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Abstract 
Only 10 % of the rural population in Sub-Saharan Africa has access to electricity. At the same time 

the Sub-Saharan countries are close to the equator and get many sun hours a day, leading to a huge 

potential for solar energy. This report aims to compare different PV system components for use in 

Sub-Saharan Africa to facilitate EWB for their work in electrification projects in the areas. The PV 

system will be compared with the following factors: economic, adoptability, scalability, 

environmental impact and efficiency, weighed in that order. A case simulation was made for a village 

around Nairobi were 20 households would be supplied with solar power. Both Polycrystalline silicon 

cells and thin filmed CIGS were simulated were the Poly c-Si cell was both the cost-efficient and 

scalable choice. Poly c-Si cells was also concluded to be advantageous of the crystalline cells by the 

chosen factors. Pb-acid batteries are best suited for off grid PV systems in rural areas. Different types 

of Pb-acid batteries can be used depending on the area’s typology. Off grid solar powered microgrids 

could be the solutions for an increased socioeconomic wellbeing for communities in rural areas.  

 

  



Sammanfattning 
Endast 10% av lantbygdens befolkning i Subsahariska Afrika har tillgång till elektricitet. Samtidigt 

ligger de Subsahariska länderna nära ekvatorn och får många soltimmar per dygn, vilket leder till en 

stor potential för solenergi. Den här rapporten syftar till att jämföra olika solcellssystems 

komponenter för användning i östra Afrika för att främja Ingenjörer Utan Gränsers arbete inom 

elektrifierings projekt i området. Jämförelsen kommer utföras med följande faktorer, ekonomi, 

anpassningsförmåga, skalning, miljöpåverkan och effektivitet, viktat i den ordningen. En simulation 

gjordes för en by i området av Nairobi där 20 hushåll skulle få tillgång till solenergi. Både Poly 

kristallina celler och tunnfilm CIGS simulerades där Poly kristallina celler var både 

kostnadseffektivast samt det plats effektivaste valet. Polykristallina celler var även konkluderades 

vara det fördelaktiga valet av de kristallina cellerna utefter de valda faktorerna. Bly-syra batterier var 

bäst lämpade för själv stående solcellssystem på landsbygden. Olika typer av bly-syra batterier kan 

användas beroende på områdets typologi. Fristående solcellssystem kan vara en lösning till ett ökat 

socioekonomisk välmående för samhällen på landsbygden.     
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SYMBOLS  ACRONYMES  

𝜶𝑯𝑰𝑻 Temperature coefficient for HIT panels [%/°C] AGM Absorbent Glass Mat 
𝜶𝒎𝒐𝒏𝒐 Temperature coefficient for mono c-Si panels 

[%/°C] 
a-Si Amorphous silicon 

𝜶𝒑𝒐𝒍𝒚 Temperature coefficient for mono c-Si panels 
[%/°C] 

CdTe Cadmium Telluride 

𝑪 Watt peak value [Wp] CIGS Copper Indium Gallium 
diSeleneide  

𝜺 Yearly degradation coefficient [%/year] CPV Concentrated 
Photovoltaic 

𝜺𝒑𝒐𝒍𝒚 Yearly degradation coefficient of poly c-Si 
panels [%/year] 

c-Si Crystalline silicon 

𝑮(𝒕) Global horizontal irradiation [W/m2] CZTS Copper Zink Tin Sulfide  
𝑰 Current in a battery [A] DG Distributed Generation 

𝒌𝑻 PV system coefficient [°C/(W/m2)] DOD Depth of Discharge 

�̇�(𝒙) Power delivery from PV panels as a function of 
past years [W] 

DSSC Dye Sensitized solar Cell 

�̇�𝒃𝒂𝒕𝒕𝒆𝒓𝒚 Effect from a battery [W] EPBT Energy Payback Time 

𝑸𝒃𝒂𝒕𝒕𝒆𝒓𝒚,𝑪𝑰𝑮𝑺 Battery capacity in CIGS PV systems [Wh] GaAs Gallium Arsenide  

𝑸𝒃𝒂𝒕𝒕𝒆𝒓𝒚,𝑷𝒐𝒍𝒚 Battery capacity in poly c-Si PV systems [Wh] GHG Greenhouse Gases 

�̇�𝑯𝑰𝑻(𝒙) Power delivery from HIT panels as a function 
of past years [W] 

GHI Global Horizontal 
Irradiance  

𝑸𝒍𝒐𝒔𝒔 Energy loss due to temperature and yearly 
degradation [Wh] 

HIT Heterojunction with 
Intrinsic Thin film layer  

�̇�𝒍𝒐𝒔𝒔(𝒕, 𝒙) Effect loss due to temperature and yearly 
degradation [W] 

LCA Life Cycle Assessment  

𝑸𝒍𝒐𝒔𝒔,𝑯𝑰𝑻 Energy loss from HIT panels due to 
temperature and yearly degradation [W] 

MG Microgrid 

𝑸𝒍𝒐𝒔𝒔,𝑷𝒐𝒍𝒚 Energy loss from poly c-Si panels due to 
temperature and yearly degradation [W] 

Ni-Cd Nickel Cadmium 

𝑸𝒎𝒐𝒏𝒐 Delivered energy from mono c-Si panels with 
continuous irradiance [Wh] 

Pb-acid Lead-acid 

�̇�𝒎𝒐𝒏𝒐(𝒙) Power delivery from mono c-Si panels as a 
function of past years [W] 

PV Photovoltaic 

𝑸𝒑𝒐𝒍𝒚 Delivered energy from poly c-Si panels with 
continuous irradiance [Wh] 

RES Renewable Energy 
Source 

�̇�𝒑𝒐𝒍𝒚(𝒙) Power delivery from poly c-Si panels as a 
function of past years [W] 

SDG Sustainable 
Development Goal 

𝑸𝒑𝒓𝒐𝒅𝒖𝒄𝒆𝒅 Energy production from a PV panel without 
temperature losses [Wh] 

