rating of the generator, 

which can be supplied for a shorter duration (1-12 hours). The Prime Rating (PRP) is the power 

rating which the generator can supply for unlimited number of hours with a 10% overload capacity 

for 1-12 hours [96]. As the generators, would be running for shorter durations, the ESP rating is used 

in simulations in HOMER. The characteristics of the different generator models are presented in 

Table 8. 

Model AP 72 AP 88 AP 110 
Standby Rating (ESP) 57,6 kW 70,4 kW 110 kW 
Prime Rating (PRP) 52,8 kW 64 kW 88 kW 
Installed Cost 12750$ 13750$ 15750$ 

Table 8 Generator sizes and costs 

The readily available efficiency curves in HOMER reflect generator properties well and are used for 

the generator. HOMER also calculates emissions of greenhouse gasses through engine efficiency and 

amount fuel used, thus analysis over emissions is also possible in the scenario with a generator.   
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4.5. System derating 

The losses in a PV system, as mentioned in section 3, are caused by many factors. Cables are designed 

to achieve maximum 3% loss on the DC side. The AC side is assumed to have a 2% loss. For an 

assumed 30m string (for each string) and a 30m array cable a sizing study gives the results presented 

in Table 9. 

 Length V I Cable size Gauge Vdrop% 
String Cable 30m 350,9V 56,87A 16 mm2 5 AWG 1,40% 
Array Cable 30m 350,9V 68,25A 16 mm2 5 AWG 1,68% 
AC Cable 50m 220V 25A 25 mm2 3 AWG 0,98% 

Table 9 Cable loss estimations 

HOMER does not readily have the capability to take into account the readily available wind data 

existing in the weather file while calculating the effects of temperature on the solar modules, thus 

SAM was used to calculate firstly the temperature related losses. Cable losses can also be manually 

fed into SAM as well as other factors such as soiling. Thus, a more convenient total loss structure 

could be attained using SAM and therefore is used to calculate the total losses. Using the CEC module 

database of SAM, Trina Solar module chosen for this project is selected and with the Nominal 

Operating Cell Voltage method, the losses are simulated. Figure 33 shows the losses. 

All the system losses add to roughly 34%, including a 3,5% loss assumed for soiling and 5% loss for 

the battery round-trip efficiency, which is not presented in the figure. 26% of the total loss is fed into 

HOMER as the derating factor. 3,2% inverter efficiency 5% battery round-trip efficiency loss is 

further added to the respective components.  
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5. Detailed System Costing 

5.1. Strategy 

A general economic measure method in projects like this is the Levelized Cost of Electricty (LCOE) 

where the costs of the system are spread across its lifetime and presented as $/kWh value. This then 

can be compared with other generation methods, or with the utility prices. The LCOE value is taken 

from HOMER, and the software calculates this by dividing annualized cost of the system, that is based 

on the total lifetime cost of the system, with the total electricity used by the system [97]. Hence the 

energy that is generated in excess is not included in the calculations.  It should also be noted that, as 

the investment is to be made using foreign capital in U.S. dollars, a typical discount rate at 6% is used. 

For reaching a realistic LCOE however, the detailed costs of implementing the project must be known. 

There are many unforeseen costs due to the complex structure of the project. To capture these costs, 

meetings with different actors from companies/organizations operating in Ghana are used as sources 

[98] [48] [82] [67] [65], as well as analyses from IRENA and NREL [32] [99]. A well-established cost 

structure can be seen on the Figure 34 below. 

 

5.1.1. Baseline System for Economics 

A baseline system using 100% renewable energy using Trina modules with 100% availability from 

Alpha-ESS batteries is simulated in HOMER. This is done since quantities can make a significant 

difference in unit costs and levies, this preliminary simulation is made to determine volume 

estimates. The resulting costs are then used in the final simulations.  Table 10 presents the 

preliminary component sizes.  

 

 

Figure 34 Cost structure of a residential PV installation [76] 
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 Rated PV output Battery Bank Inverter Size 
20 houses 356,4 kWp 1 152 kWh 100 kW 
1 house 17,82 kWp 57,6 kWh 5 kW 
20 houses 1320 modules 240 units 20 units 
1 house 66 modules 12 units 1 unit 

Table 10 Baseline system component sizes 

5.1.2. System Hardware 

The module, inverter, racking, balance of system and equipment costs are directly gathered from 

company representatives and installation crews consulted in Ghana. The supply chain costs such 

logistics, licensing and import duties/taxes are collected from company representatives, government 

officials as well as available online sources. The sales tax is not included in calculations as the 

installation is to be made and used directly by AsaDuru. 

5.1.3. Direct and Indirect Labor Costs 

Wage rates for a solar installation crew in Ghana are collected from installation companies in Ghana. 
The indirect labor such as engineering and construction permit administration are handled by 

AsaDuru and not included in calculations. The sales and marketing is likewise non-existent for the 

same reason with sales tax; the installation is to be made and used directly by AsaDuru. 

5.1.4. Permit, Inspection and Interconnection(PII) Fees 

All the costs related to permits and licensing are gathered from the Energy Commission of Ghana. As 

the houses are to be made off-grid, no interconnection fee is necessary. Neither is any inspection fee 

as this is included in licensing fee. 

5.1.5. Overhead Costs & Profit 

No overhead cost or profit cost are included in the total costs. The overhead costs were not due to 

solar installation but the construction project itself. Profit would likely be made from the project in 

its total. Hence, knowing the equipment, labor, and fee costs are deemed enough.   