STC Standard Test Condition 

𝑸𝒕𝒐𝒕𝒂𝒍 Total energy production [Wh] VRLA Vault Regulated Lead 
Acid 

𝑸𝒕𝒐𝒕𝒂𝒍,𝑯𝑰𝑻 Total energy production from HIT panels [Wh]   

𝑸𝒕𝒐𝒕𝒂𝒍,𝑷𝒐𝒍𝒚 Total energy production from poly c-Si panels 
[Wh] 

  

𝑻(𝒕) PV panels operating temperature [°C]   
𝑻𝒂𝒎𝒃(𝒕) Ambient temperature [°C]   

𝒕 Time [s]   
∆𝒕 Time difference between data points [s]   
𝑼 Volt in a battery [V]   
𝒙 Number of past years [years]   



1 
 

1. Introduction 
Our lives today are characterized by our need of energy. This needed energy is mostly in form of 

electricity, used for basic household needs such as lighting and heating. It’s predicted that all forms 

of energy consumption will steadily grow the coming years (Othieno & Awange, 2016). Fossil fuels 

has long been the largest primary energy source used by mankind, but since the oil crisis in the 1970 

other options developed. With the rising oil prices, affected countries turned to renewable energy 

sources and funded research to exploit domestic resources (Office of the Historian, n.d).  

Today the most urgent international problem is the global warming and the greenhouse gas 

emissions contributing to it. Carbon dioxide stands for most of the damage caused by the 

greenhouse gases and many governments has set up goals to reduce these emissions. Mostly to cut 

down the usage of fossil fuels and find alternative resources for it. The energy sector stands for a 

large part of the emissions with electricity and heating standing for 25% alone of the annual global 

emissions (ipcc, 2014). Therefore, the renewable energy sources again stand in focus for the growing 

energy demand and is expected to be the fastest growing source of energy with average of 2,8% 

annually, mostly from wind and solar (EIA, 2017).  

It is necessary to reach a sustainable development which all United Nation (UN) countries agreed to 

strive for. Many countries in Africa are under, or in need of, rapid development. To ensure this 

massive growth doesn’t lead to further ecological, economic or social problems, it is significant that 

this growth comply with the terms of sustainable development. Energy per capita is often an easy 

way to define the development in a country. On a list from 2016, where the worlds countries are 

sorted on the percentage of inhabitants who has access to electricity, the bottom 10 are all African 

countries (Statista, 2017). Solutions to the existing energy crisis in Africa is actions towards achieving 

some of the UN goals. A common solution is to install Photovoltaic (PV) systems and cells in singular 

homes or microgrids. Solar power is classified as renewable energy and well suited in many African 

countries due to high solar irradiation and many sun hours per year (UN, 2006). These solutions are 

a direct action towards goal 13 (Climate action) and 7 (Affordable and clean energy). It’s also 

contributing towards other goals indirectly such as 1 (No poverty), 3 (Good health and wellbeing) 

and 4 (Quality education) by expanding the inhabitant’s local resources and electrifying schools (UN, 

n.d). 

1.1 The situation in Sub-Saharan Africa 
Poverty is no longer just defined by the populations economical state. It also comprises of the social 

welfare, were health, education and nutrition add to the economics. Access to energy resources can 

be directly connected to these aspects and the definition “energy poverty” can be stated for those 

who still doesn’t have access to a stable energy sources (Kanagawa & Nakata, 2008).  

There are 1,1 billion people today living without electricity, and most of them are living in the sub-

Saharan countries (IEA, 2017). Most people in Sub-Saharan countries live in rural areas without 

access to electricity. Only about 10% of the rural communities are electrified and around 50% of the 

urban areas (Othieno & Awange, 2016). On average four out of five of the population relies on 

biomass energy sources and the African energy supply is in general low and unreliable. In the Sub-

Saharan areas, the access to electricity is among the lowest in the world, with only around 30% of 

the population in 2014 (IEA, 2014).  

In rural areas without electricity, solid biomass is the largest source of energy and around 3 billion 

people worldwide rely on this in their everyday lives. Burning solid biomass in furnaces or as open 

fires for heating and cooking, which leads to several health disadvantages. About 4 million people 

die prematurely from these diseases connected to burning biomass indoors (WHO, 2017). Even the 
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collection of the biomass, mostly firewood, is connected to both health issues and dangers for the 

women and children who usually perform these duties (Njirambo Matinga, et al., 2013).  

But not only households are affected by the lack of electricity, schools and health centers are also in 

need for energy. More than 30% of the health centers in Africa has no access to electricity leading to 

several problems, such as no lighting after sunset and no refrigeration for vaccines and medicine 

needed for basic health care (Longworth, 2013). The rural areas are mostly affected by these 

problems leading not only to premature death by sickness but also maternal death and birth related 

problems for the children.  

Electricity would enable schools to operate without the need for daylight. Basic lighting would result 

in longer teaching hours and give availability for children to do their homework in school if they lack 

electricity at home. Several social benefits would accompany the electrification of schools for both 

students and teachers. Information and communication technology equipment could be installed, 

such as computers, leading to higher education and a wider access to knowledge. In 2013 the region 

of Sub-Saharan Africa had the lowest percentage of electricity access for primary schools with 35%, 

where the rural areas were the most affected. (Longworth, 2013) 

The number of years spent in education is highly connected to economical income later in life and 

would increase the socio-economic wellbeing of the area.  