The component costs at purchase price for this case are shown in Table 27. These are Exclusive 

Works (EXW) costs, in other words the costs of the products directly from the factory. 

5.2. Soft Costs 

The final installed costs of each component are evaluated through going one-on-one on the structure 
presented in Figure 34.  

5.2.1. Equipment Costs and Quantities 

The baseline quantities and EXW prices of components from the previous part form the equipment 

costs and quantities. The values are shown in Table 11. 
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Table 11 Component costs EXW 

5.2.2. Supply Chain Costs 

The cost of logistics includes the transport fees, freight insurances and import duties. Firstly, each 

component is investigated in the Ghana Harmonized Tariff book. In the book, both the import duty 

and the Value-Added Tax (VAT) level are presented [100]. 

PV panels are not subject to any import duty or VAT in Ghana [101]. This is a good endorsement by 

the Ghanaian government, however is bound to change in near future, possibly during 2017 [65]. In 
this report, however, the current situation is used in economical calculations. 

Lithium based batteries are subject to 20% import duty and 12,5% VAT [102]. Inverters and other 

types of converters are only subject to 5% VAT (no import duty) given that they do not exceed a 650 

kVA capacity [103] while charge controller and trackers are subject to 5% import duty and 15% VAT 

[104] [100]. 

Besides the import duty and VAT, several levies are added on the total costs. These are an example 

of the hidden costs of a system. Some of these levies are imposed by the Ghanaian Government 

whereas the others are imposed by the Economic Community of West African States (ECOWAS) 

which Ghana is a member state of. Thus, the levies are sometimes added on the value including the 

import duty, and sometimes only on the value of the product. It is important to note here that both 

the VAT and the import duty cost are applied on the total Cost, Insurance and Freight (CIF) and not 

only on the cost of the product. The additional costs to be paid on arrival to harbor are listed below 

in Table 12. 

Levy Percentage Imposed on 
National Health Insurance Levy 2,5% CIF + Import Duty 
Export Development and Investment Fund 0,5% CIF 
ECOWAS Levy 1% CIF 
Witholding Tax for Internal Revenue Service 1% CIF 
Destination Inspection Fee 1% CIF 
Special Import Levy 2% CIF 

Ghana Community Network Services Limited Levy 4% Shipping cost  
VAT 15% Ghana Community Network 

Services Limited Levy National Health Insurance Levy 2,5% 
Table 12 Levies for imports in Ghana 

5.2.3. The total cost of shipping & insurance 

The cost of shipment is estimated at 2 000$ per 20ft, and 3 000$ per 40ft container [67]. The 

insurance costs depend on the value of goods in the container [105]. Shipping details must be 

investigated carefully due to VAT, import duties and several levies being charged on CIF. By including 

 PV S5 (Inverter-Junction Box-
Charge Controller-Meter) 

M48100 LFP 
battery module 

Total 

Unit Price 0,4$/kWp 3 000$/unit 325$/kWh   
1 house 7 128$ 3 000$ 18 720$ 28 848$ 
20 houses 142 560$ 60 000$ 374 400$ 577 200$ 



47 
 

the shipping costs and applying different factors to these where necessary, a true ratio could be found 

per unit of each component. The insurance and shipping values are gathered as percentage values 

for easier calculations in the different cases later on.  

Shipping costs mainly depend on the number of containers used for the transportation. A 40 ft 

container offers roughly a 28 m2 storage space with a 2,4 m height, or about 68 m3 [106]. To 

determine an average number of shipping containers needed for the project, 1320 PV modules, 240 

batteries, and 20 inverter units are estimated to be needed.  

After investigating datasheets of different components, PV modules are observed to require a 30% 

empty space (dead space) in the container. This is taken further by 10% for the S5 units and batteries, 

thus they are to be shipped with 40% dead space. Using this method, two 40ft containers are deemed 

enough. A 6 000$ of shipping and an estimated 6 000$ for insurance are added to the costs.  

Using these values as a basis, a percentage ratio of insurance and freight costs to unit costs are 

estimated. The values are rounded, to the closest higher even value where possible, for easier 

calculation and added safety factor. As the observed insurance rates varied between 0,4% and 1,9% 

[67] [105] [107], an average factor of 1,25% of the total value is used when calculating the insurance 

cost.  Results are presented in Table 13. 

 PV modules ESS Controller Inverter 
Total product cost 142 560$ 374 400$ 28 000$ 32 000$ 
Shipping Cost 4 500$ 1000$ 400$ 100$ 
Insurance Cost 1 782$ 4 680$ 350$ 400$ 
Insurance&shipping ratio to 
total 

4,5% 1,5% 2,5% 1,5% 

Table 13 Cost estimations for shipping and insurance 

The PV modules take a high amount of space. Thus, their shipping costs are relatively high compared 

to their total costs. However, their insurance costs are much lower compared to the battery modules 

which are nearly three times as expensive.   

5.2.4. Installation labor costs 

One of the benefits of having this project in a country such as Ghana is the low labor costs. The 

installation crew considered for this project would charge 100$ per day for seven people [48].  The 

installation should last approximately four days per house, resulting in 400$ per house and 8000$ 

for all twenty.  

In reality, the system would be installed as one unit, however HOMER requires each component to 

have its own capital costs. Therefore, the shared cost for installation must be spread across the 

components, which is applied using the assumed distribution in Figure 35. PV module rack placement 

and module installation would ultimately be the most times taking process during the installation. 