Poor developing countries have a hard time obtaining the energy sources needed to supply 

electricity to their inhabitants, and don’t have the network needed to distribute it. They must utilize 

their own domestic resources. Fossil fuels are the cheapest energy sources but with the ongoing 

environmental campaign use of fossil fuels is not appreciated. Leaving the developing countries to 

use their large access to renewable energy sources. But these sources are often not as dependable 

and not as effective as the fossil fuels. The renewable energy sources are also more expensive to 

extract. Which leads to a vicious cycle for the poor developing countries. (Othieno & Awange, 2016) 

Even though they have all the resources to supply energy for their people, the lacking ingredient is 

the economy. They would need extensive investments from industrialized countries to realize 

electrification throughout Africa. The Sub-Saharan countries also have the highest electricity prices 

but still unreliable distribution. This leads to a paradox where they can’t raise the tariffs because 

then the population wouldn’t afford it, but they need capital to upgrade and expand the electrical 

grid.  

Lack of clean water is also a common problem in the Sub-Saharan areas. For example, the water 

situation in Kenya is not particularly good. 41% of Kenya’s population rely on unimproved water 

sources such as ponds, rivers and shallow wells. A total of 19 million people lack access to safe water 

and 27 million people lack access to improved sanitations. The water crisis in Kenya is most apparent 

in the rural areas and the water crisis is deemed as critical (Water.org, n.d.). 

1.2 Solar cells and microgrids 
Africa has a huge potential of renewable energy, mostly wind and solar. With a high number of sun 

hours Sub-Saharan Africa has a large potential for solar energy. Solar energy is a renewable energy 

source which can be used in rural areas for electrification without putting extra pressure on the 

environment with its absent if CO2 emissions.  

In Kenya 2011 off grids PV systems were the second largest source of electricity in rural household 

where the largest chunks of electrified households in rural areas, about 5%, is connected to the grid. 

The solar market in Kenya is one of the world’s leading off-grid solar markets. (Ondraczek, 2013)  
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Microgrids are becoming a more common solution for a stable energy supply, both grid connected 

and as an autonomous microgrids (Saadeh, 2015). It is becoming a larger market and will likely be a 

part of the futures energy system. Even today 70% of the electrified population in rural areas in Sub-

Sahara is by mini-grids and off grids solutions such as microgrids and PV systems (IEA, 2014).  

1.3 Aim 
The purpose of this report is to facilitate Engineers Without Borders (EWBs) future solar PV 

installations in microgrids for their projects mainly in Africa. EWB desires an easy to follow manual 

which facilitate the choice of solar PV panels and PV systems. Therefore, a comparison of different 

PV panels and PV system components from a viewpoint of sustainable development factors is 

desired. 

1.4 Objectives 
The main goal with this report is to do the desired comparison and construct a short- easy to follow 

manual for EWB describing, dependent of their requested factors, which PV system is the optimal 

choice for installation in a desired microgrid. The manual shall be based on the result and technical 

information about solar panels and PV systems in this report. PV systems and its components will be 

evaluated by factors within sustainable development such as economic, socioeconomic and 

environmental. More specific and desired factors from EWB are cost, availability, scalability, 

adoptability, environmental impact and energy efficiency.  

The report will analyze the geographical and social circumstances around the chosen area of 

research to include these in the factorization and comparison between the choice of PV systems.  
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2. Method 

2.1 Technical report 
This paper will be constructed as a technical report. No data will be measured by the authors, 

instead the recovered data will be gathered from other technical reports and scientific articles. 

Articles used in the report will mainly be found on databases such as ScienceDirect, KTHB, Wiley and 

IEEE. Statistics will also be collected from credible non-governmental organizations (NGOs) and 

governmental sites. 

Keywords in the search are: Solar energy, PV, Stand-alone microgrids, Sub-Saharan Africa, batteries 

and combinations of them to find relevant articles for this report.  

Components that will be compared are PV panels and batteries. An analysis of different types of 

current flow in microgrids will also be made.  

PV panel and battery costs are collected from different types of wholesalers and distributors, four 

from USA, two from Kenya, one from South Africa and one from Sweden. An average price, median 

and a price span will be presented and used for the economical comparison between the different 

PV modules.  

The solar irradiation needed for the result will be an average of two databases from PVGIS in the 

area around Nairobi, Kenya. The temperatures will be taken from the same area to get as realistic 

values as possible.  

The manual will then be constructed based on the results found in the report and attached in the 

appendix. 

The report will include a case simulation in Kenya based on numerical data from scientific reports 

and analysis, together with the given temperatures and irradiation.  

2.2 Manual or guidebook 
The manual will be constructed to help EWB in electrification projects with PV systems as a 

generation distribution unit in the Sub-Saharan Africa areas. It will be designed as an easy to follow 

manual for choosing a suitable solar panel technology and battery technology for the project 

location based on the economic, environmental and climate conditions, as well as other factors 

previously given in the Goal section. 

2.2 Case simulation 
The case simulation will be a numerical calculation of a household electrification project, where a 

conclusion of the suitability of the PV modules will be presented. Used PV panels technologies will 

be chosen from the report result of which type is most feasible from the first and second generation 

PVs. Data for the irradiation and temperature will be the same used in the result. An energy storage 

solution will also be sized for the load demand to supply the loads in hour with no sunlight.  

An actual price figure will be presented for each solution to give a numerical result for the household 

electrification.  

2.3 Limitations and assumptions  
The focus area will be the Sub-Saharan countries where the rural electrification level is low. 

In the case simulation certain assumptions must be made since realistic values are hard to attain 

with only literature measurements. It’s also expected that data fluctuations occur depending on 

usage of the microgrid. For a more realistic case a field test would be the better option. System 
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losses from the microgrid and inverters are assumed to have the same values for all PV modules. 

Solar irradiance and temperatures are used as average and peaks to limit the calculations.  