Moreover, it has been observed that all the crew is active on this phase of installation, whereas during 

inverter and battery installation it’s the electrician plus one or two members from the crew. Thus, 

most of the time and physical effort will be going on PV module installation. However, inverter and 

battery installation require the electrician to be present at all times, and the electrician due to skill 

demanding work gets paid more. Therefore, the cost assumption is arranged so that PV modules’ 

labor cost do not reach 50% of the total labor costs.  
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Figure 35 Installation costs 

5.2.5. Costs of extra components 

The cost of components which would not be imported such as junction boxes, solar cables, racking 

bars, fixings and are readily available through a quotation from the installation crew [48]. A total 

cable length of 400m/house is assumed. Costs for other installation equipment such as rails & fixings 

and switches fuses and junction box are further gathered from the installation crew. All 

miscellaneous hardware costs are summarized in Table 14. 

 Per House 20 houses 
Switches, Fuses and Junction box 350$ 7 000$ 
Cables 150$ 3 000$ 
Aluminum rail + fixings 300$ 6 000$ 
Total 800$ 16 000$ 

Table 14 Installation component costs [44] 

The cost of aluminum rails and fixings are added to the total PV cost while the cost for switches, fuses, 

junction boxes and cables are added to the inverter cost in HOMER. 

5.2.6. Permits and legal fees 

For this kind of a project, an Installation and Maintenance License is needed. The license application 

fee is 1 400$. If the project is to export to the grid, a Utility license would also be needed as the total 

generation size exceeds 100kW. However, for now only the Installation and Maintenance is 

considered. The fee is to be paid to The Energy Commission and is added to the cost structure.  

A final license of approval will also be needed for the Alpha-ESS batteries from The Ghana Standards 

Authority (GSA). This is because the batteries will be entering Ghanaian market for the first time and 

need to be examined to condone if the units fit the Ghanaian electrical standards. The GSA charges 

1 000$ for this process.  

The licensing and legal fee costs cannot be adjusted to price per unit levels of different components. 

They are therefore added as fixed system costs to the simulations.  

40%
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5.3. Final Component Costs 

Table 15 gives a summary of costs from the factory to user. Each factor is added towards the right on 

the table. For instance, the effect of insurance and freight ended up on 0,018$/Wp, and thus the cost 

raised from 0,4 to 0,418$/Wp. The end values (installation column) were then the values used for 

simulations. The breakdown with regards to total costs can be observed in Figure 36. Each concentric 

layer represents the portion taken of the total cost of the inner layer.  

  Supply Chain Costs  Labor  
 Primary 

cost 
Insurance 

and Freight 
Import Duty 

and VAT 
Levies Equipment 

costs 
Installation Licensing 

PV Modules 0,4$ 0,418$ 0,418$ 0,452$ 0,469$ 0,478$  
2 400$ 
 

Batteries 325$ 329,88$ 435,50$ 463,75$ 463,75$ 465,48$ 
Inverters 1600$ 1640$ 1960$ 2095,08$ 2595,08$ 2695,08$ 
Controllers 1400$ 1435$ 1715$ 1833,20$ 1833,20$ 1873,20$ 

Table 15 Costs from factory to user 

  

 

Installation 

Insurance + Freight 

Insurance + Freight 

      Installation 

Import duty 

+ VAT 

Levies 

Installation 

Insurance + Freight 

Figure 36 Cost Breakdown of Components 
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Table 16 summarizes the actual costs for the preliminary energy system and gives the inputs 

(Installed unit price) as they are given to HOMER . 

 PV S5  unit M48100 battery  Total 
Purchase Cost 

Unit Price 0,4$/kWp 3 000$/unit 325$/kWh   
1 house 7 128$ 3 000$ 18 720$ 28 848$ 
20 houses 142 560$ 60 000$ 374 400$ 577 200$ 

Installed Cost 
Unit Price 0,478$/kWp 4 568,28$/unit 465,48$/kWh   
1 house 8 518$ 4 568$ 26 812$ 39 898$ 
20 houses 170 359$ 91 366$ 536 233$ 797 958$ 

Table 16 Purchase cost and installed cost of system 

5.4. Operation & Maintenance Costs  

After achieving the installation, the system will continuously require treatment, which form the O&M 

costs of the system. PV systems are known for their low O&M costs [1] [24] [25] [26]. However, 

periodic maintenance should be made to ensure operations over the long-term, to keep the system 

working at maximum efficiency while minimizing risks of faults [24] [47] [63].  

During maintenance, the system shall be visually inspected for any obvious physical damages. These 

include cracked/fractured glasses, corrosion and burn damages due to various reasons such as 

reverse current, hot spots and moisture [24] [47]. Hot spots are spots where electrical build up occurs 

due to lower current generated by a part of the solar module, due to shading and/or degraded 

connection between cells [24] [47].  

Such damages can reduce system performance, result in module failure and ultimately create a fire 

hazard [24] [47]. For avoidance of such occurrences, the system should be periodically cleaned from 

debris build-up and soiling. The cables, even if in cable housing, should be regularly investigated and 

cleaned for avoiding insect problems [47]. 

The system’s generation should also be inspected regularly. The meter readings are valuable to be 

able to monitor if the system is generating at the expected levels. Such online monitoring is included 

in the cost of the battery/inverter system by Alpha-ESS [67]. 