2.4 Relevance 
This project is most relevant to EWB for their international project, mainly in Africa. EWB have plans 

to organize project to install PV system in developing countries to promote sustainable 

development. This project main objective is to help EWB in their work toward sustainable 

development. 
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3. Theoretical background 

3.1 Solar cells 

3.1.1 Solar cell functionality 
A solar cell, or PV (photovoltaic), absorbs photons from sunlight and converts the energy in the 

photons to electricity. The procedure is done by semiconductors who are treated in a way to create 

an electrical potential. The basic solar cell has two layers of semiconductor, a top layer that contains 

negative dopants (n-type) and a bottom layer that contains positive dopants (p-type). The dopants 

are atoms which fit in the atom structure of the semiconductors but have an extra (n-type), or one 

less (p-type) valence electron than the atoms of the semiconductor. This makes the n-type layer 

have surplus electrons and the p-type has deficit electrons. When photons hit the n-type 

semiconductor it makes the excess electrons excite and free to move. The p-type layer will give back 

the electrons thru the junction between the layers and thus make it positive charged. The freed 

electrons will then be drawn to the p-type layer. If the layers are connected by a wire the electron 

can move to the p-type layer thru the wire creating an electrical current in the opposite direction 

which can be harnessed. (Knier, 2008) 

 

Figure 1 Simplyfied representation of a solar cell connected to a lamp 

3.1.2 Different solar cells technologies 
The technology behind PV panels is rapidly developing and the aim is to create a panel that is both 

effective at sunlight to electricity conversion and economic. Many different types have already been 

commercially successful, and they differ in materials and in technology aspect in the semiconductors 

of the cells, which is the main part of the cells. US Department of Energy has classified five different 

families of semiconductors that have been created so far, with different technologies within each 

family, see figure 2. Three of these families, GaAs (Gallium Arsenide), c-Si and other thin films, are 

classified for their different construction materials and being a non-tandem (single junction) form of 

a solar cell. There is one exception which is the HIT technology which is a heterojunction cell. (U.S. 

Department of Energy, n.d.) 
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Many materials that can be used in solar cells have been studied but silicon-based technology has 

historically been studied most. Among all types of PVs only a few is fully commercialized and 

available on the market, see table 1. Crystalline silicon based solar cells made up to about 94% of the 

global market share in 2016, see figure 2. These types of cells have, by a big marginal, the highest 

demand and are, so far, dominating the solar cell market. There are two different types of c-Si PVs, 

monocrystalline and polycrystalline, and they are defined as the first generation of solar cells. They 

are the most efficient types of those fully commercialized. (Fraunhofer, 2018)  

Table 1: Commercialized PV technologies 

Crystalline-Si (c-Si) Other thin films 

Monocrystalline Amorphous Silicon (a-Si) 

Polycrystalline CIGS 

Silicon Heterostructures (HIT) CdTe 

 

 

Figure 2: Global market share of different PV technologies (Fraunhofer, 2018). 

Mono c-Si is the most efficient of the two. One cell consists of a single silicon crystal which is 

opposite to the poly c-Si cell which consists of several crystals giving it a “shattered” looking surface. 

The production of a mono c-Si PV is costlier which makes it more expensive than poly c-Si (Qazi, 

2017).  

The HIT PVs (heterojunction with intrinsic thin layer) are a hybrid of thin film cells, amorphous 

silicon, and monocrystalline silicon cells. The crystalline silicon cell is in simplified term sandwiched 

by the amorphous cells to create a slightly more efficient variant of c-Si cell (Panasonic, n.d.). The 

production cost of the cell is slightly higher than that of monocrystalline silicon PVs (Louwen, et al., 

2014). These PVs also perform better in higher temperatures than traditional crystalline PVs 

(Mishima, et al., 2011). These are still categorized among the crystalline silicon family which could be 

a reason to its non-presence in the market share distribution of different PV technologies. The HIT 

technology is defined as a monocrystalline silicon cell in the market share evaluation in figure 2.  

69,61%

24,46%

0,61%
3,75% 1,57%

Global production of PV's 2016 (82,6 GWp)

Poly c-Si

Mono c-Si

a-Si

CdTe

CIGS
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Single junction thin film crystal silicon solar cells have not been commercialized yet. They do appear 

in versions of micromorph solar cells which is a multi-junction of a-Si cells, and in some cases, a 

microcrystalline (thin film crystal) layer. Thin film crystal silicon solar cells have a high production 

cost (Shah, 2018).  

Thin film panels are lower efficiency panels, but they are also cheaper to produce than c-Si PVs due 

to less needed energy for production. They are defined as second generation PVs and have mainly 

three fully commercialized variants (Qazi, 2017). Thin film PVs have a lower temperature coefficient 

which make them preferable before c-Si PVs in hot climates (Virtuani, et al., 2010). According to  

studies done in Italy and in Germany, thin film PVs are more expensive in large scale PV systems 

(Doni, et al., 2010) (Bächler & Bindel, 2005).  

Amorphous silicon has the lowest efficiency of the thin films PVs that are available on the market. 

Their popularity on the market is decreasing compared to the two other technologies, CdTe and CIGS 

(Fraunhofer, 2018). Amorphous silicon PVs suffer from a major disadvantage which is an effect called 

the “Staebler–Wronski Effect”. The effect is caused by light exposure and decreases the cells 

efficiency over time. It’s therefore inevitable to avoid this effect from happening. This is the reason 

behind the technology’s low efficiency comparative to the other thin film PV because the efficiency 

is measured when the cell has reached a stable efficiency level (Shah, 2018).  

Cadmium telluride (CdTe) thin film PVs are the most common in the family. But extra precautions 

must be made when handling this type of PV due to the presence of cadmium in the cells. Cadmium 

is one of the most toxic and deadliest materials known to man, so extra safety measures must be 

made when you dispose or recycle a CdTe panel. (Shah, 2018)  

Copper indium gallium diselenide (CIGS) PVs have about the same efficiency and the same 

production cost as CdTe cells. They do not contain very toxic material but degrade rapidly when 

exposed to moisture. (Qazi, 2017)   

Gallium arsenide (GaAs) have the highest efficiency in the single junction PV category. These are high 

cost and efficiency types of PVs. This type is rarely used, and the high cost has prevented its 

widespread usage around the world. (Henry, 2015) 

Multijunction solar cells are also called tandem cells which in simplified terms is different types of 

solar cell layered on each other. These types are optimized in efficiency. They are currently holding 

the world record in efficiency (U.S. Department of Energy, n.d.). The drawback of these cells is that 

they are also extremely costly which is why they are mostly used for aerospace where a high 

efficiency to weight ratio is needed (SolarEnergyforUs, 2016).  