The O&M costs are thus mostly for keeping the system clean. This is especially necessary in Ghana as 

the soil generally is dry and many roads are not asphalt. In addition to this, during windy seasons in 

spring and in autumn, sandstorms can be experienced. Thus, cleaning the panels regularly will be 

highly necessary. This can be done by the house owner or through professionals. Cleaning and 

inspections with 6 months’ intervals is deemed to be sufficient. This would be rated at 50$ per house 

[48], thus 1 000$ per maintenance and 2 000$ throughout a year.  

Given these values, a total cost of O&M at 3 000$/year with possible contingencies is deemed 

sufficient. The value is then shared to different components for the lifetime of the system. This does 

not include replacement costs. The values were set and spread to components as 9$/yr/kW for PVs, 

5$/yr/unit for batteries and 30$/yr/unit for inverters.  
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6. Results 

Three operational scenarios are investigated; 100% availability, 99% availability, and a system with 

generator with no set availability constraint. Table 17 presents the technical and economical results 

of each scenario, whereas the following sections in the chapter will explain each case in further detail. 

The costs are received through using a 6% discount rate, thus inflation is not taken into account. 

 Rated PV  Battery 
Bank 

Inverter 
Size 

LCOE Renewable 
Fraction 

Cost per 
house 

100% 
Availability 

405 kWp 1 152 kWh 100 kW 0,276$/kWh 100% 48 258$ 

99% 
Availability 

397,5kWp 768 kWh 100 kW 0,220$/kWh 99% 32 060$ 

With 
Generator 

340,2kWp 576 kWh 100 kW 0,199$/kWh 98% 26 740$ 

Table 17 Results of different scenarios 

6.1. Systems Analyses 

6.1.1. System with 100% Availability 

In this case, each component is highly oversized to be able to cope with each day of the year, including 

the times when it is consecutively overcast for most of the day, and for more than one day. The total 

production versus the total consumption data and the ratio of excess is presented in Table 18 below. 

Total Production Total Consumption Excess Electricity Excess Percentage 
526 475kWh/year 273 167kWh/year 236 419kWh 44,9% 

Table 18 Production, consumption and excess in 100%  

This shows the difficulty of having renewable energy generating agents with 100% availability. 

44,9% of the electricity is to be wasted. To further identify the problematic periods, the battery bank 

state of charge is observed (Figure 37).  

Figure 37 Battery bank SOC 
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The climate conditions did not allow the batteries be charged at all only about 7 times throughout 

the whole year. The times observed with not enough solar insolation are mostly during October and 

August. The reasons can be better understood looking at graphs such as Figure 38 depicted below 

where solar irradiation and battery SoC are presented together. 

It is when the solar irradiation is less than 20% of a well sunny day consecutively 2 or more days a 

problem occurs. The batteries are able to make about 2 days without input. The night between 25-

26th October is one period where there is no electricity in the system.  The batteries in the simulation 

are programmed to be shut off when 90% DoD is reached as that is their usable capacity [77]. The 

system reaches 90% DoD point at midnight of October 25, and stays at the point until 07:00. This 

shows that even with a very high investment and excessive generation, there may be issues 

depending on the climate conditions. 

This system costs around 50% more than the upper budget limit set for this project. Regarding LCOE, 

the price per kWh to be paid during the lifetime of this system is 0,276$, which is higher than the grid 

price. The grid electricity for one house would roughly be 0,19$/kWh as the houses consume roughly 

1 000kWh/month. 

6.1.2. System with 99% Availability 

Seeing the tough measures to achieve continuous energy flow to the system even on consecutively 

not sunny days, the availability demand is decreased and simulated. With decreasing the minimum 

availability requirement by 1%, there is a considerable amount of savings in investment costs. The 

results can be observed below in Table 19. 

 Rated PV Battery Bank Inverter Size LCOE Cost per house 
100% 

Availability 
405 kWp 1 152 kWh 100 kW 0,276$/kWh 41 176$ 

99% 
Availability 

397,5kWp 768 kWh 100 kW 0,220$/kWh 32 060$ 

Table 19 System size and cost comparison of 100% and 99% available systems 

The number of modules is not reduced significantly. This is possibly due to the relatively low price 

compared to batteries. The difference is thus mainly observed with the battery banks. The capacity 

is reduced rather drastically from 1 152 kWh to 768 kWh, or from 12 units to 8 units per house, and 

leads to 23% saving in the investment costs for the project. The cost per house is almost down at the 

level which AsaDuru set, and the levelized cost of electricity is closer to grid-parity. 

Figure 38 Solar irradiation and battery bank SOC 
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As the PV array size is still quite large, a high amount of excess electricity is still being generated. 

The total generation data with the amount of unmet electric load data is shown in Table 20. 

Availability Total 
Production 

Total 
Consumption 

Excess 
Electricity 

Excess 
Percentage 

Capacity 
Shortage 

99% 516 727kWh/yr 270 827kWh/yr 229 197kWh/yr 44,4% 2 946kWh/yr 
Table 20 Production, consumption, excess and shortage data on 99% availability scenario 

As presented in the table, the rate of excess electricity generated in two scenarios is not much 

different. The batteries however are generally at a lower SOC throughout the year. Figure 39 shows 

the different SOC rates throughout one year. 

The difference can be observed as HOMER lets the batteries run on lower capacities throughout the 

year. The critical days in January, February, August, October and December are not as critical 

anymore and thus the batteries are more appropriately sized for the general trend of the year. It 

should be noted that this will also cause the batteries to derate faster as they are cycled deeper each 

time they are used. 