Emerging PVs are defined as 3rd generations of PVs and are upcoming technologies that have 

promising result in both cost and efficiency but are not fully developed or commercialized yet. 

Advantages with emerging PV technology are its potential in low material usage and processing 

costs. The most promising type in this family is perovskites PVs, which have made a dramatic 

increase in development. Record efficiency have gone from about 4% to about 22% in the last couple 

of years (U.S. Department of Energy, n.d.) and it’s predicted that it would cost about half of what 

todays crystalline PVs cost once commercialized. Another useful property of the perovskite PVs is 

that it can be combined with already existing PVs for an increase in efficiency. (Conings, 2017)  

But challenges remain with short lifespan, overall cost and toxic compounds being produced once 

the cell breaks down. These challenges are expected to be resolved in a near future which would 

lead to a complete commercialization of the technology. (Perovskite-info, 2018)  
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Different types of PV can be combined with a concentrator in forms of lenses and sun-tracking 

constructions. Concentrated PVs (CPV) can be found in all four current developed families. These PVs 

have all around the best result in efficiency but also have a higher cost per Watt than standard PVs 

(U.S. Department of Energy, n.d.). The increase in efficiency is around 2%-units (8%-units for 4-or 

more-junction cells) for most types of PVs but the cost could be around twice as much per Watt 

(Wiesenfarth, et al., 2017). Other potential problems with CPVs could be factors such as complicated 

installations, increase in maintenance and increase in weight in cases of transportation.  

Table 2: energy.gov classification of solar cells with respective technology in each family. (Blue = First generation PVs 
(commercialized), Yellow, Green and Red = Second generation PVs (commercialized), Brown= Third generation (not 
commercialized), Purple = High cost PVs, Grey= Combined first and second generation PVs) 

Crystalline-Si (c-Si) Other thin films GaAs Multijunction Emerging PV 

Monocrystalline Amorphous Silicon  
(a-Si) 

Single crystal Two-junction Dye-sensitized 
(DSSC) 

Polycrystalline CIGS Thin film 
crystal 

Three-junction  Perovskites 

Silicon 
Heterostructures (HIT) 

CdTe Single crystal + 
concentrator 

Four or more-
junction 

Organic cells 

Thin film crystal CIGS + concentrator  Two-junction + 
concentrator 

CZTS 

Single crystal + 
concentrator 

  Three-junction 
+ concentrator 

Quantum dot 

   Four or more-
junction + 
concentrator 

Organic 
tandem cells 

 

All panels technologies, and even models in the same groups and families, have different conversion 

efficiency but the panels are not labeled with their efficiency but rather its Watt peak. All PV panels 

have a certain Watt peak which is the power the panel can produce at standard test condition, STC. 

Two important criteria for STC is a solar irradiance of 1000 W/m2 and panel operating temperature 

at 25 °C. If two different panels with different efficiencies have the same watt peak it means that 

they will produce equally much power, excluding different deteriorations factors, but will therefore 

differ in size (area). For other condition with higher temperature or lower irradiance the panels will 

produce less power than the labeled Watt peak. For opposite conditions the panel will produce 

more power. (Steel, 2010) 

3.1.3 Deterioration of solar cells 
Solar cell does not have the same efficiency forever. It loses efficiency yearly and the degradation 

differs slightly between different technologies. A study from NREL show the average and mean loss 

in power for a module in percentage for each year for each commercialized technology, except for 

HIT, from installation after 2000 (Jordan & Kurtz, 2012). The average and mean values where 

calculated from different field tests around the world and both values are presented in the report 

because it was found that the gathered data weren’t normal distributed. Since there are quite more 

c-Si installations around the world the thin film variants have a greater uncertainty in the percentage 

number. Another study of average degradation was made in Solar Energy Centre in India and it 

analyzed degradation of a-Si, mono c-Si and HIT panels (Sharma, et al., 2014), see table 3. 
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Table 3: The average degradation of the different PV technologies per year. 

Type Mono c-Si HIT Poly c-Si a-Si CdTe CIGS 

Mean Deg. Rate % per year 
NREL 

0,36  0,64 0,87 0,40 0,96 

Average Deg. Rate % per year 
NREL 

0,60  0,75 1,15 0,65 1,30 

Average Deg. Rate % per year 
Solar Energy Centre, India 

0,5 0,36  6,4   

 

Another deterioration factor of solar cells is its operating temperature. A solar cell loses its ability to 

convert sunlight to electricity proportionally to its active temperature. This factor is expressed in 

different PV panels temperature coefficient. The temperature coefficient is an estimated number, 

measured in % per °C, and it tells how much power the cell loses per increase in operating 

temperature over 25 °C It differs slightly between the technologies, see table 4 (Panasonic, 2017).  

Table 4: The average temperature coefficient in different PV technologies (Panasonic, 2017) (Sahay, Sethi et al. 2013).  

Type Mono c-Si HIT Poly c-Si a-Si CdTe CIGS 

Average temperature coefficient %/°C -0,55 -0,26 -0,558 -0,13 -0,21 -0,36 

 

3.1.4 Climate impact of production of PV panels 
To measure the climate impact of the production of the commercialized PV types several different 

measurement methods could be applied. The most common is “energy payback time” (EPBT) and 

production cost measured in greenhouse gases (GHG) which is based on CO2 equivalents. These 

measurements are done in life cycle assessments (LCA).  Unfortunately, the results of different LCAs 

differ by a big margin so it’s impossible to get an exact evaluation of the climate impact in form of 

CO2 equivalents. Several results of GHG emissions from different LCA were summarized to get an 

overall view of what the climate impact could be for different commercialized PV types, see table 5. 

Table 5: Summarization of CO2-eq emissions due to production of different types of PV panels (Sherwani, et al., 2010) 
(Louwen, et al., 2014) (Fthenakis & Kim, 2011) (Nugent & Sovacool, 2014). 

PV type Range of CO2-eq 
g/kWh 

Number of 
preformed LCA 

Average CO2-eq 
g/kWh 

Mean CO2-eq g/kWh 

Monocrystalline 38 - 280 15 98,8 60 

Polycrystalline 9,4 - 124 28 46,9 38 

HIT 32 1 32 32 

Amorphous silicon 15,6 - 50 7 33,7 39 

CdTe 12,75 - 25 9 19,4 21 

CIGS 16,5 - 27 3 23,2 26 

 

3.2 Microgrids 
A microgrid (MG) is a local energy grid which work as a part the national grid or as a stand-alone 

system. A MG connected to the grid increases the resilience in the system, compensate for fails or 

power outages. The definition of a MG is a defined electrical boundary with its own energy sources, 

generation and loads (Lantero, 2014). MGs are implicated in multiple areas, such as commercial 

buildings, in rural areas disconnected from the grid or as a backup power supply in banks and 
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hospitals. The MG uses local energy sources, so called distributed generation (DG), such as 

renewables or fuel generators instead of power from the grid to supply the energy demand of the 

local loads (Lantero, 2014). The power sources are installed near the loads to supply the consumers 

with the wanted voltage without large transmission losses. 

An islanded MG works autonomously and is sized to supply the local loads with electricity if needed. 

As a normal state the DG provide the local loads with energy while the grid supplies the MG with 

energy at consumption peaks at the loads if necessary. Conversely the local DG sources can provide 

the grid with excess energy when load demand power is low (Justo, et al., 2013).  

Stand-alone MGs are often used in areas where the grid can’t reach due to high expenses. Rural 

areas which are hard to access are often common in developing countries where the lack of 

electricity is high. These stand-alone MGs are preferably run on renewable energy sources (RES), 

since transportation of fuel to these areas sometimes is hard. An energy storage is needed to 

dispatch a MG on only RESs, since these power sources are more variable and unstable than 

conventional sources. This is necessary to stabilize the system and prevent fault in the distribution. 

An energy storage can also be used with nonrenewable energy sources but is not as necessary. 

To control a stable power distribution, a MG connected to the grid uses the grids frequency and 

voltage as a reference system. A stand-alone MG does not have a reference from a strong singular 

source and therefore the power management is important, and the voltage control is shared by the 

connected DGs (Justo, et al., 2013).  

A MG has different configurations depending on the end use of the system and operates in a low to 

medium voltage network (Dulău & Bică, 2018). The power source is often chosen according to the 

selected locations circumstances. Different energy sources can be combined to reduce the weather-

dependence in RES’s and to reduce the environmental impact of conventional sources (Bauer, et al., 

2011).  

A charge regulator controls the charge and discharge of the batteries. Batteries and solar power 

produce DC currents, if an AC microgrid is desired an inverter is used in the system to convert the 

current to desired AC. Hybrid AC/DC microgrids is a relatively new design where the microgrid has 

both a DC and an AC network. 

There are few studies made of off-grid PV implementations in Sub-Saharan Africa, due to high initial 

expenses and poor rural population (Baurzhan & Jenkins, 2016). However, countries in Asia and 

foremost India has strived to increase rural electrification rates and has widely implemented solar PV 

MG’s. One study evaluated the implemented systems in Chhattisgarh, India (Millinger, et al., 2012) 

to see the social benefits of rural electrification. Another study looked at the rural electrification in 

south Asia (Palit & Chaurey, 2011) to compare different solutions used.  

3.2.1 Stand-alone microgrid components 
There are a few basic components needed for a stand-alone MG. A power source is needed to 

produce energy to supply the loads. As said before, the MG power source is usually a local DG or a 

combination of two or more. Storage devices is a key component in MGs with RESs to store the 

excess energy produced and to supply the loads when the DG don’t produce energy. The loads 

consume the energy produced by the DG and could be any kind of load. It can range from houses, 

schools to hospitals. The MG is diverse and can be built to supply either a single house to a smaller 

village. (Miret, 2015)  
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Except for these three key components the MG needs a Power Management System or charge 

controller to manage the power flow and to from the PV panels, batteries and loads. It controls the 

power flow in the MG and keeps the batteries from over charging or draining, prolonging the 

lifespan of the batteries. It controls the power flow and redirects the current from the power source 

between the batteries and the loads where it’s needed, or to an auxiliary when the battery is fully 

charged (U.S Department of Energy, n.d.).  

The PV panels produce DC power and depending on the kind of MG used an DC/AC inverter is 

needed to convert the power to the system. An DC/DC power converter could be used to change the 

voltage in a DC MG (Sangwine, 2007). This is one of the costlier parts of the solar MG system but 

usually has a warranty lifetime of 10 years (Branker, et al., 2011). A budget inverter of 5 kW comes 

around 1000 USD but ranges up to around 2000 USD where also the expected lifetime rises to about 

15 years. A 3 kW inverter with 15 years lifetime is around 1500 USD (Solarquotes, n.d.).    

3.3 AC and DC microgrids 
There are three different types of MG’s. What separates them are the current the loads are supplied 

with. Either a DC microgrid, an AC microgrid and emerging now is hybrid microgrids which has both 

AC and DC loads.  

AC microgrids has been more common in the past, since most electronics has been run on AC power. 

DGs producing AC power can be connected directly to the AC bus line but may need to be connected 

via a power converter to the main system. The power converters are often an AC/DC/AC converter. 

If the DG produce DC power then the power source needs to be connected to the AC bus line by a 

DC/AC inverter (Justo, et al., 2013). The AC MG uses power transformers to stabilize the frequency 

and voltage levels between the components in the MG. The distribution lines in an AC MG has lower 

power transmission than the DC distribution lines due to several problems. The AC current has a 

reactance in the lines and has a higher resistance leading to high power losses in the transmission. 