6.1.3. Capacity Shortage vs. Cost Savings Sensitivity Analysis 

The decrease in costs due to capacity shortages are interesting from an investment point of view and 

are investigated closer. Using HOMER’s sensitivity analysis, 50 cases are made with availability of the 

system varying between 100% and 95% with a step size of 0,1%. Figure 40 shows the variation of 

LCOE depending on the capacity shortage allowed in the system. 

Figure 39 Battery bank SOC 99% renewable (top) vs 100% renewable (bottom) 
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Figure 40 LCOE vs. Capacity Shortage 

As can be observed from the graph, the decrease in LCOE is not linear but rather an exponential decay. 

In other words, the first percentage of capacity shortage gives a considerably higher cost saving than 

the second percent. In fact, a total of 37,5% reduction in LCOE is achieved from 100% availability to 

95% availability where more than half of the reduction is due the first percentage between 100% 

and 99%. Figure 41 illustrates this gap. 

 

Figure 41 Percentage decrease in LCOE vs. System Availability 

The systems with slightly lower availability requirements thus are systems which leads to 

remarkable cost savings. However, AsaDuru does not want any blackouts to occur. Using the 99% 

availability case as an example. even though the unmet electric load is at a relatively low level, it is 

still at 127,9kWh/house/year. With the consumption rate of a house at a 40kWh/day average, this 

shortage still represents several power outages as the total amount equates to four days 

consumption of one house. 

0

0,05

0,1

0,15

0,2

0,25

0,3

0 1 2 3 4 5 6

LC
O

E

Capacity Shortage (%)



55 
 

6.1.4. System with Generator 

With the availability requirement at 100%, the system is simulated with a diesel generator which 
makes it possible to have less than 100% renewable fraction. Here, a system is simulated with no set 

target for renewable fraction. Table 21 shows the system HOMER finds most suitable in these 

conditions. 

Rated PV Battery 
Bank 

Inverter 
Size 

Generator 
size 

LCOE Renewable 
Fraction 

Cost per 
house 

340,2kWp 576 kWh 100 kW 57,6 kW 0,199$/kWh 98% 26 740$ 
Table 21 Results of the simulation for system with generator 

The amount of battery capacity is halved, and the amount of solar PV is marginally reduced. Thus, the 

investment needed is reduced drastically. Interestingly, the renewable fraction is still quite high. This 

system with ~15kW PV and ~30kWh of storage per house, is notably in a size which was 

preliminarily suggested by a number of company representatives as well [67] [98] [108]. The 

production ratio between PV and generator and the excess electricity produced can be observed in 

Table 22.  

 Total Generation From PV From Generator Excess Electricity 
Amount 452 741kWh/yr 442 156kWh/yr 10 586kWh/yr 163 192 
Percentage 100% 98% 2% 36% 

Table 22 Total, PV, generator and excess electricity generation 

The generator makes up 2% of the total generated electricity amount. When excess electricity is 

excluded, and assuming all the electricity generated by the generator is used, this amount goes up to 

4,5% of the total energy used. The generator is used sporadically throughout the year, as shown in 

Figure 42 and Figure 43.  It is used most frequently between January-February, and November-

December, starts 114 times, and is used a total of 500 hours. 

Figure 42 Total power generation from PV and Generator 



56 
 

 

Figure 43 Generator output through one year 

The effect of the battery downsizing is shown in the battery SOC graph in Figure 44. The batteries are 

charged down to their lowest 10% capacity during majority of the year. 

 

Figure 44 Battery bank SOC in system with generator 

The pattern of the generator follows the low SOC periods of the battery banks. Figure 45 also presents 

two cases where the generators are employed during months October and August. 

 

 

Figure 45 Generator (black) and battery SOC (blue) during October and August 
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The two periods presented are the periods where power failure occurs with a no generator setup. In 

this case, these are periods where the generators are used to supply electricity to the system and also 

to charge the batteries to an extent. Thus, this is the first truly 100% available system. Table 23 

presents the costs of the system for one house and for 20 houses. 

Table 23 Costs of system with generator back-up 

There is a 36% cut back on the initial investment costs. With generators, however, the operational 

costs increase with the added fuel costs. The maintenance costs for PV modules and batteries 

decrease slightly with decreasing quantity, but the increase of O&M is considerably higher. 

Diesel prices in Ghana at the time of visit were at a 3,5GH₡/liter. More current trends show that it is 

increasing to levels of 3,8GH₡/liter on average [109]. At a converted rate this can be averaged to 

0,89$/liter. The simulation results in 4 692 liters of fuel consumption per year, costing approximately 

4 176$ at this cost level. 

This is the only system that fulfills investment requirements. It does however end with higher O&M 

costs, which is reflected in the LCOE value. The system moreover will be generating greenhouse gas 

emissions. The emissions of the system are presented below in Table 24. 

Pollutant Emissions (kg/yr) 
Carbon dioxide 12 357 
Carbon monoxide 31 
Unburned hydrocarbons 3,4 
Particulate matter 2,3 
Sulfur dioxide 25 
Nitrogen oxides 272 

Table 24 Emissions of the generator 

This amount of emission roughly equates the emissions of a new vehicle travelling a total of 100 000 

km throughout a year [110]. Although no emissions would be preferrable, in the context of the energy 

climate of Ghana where oil is currently one of the major sources of electricity, this system would still 

be beneficial for the environment compared to getting the electricity from the grid.  

6.1.5. Only Generator 

For comparison, a system using only generator is also simulated. The results are shown in Table 25. 

Generator 
size 

Diesel 
consumption 

LCOE Renewable 
Fraction 

Total 
Investment 

Operating Cost 

57,6 kW 109 123 l/yr 0,415$/kWh 0% 12 750$ 112 387$/yr 
Table 25 System using only generator 

The emissions of this system will naturally be higher, and is shown in Table 26. 

 PV S5 (Inverter-Junction 
Box-Charge 
Controller-Meter) 

M48100 LFP 
battery module 

Aksa AP 72 Total 

1 house 8 517$ 4568$ 13 404$ 638$ 26 740$ 
20 
houses 

170 359$ 91 366$ 268 080$ 12 750$ 534 806$ 
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Pollutant Emissions (kg/yr) 
Carbon dioxide 287 358 
Carbon monoxide 709 
Unburned hydrocarbons 78,6 
Particulate matter 53,5 
Sulfur dioxide 577 
Nitrogen oxides 6 329 

Table 26 Emissions of the generator when it's the only energy source 

The generator’s emissions are roughly 23 times more than the generator used as support for the 

renewable energy system. This level is not as high as would be expected considering the generator 

in the case before generated 2% of the total generation. In this case, the generator when used as the 

only source, doesn’t have to result in a high amount of excess power generated, thus the total 

generation is aligned with the total demand. Here the emission ratios between the two generators 

are logical since the supporting generator system supplied roughly 4,5% of the total generation. In 

this scenario, the amount of excess electricity generated is 0,6%.    
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6.2. System design for a house 

The system using a generator back-up is the only system that fulfills investment requirements. A 

system design using result’s values is therefore made for one house. The systems details are shown 

in Table 27. 

 PV Battery Bank Inverter 
Capacity 17,8 kW 28,8 kWh 10 kW 
Number of units 66 (11 series – 6 parallel) 6 1 
Voltage Voc: 423,5V – Vmp: 350,9V 48V 125V – 550V 

Table 27 Detailed system design example 

The system would consist of 66 modules. Here, 11 modules would be connected in series (strings), 

reaching an open circuit voltage (Voc) of 423,5V and 6 such strings would be placed in parallel, 

reaching a short circuit current (Isc) of 54,6A. This is arranged as such with the purpose of keeping 

the Vmp close to 3/4th level of the MPPT span, as suggested by [47] [24]. The maximum current intake 

of 60A of the inverter also allows a margin for overcurrent protection. 

As the roof itself would be 5° inclined, the modules’ edges will be aligned. This enables the modules 

to be tightly placed as they will not be shading each other. The total module area is 106,8 m2 and with 

an assumed 20% buffer zone the system will take up 128,2m2. With the total roof area being 140m2 

this system will fit on the roof. The nominal battery capacity is 28,8 kWh and is achieved by having 6 

battery units connected in parallel.  
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7. Discussion 

With the high cost of electricity and the low quality of the supply, implementing a profitable solar 

energy system project is relatively achievable in Ghana. With the applicable generator scenario, the 

LCOE of the project is nearly at grid parity. Considering the low reliability of the grid electricity, 

however, the situation is more in favor of renewable energy project implementation. For AsaDuru, 

this is a great chance as the company can also reduce the costs of the houses and charge for the 

electricity used in the homes, at a rate that is not higher than the grid’s rates. This would be beneficial 

in two ways; AsaDuru would have a monthly source of income and the users would not over-use their 

electricity and be more conscious about their consumption. However, this agreement should take 
into account the low discount rate used in this study and the agreement should be made in U.S. dollars 

rather than Ghanaian Cedi to mitigate this approach’s risks. 

The discount rate was chosen at a typical level at 6% due to investment being made using U.S. dollars 

with foreign capital. The inflation rate in Ghana is highly fluctuating.  This fluctuating trend if were 

to be considered at a set point would result with a discount rate that is more than 10%, and the LCOE 

values accordingly would essentially double.  

The inverter size had to be manually chosen in the simulations, since HOMER automatically reduces 

the inverter size seeing it as an unnecessary investment. For this project, HOMER would normally 

suggest an inverter of size 55kW, as that is the peak power demand of the whole community. 

However, each house must be planned for a 5kW inverter for two reasons. First, a single house still 

does have a 4,5kW peak even though the total peak through demand randomization is reduced to 

about 2,8kW/house. Second, 5kW inverter size is the size available from Alpha-ESS [77]. Moreover, 

the inverter size is in ratio with the battery charging capabilities of the system. The 5kW inverter in 

this case is with 5kW discharge and 10kW charge capabilities, thus one S5 unit can handle 10kW of 

PV input, even though it would supply maximum 5kW to the house [77]. Unfortunately, it is not 

possible to take such limitations into account with HOMER. Thus, the inverter size was always kept 

fixed at 100kW.  

The choice and size of inverter however still should be open for discussions. As the reader can 

observe throughout the report, economics played the highest key role in attaining the possible energy 

system. The inverter as such was chosen to cause a minimal economic impact on the total cost of the 

system and Alpha-ESS offered an exceptionally cost-effective solution.  If the project were ever to be 

realized however, care should be given to testing each of the different units before any major 

purchase is made. In this report, the analyses made on different inverter brands were not presented 

as achieving same cost efficiency were soon realized to be rather impossible. 