The AC current supplying to the loads also must take in consideration the frequency leading to 

electromagnetic interference.  

DC MGs are easily powered by solar power and on battery power which both generate DC electricity 

and can directly supply the electricity to the DC MG. DGs that produce AC power needs an AC/DC 

power converter to be connected into the DC MG. DC MGs is simpler in the way that DC currents 

does not have reactive power as AC does. Leading to a higher power efficiency in the distribution 

lines. The DC distribution lines are overall more stable and efficient than AC distribution lines 

(Planas, et al., 2015). 

Electronic devices that use DC power to operate are increasing and while most grids today use AC 

power a converter must be used to convert the AC current to DC power. DG sources producing DC 

power in an AC network must then convert the electricity from DC/AC/DC. These conversions cause 

high energy losses. With less converters, DC microgrids has several advantages towards AC 

microgrids. Such as improved efficiency with a simple structure and low cost in comparison (Justo, et 

al., 2013). They also do not need phase and frequency controls as its counterpart, neither the power 

transformers. Instead the DC MG components can be connected by DC/DC converters to stabilize 

the outgoing voltage and therefore a DC MG is more efficient and profitable with a more downsized 

MG.  
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A hybrid AC/DC MG aims to reduce energy losses in the conversions between AC and DC, and vice 

versa, and therefore consists of both AC and DC bus lines to supply the AC or DC loads directly with 

the desired current. DGs producing AC can be directly connected to the AC bus line and so forth 

(Lotfi & Khodaei, 2017). Still hybrid MGs is still a new concept and only a few studies have been 

made so far.  

3.4 Batteries 
Batteries in PV systems functions as the energy storage, which is charged by the excess energy the 

PV panels produce and supplies the load when the PV system no longer produce enough energy to 

supply the load demand and in hours with no sunlight. They are one of the key components in a PV 

system and compared to PV panels their durability is significantly lower which is why the lifespan of 

a battery is an important factor in PV systems. The expected lifespan of a battery is only a couple of 

years and is affected by several complicated factors, such as maintenance of the battery, depth of 

discharge and how it’s used (Spiers, 2018). Investing in a more expensive battery in hopes of higher 

durability could be profitable but also a risk due to these many other factors that shorten the 

batteries life time.   

For stand-alone off the grid PV systems only two types of batteries are mainly used as an energy 

storage component. These are lead-acid batteries and nickel-cadmium batteries, where lead-acid is, 

by far, the most common type for these types of systems. Pb-acid batteries is also, in almost all 

cases, the most cost-efficient type. The other rechargeable battery types, like lithium-ions, have 

advantages in energy density, environmental impact, lifetime etc. but suffer disadvantages when 

counting in factors like performance losses due to climate conditions and temperature, complication 

when integrated in PV systems, cost etc. which is why they are not considered as a feasible option in 

PV systems. (Spiers, 2018) 

Both Ni-Cd and Pb-acid batteries are classified as “environmental unfriendly” and contains toxic 

materials (Mars, et al., 2017). It could be argued that cadmium is a considerably more toxic material 

than lead. It should be noted that other forms of nickel-based batteries are available on the market 

which doesn’t contain toxic metals, but these types are more negatively affected by hot 

temperatures which makes them inferior in the cases where Ni-Cd batteries may be considered. 

Therefore, no other nickel-based battery type than Ni-Cd batteries are likely to be preferred in PV 

systems with desired nickel-based batteries (Spiers, 2018).  

The depth of discharge (DOD) measures, in percentage, how much the battery has discharged where 

0 % is fully charged and 100% is fully discharged. A battery life time is dependent of how deep it 

regularly discharges. For PV applications it is recommended that that Pb-acid batteries don’t exceed 

a DOD of 80% while the recommended DOD for a Ni-Cd battery is 90%. This means that the needed 

battery capacity is slightly higher for a PV system with Pb-acid batteries than of an equally big PV 

system that uses Ni-Cd batteries. (Spiers, 2018) 

Table 6: A general comparison between Ni-Cd and Pb-acid batteries (Manimekalai, et al., 2013) (Spiers, 2018). 

Categories Pb-acid Ni-Cd 

Cost Lower  Higher 

Energy density  Lower Higher 

Life time Shorter Longer 

Recommended depth of discharge Lower (80%) Higher (90%) 

Maintenance Lower and Higher (dependent on type) Lower 

Environmental impact Bad Bad 
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Ni-Cd batteries are better in terms of efficiency, energy density, depth of discharge and durability, 

see table 6. Cost is one of Ni-Cd batteries major disadvantage. But, a Ni-Cd battery also experiences 

something called the “memory effect” which is a main drawback in this type of battery. If the battery 

discharges incompletely frequently the battery will remember the last depth of discharge and once 

you exceed the last depth of discharge the battery will drop voltage (Viswanathan, 2017). There are 

also differences in charging methods of this battery type which makes is unpractical for small PV 

systems. The cases where nickel-based batteries should be considered are in bigger PV systems 

where the operating temperatures will exceed 40 °C or be less than 10 °C (Spiers, 2018). 

To maximize the lifespan of the battery a suitable environment (temperature) and proper 

maintenance is required. Depending on the type of the battery different Pb-acid batteries can 

withstand degradation due to factors as surroundings and maintenance differently. Pb-acid batteries 

can be divided into two main groups, “flooded/open” and “sealed/VRLA (vault-regulated-lead-acid)”, 

which are described in the list below.  

• Open/flooded batteries are the most common and are a cheaper type of Pb-acid battery. 

These batteries constantly produce hydrogen and oxygen gases and therefore demand a 

regularly addition of distilled water. Life time is susceptible by how it’s used and charged and 

could be short (Spiers, 2018). 