In the same sense, a considerable amount of work was put into finding the economic contingencies. 

Whilst trying to achieve this, it was observed that the price rates are highly volatile in the renewable 

energy market. To set an example, the tier-1 modules were at a 0,5-0,55$/Wp rate in the beginning 
of writing this report. Tesla batteries, which were excluded in this report due cost and marketing 

strategy requirements, were at levels of 700$/kWh in the same period. Throughout the course of the 

project, tier 1 module prices came down to 0,4$/Wp while Tesla’s new batteries are supposedly to 

be at a cost level of 350$/kWh once they reach market [67].  

It should thus be noted that the costs of the system can vary notably until the time of project 

implementation. One can predict that the costs will continue declining, however as each of the 
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components are dependent on the supply of their raw materials, the unexpected may also occur and 

lead to an increase in the costs. Therefore, for any future work it is not suggested to use the cost data 

in this report as the only economic data to make a new analysis but rather use it as a basis and as a 

source to understand the possible added end costs of a solar energy system. 

It was also observed that customers that are looking independently into purchasing energy storage 

systems are generally aware of this volatility and the continuous decrease in costs. Thus, they are 

willing to wait for investing on a renewable energy system. The general opinion is observed to be 
either not investing to a system now, or investing to a system with lead acid batteries until newer 

technologies come down to reasonable cost levels. In this manner, the same strategy could also be 

followed by AsaDuru. However, this requires that the company makes the battery replacements quite 

earlier than in the lithium-ion case.  

Regarding the fluctuations in costs, the same risks exists even for labor related costs. There are 

currently about 60 solar installation companies active in Ghana. The installation costs they offer will 

surely be subject to changes in future. Currently, customers can enjoy low cost-rates for the 

installation labor due to a lack of regulations by the government. With more and more solar energy 

projects, newer regulations would presumably come into existence and lead to higher costs for the 

crews and subsequently the customer. 

Nevertheless, the economic analysis made in this report covers all the legal fees and logistic costs. 

Here, the only parts that include assumptions are the shipping and insurance costs of the 

components. These values are still based on the opinions of company representatives, who have been 
through the process many times before. Moreover, the total cost of the applicable system allows a 

10% buffer zone for such possible contingencies. Thus, the system suggested should be applicable at 

the required cost level. 

Implementing this system will allow 100% availability, while also achieving high rates of renewable 

energy penetration. It is possible that the generator will be needed even less than the level which 

HOMER anticipates, as the level of losses were set rather abundantly for added safety factor. Although 

as the system depends on the solar insolation, there will always be an uncertainty on the level of 

generation which can be achieved. 

Considering the generation, although only solar power was studied in this case, seeing that a 

generator will have to be in place, possibilities with biofuels in the generator should also be 

investigated. This can be to supply the peak part as the generator in section 6.1.4, but a more 

reasonable way, if such an investment is to occur, would be to find an economical balance in between 

solar power, energy storage and biofuel generators as investment in energy storage can also be 

drastically cut down thanks to this new mix.   

Finally, a field for improvement is the load of the houses. The load in this report was taken as fixed. 

This load data, although developed meticulously using energy efficient appliances to keep a low-

consumption profile, can be subject to further improvements. The highest consuming part of the load 

is the cooling part. Here, other methods such as ice storage can be employed for reduction of peaks 

in consumption and possibly also for a considerable reduction in the total energy consumption 

throughout the year. This in return, may cut down on the need for batteries and thus result with 

savings on investment cost. Therefore, these types of technologies should further be analyzed. 
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8. Conclusion 

The design for the most suitable energy system for a 20-house community was attempted to be made 

based on different criteria. Detailed analysis on components, possible losses and economical aspects 

were made. It is realized that achieving a renewable energy system for a luxury home, even with 

energy efficient components and building designs, is highly costly and results at higher cost of energy 

than the grid itself. This is mostly due to the currently high costs of energy storage.  

Total installed costs of each component are found and three systems with varying characteristics are 

simulated using these values and HOMER software. The systems tested are a 100% availability, a 

99% availability and a system using generator with no constraint on the system availability. It is seen 

that supplying all the demand using renewable energy and energy storage leads to a high increase in 

costs. This is due to sizing the components for the worst times of year when there might be high cloud 

coverage for more than one day. For this scenario, this leads to doubling the capacity of the battery 

storage and causes a nearly 40% increase in the initial costs of the system. 

Among all the system designs, the only one fitting into the price limit was the system with a generator 

back up and thus it should be the system considered for this project. This system offers a renewable 

energy penetration of 98% and an investment cost of 26 740$ per house which is more than 10% 

less than the set maximum budget of 30 000$, allowing room for contingencies. The LCOE of the 

system is 0,199$/kWh which is close to grid parity. However, more work is needed on estimating a 

discount rate for the calculation of this value. This report focused mostly on achieving a sufficient 

energy system objectives at a cost level below 30 000$.  
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Appendix A – Analysis Criteria for ESS 

Upfront price 

This rating is based upon the primary investment costs for the different systems. As such it is in direct 

ratio with their costs. The companies are thus ordered accordingly with their upfront cost levels 

presented in Table 2. 

Cost/Cycle 

This rating considers the cost for each cycle the system performs by first getting the cost/usable kWh 

by taking into account the usable DoD. This value is then divided with the guaranteed cycle amount. 

The companies are again ordered accordingly, this time with their cost/cycle levels presented in 

Table 2.  

Environment & Safety Aspect 

This rating takes into account the raw materials used in the system’s making, and the environmental 

and safety hazards the system can have during the course of its operation. It also takes into account 

the amount of care that should be given during the disposal of the unit when its lifetime is over. 

Aquion’s environmental friendly chemistry and Alpha ESS’ safe lithium chemistry earned them the 

higher points.  

Performance 

Criterion represents the charge and discharge capabilities and the way these affect the overall 

lifetime of the system. Here technology plays the crucial role where flow batteries’ and lithium ions 

superior capabilities place them higher on rankings. Alpha ESS received a higher rating due to it being 

able to offer higher peak power than LGchem. 

Maintenance 

Rating represents the expected amount of maintenance required for the system, and also the ease of 

this process in Ghana. Thus, even though AlphaESS and LGchem are expected to have equally low 

maintenance frequencies, LGchem’s already existence in the Ghanaian market makes it easier to take 

care of once maintenance is needed.  

Ease of logistics 

Rating considers the space required by the systems during shipment and the process of bringing 

them from harbor to project site. Aspects such as need of trucks and forklifts are taken into account. 

High power density and existence in Ghanaian market are positive characteristics LGchem has and 

earned it the first place. The container sized unit from redT that is to be shipped from Europe in this 

manner received a poor rating. 

Ease of installation 

Rating considers how easy the installation would be by taking into account the number of units 

installed and if a team from the manufacturer would be needed to make the installations. Alpha ESS 

with its plug&play format is the easiest to handle. LGchem and lead acid batteries both have 

experienced crews in Ghana. Aquion requires an engineer and redT requires a whole installation 

team flown into Ghana. Thus the ratings are made accordingly. 

Space required 

Rating considers the total space the systems are going to take, if they can be placed inside the houses 

and if special air conditioning would be required for these spaces. Here, lithium technology is 
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superior and LGchem lithium technology is the better one among the two with its higher power 

density. 

Brand Appearance 

Rating considers the technology type of the system, the knowledge and overall appreciation of the 

brand and perception of the country which it comes from. Aquion having a new technology and being 

from the US received the first place, as products from US are appreciated higher than the products 

from China. 

Market Activity in Africa 

Rating considers the overall presence of the company in Africa. Here the focus is not only Ghana due 

to AsaDuru’s expectance of operating in different countries in the continent already from the point it 

begins its operations. Aquion existed in the continent (South Africa) and LGchem existed even in 

Ghana.  

Contact Quality 

Rating considers the overall reception quality by the company. The quickness of company’s replies 

and the quality of these are taken into account. 

Future of the company 

Rating considers the amount of trust which can be given to the future of the company. This takes into 

account company’s total installed projects and its existing assets to the extent they were known. 
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Appendix B – Analysis Criteria for PV modules 

Price 

The price of the module is, as in the ESS, in direct ratio with their costs. Here notably Trina Solar 

received a slightly higher rating thanks to the possibility of combining shipment with Alpha ESS. 

Performance & Reliability 

This rating considered the modules’ efficiency, and the companies track of record of manufacturing 

good panels. Overall the same performance is expected by the tier 1 and Solibro modules. SPS has not 

a long track of record and offers lower efficiency, even though the panels should be manufactured 

well for the Ghanaian climate. Thus, it received lower rating. 

Maintenance & Warranty 

This rating considered firstly the ease of maintenance if it were to be needed. Companies with 

existence in Ghana received therefore higher points. The warranties offered by each company were 

more or less the same. 

Environmental aspect 

Considered the type and amount of materials used in the modules manufacturing, also the length of 

transportation to reach installation area. Thin film modules use less demanding manufacturing and 

although with toxic materials a much less amount total material is needed for each module. Thus, 

Solibro received the highest rating followed by SPS since the modules are manufactured in Ghana 

and no shipment is to be made. 

Ease of logistics 

Considered how the modules can be brought to installation area. Companies which exist in Ghana 

received highest rating. Trina Solar would also be received very easily thanks to shipment with 

Alpha-ESS. Solibro would be slightly easier than its remaining counterparts as its not shipped from 

China but from Europe.  

Ease of installation 

Considered how much installation crews have experience with the modules and how easy to handle 

the modules are when on the roof, which is why Yingli and SPS from Ghana and Solibro with its lighter 

and smaller modules received higher ratings. 

Market activity in Ghana 

With modules this rating could be brought down to the country level, as an appreciation over the 

continent would be very hard and unnecessary with solar modules. Seraphim has panels in Ghana, 

Yingli has a distributor thus the two received low ratings. SPS obviously has activity however is also 

Ghanaian so it will still give the competitive edge AsaDuru is looking for. The ratings were thus made 

accordingly. 

Aesthetics of the product 

Rating considered the physical appearance of the module. Thin film module Solibro has never been 
used in the country, thus will offer a wow-factor compared to already known poly-crystallines. 

Solibro therefore received the highest grade. 
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Brand Appearance 

Rating considered mostly the country which the modules are coming from, and the publics opinion 

on these. Chinese technology is not seen very inferior, however Ghanaian and European 

manufacturing would still be appreciated higher, and thus the slight difference in ratings.  

Contact quality 

Rating considers the overall reception quality by the company. The quickness of company’s replies 

and the quality of these are taken into account. 

Future of the company 

Rating considers the amount of trust which can be given to the future of the company. This takes into 

account company’s total installed projects and its existing assets to the extent they were known. 