• Sealed/VRLA batteries demand no maintenance but they still produce hydrogen and oxygen 

gases which are released thru the safety vaults, therefore have a permanent loss of water 

which can lead to dry-outs. These batteries also demand a charge controller. They can be 

divided into two subgroups: 

o AGM (absorbent glass mat) batteries, which develops a high current but also have a 

short discharge time. They are more vulnerable to high temperatures (Spiers, 2018). 

These are more expensive than the flooded type and are generally more 

“environmental unfriendly” (Qazi, 2017). 

o Gel batteries, which can’t develop an equally high current as AGM batteries but are 

more tolerable to heat (Spiers, 2018). This is the most expensive Pb-acid battery 

type (Qazi, 2017). 
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4. Geographical and cost data 
The weather data was collected from areas around Nairobi, Kenya in Sub-Saharan Africa. This 

includes both irradiation and monthly temperatures. The solar panel prices were collected from 

different wholesaler and distributors from around the world.  

4.1 Solar irradiation 
Data of solar irradiation was taken from two PVGIS databases where an average of the data was 

used as the presented solar irradiation in this report. The data contains the Global Horizontal 

Irradiance (GHI) for areas around Nairobi. Data was measured between 6:22 AM and 17:52 PM, with 

15 minutes interval, for every day between 2005 – 2015 and 2010 – 2016 in the two databases. The 

data shows the average GHI for a day in every month of the year at the measured times, see figure 

3. 

 

Figure 3: The average GHI for a day in all months. Measurement starts and end at 6.22 AM and 5.52 PM respectively. 

The irradiation affects both the operating temperature, together with the ambient temperature, and 

the solar panels output power.  

The PV module operating temperature affects the conversion efficiency of the solar panel according 

to equation 1.  

 𝑇(𝑡) =  𝑇𝑎𝑚𝑏(𝑡) + 𝑘𝑇𝐺(𝑡) (1) 

Where 𝑇(𝑡) is the operating temperature of the module, 𝑘𝑇 is a coefficient depending on if the PV 

system is free standing or building integrated. The PV systems is assumed to be free standing with a 

coefficient of 𝑘𝑇 = 0,035 °C/(W/m2) (JRC, n.d.). 𝐺 is the global horizontal irradiation (GHI) hitting 

the PV module.  

4.2 Temperatures 
The collected temperature data was the mothly average temperature, including the measured higest 

and lowest during each month. These temperatures will be used in the calculations for efficiency of 
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the solar panels and in the case simulation. Only monthly average temperatures are used in this 

report. The temperatures are presented in table 7 below.  

Table 7: Temperatures in Nairobi, Kenya averages throughout the year (TimeandDate, n.d.). 

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Temp 
high (°C) 

26 27 27 25 24 23 22 23 25 26 24 25 

Temp low 
(°C) 

15 15 16 16 15 14 12 13 13 15 15 15 

Temp 
average 
(°C) 

20 21 21 21 20 18 17 18 19 20 20 20 

 

4.3 Solar panel prices  
Different wholesaler and distributors have a varied selection of PV panels from different PV 

manufacturer. To summarize sell prices of different PV panels seven wholesaler and distributors 

where analyzed and their sell prices categorized among the different PV technologies. Of these 

wholesaler and distributors three of them where from USA, two from Kenya, one from South Africa 

and one from Sweden. Sell prices were found on their respective webpage. From USA they were: 

“gogreensolar.com”, “wholesaler.com” and “freecleansolar.com”. From Kenya they were: 

“cat.co.ke” and “sollatek.co.ke”. From Sweden and South Africa, they were “solelgrossisten.se” and 

“alternagy.co.za”, respectively. Prices were written in the country’s currency and was therefore 

converted to USD with an approximate of the exchange rate as of April 2018. The exchange rate that 

was used were 1 KES = 0,010 USD, 1 SEK = 0,113 USD and 1 R = 0,080 US.  

Some panels were not included in the statistics due to having features which are unnecessary or 

unsuited for rural economical microgrids. These features where either unpractical small power 

output or that they were portable PVs with low power output and high costs. Power outputs of less 

than 50 Wp where not included in the statistics. Table 8 shows the different distributors and 

wholesalers price span, average and mean below. 

Table 8: Price table describing the average and span of the cost of PV panels in USD/W (GoGreenSolar, n.d.) (Wholesaler, 
n.d.) (FreeCleanSolar, n.d.) (SolElGrossisten, n.d.) (Center for Alternative Technologies, n.d.) (Sollatek, n.d.) (Alternagy, n.d.). 

Type Mono c-Si Poly c-Si HIT a-Si CdTe CIGS 

Total span 0,77 - 2,76 0,56 - 3,13 1,11 - 2,28 0,90 - 4,00 1,67 - 2,22 1,00 - 3,75 

Total average 1,15 1,17 1,73 2,35 1,98 2,23 

Total mean 1,08 0,96 1,66 2,29 2,00 2,27 

Nr of panels 159 133 15 55 9 55 

 

The two wholesaler and distributors that were from Kenya was added together as one group due to 

the limited selection of PVs. The price span can be misguiding where a few or single panels have a 

higher or lower price per watt then the majority. To show the distribution of the collected panel 

prices graphs of all available PV technologies from the different wholesalers and distributors was 

plotted below in the figures 4-9 to give an image of where the majority of price per Watt lies. The 

price per Watt is a function of the power output in Watt.  

 



17 
 

 

Figure 4: Cost data of monocrystalline silicon cells 

 

Figure 6: Cost data of HIT cells 

 

Figure 8: Cost data of CIGS thin film cells 

 

4.4 Battery prices 
The cost of different types of Pb-acid batteries were estimated by analyzing five different 

wholesalers and distributors from Kenya, Sweden and USA. Two of them were from Kenya, two 

others were from USA and one were from Sweden. The analyzed wholesalers and distributors were 

“cat.co.ke”, “sollatek.co.ke”, “wholesalers.com”, “batterymart.com” and “solelgrossisten.se”. Their 

cost is shown in table 9, and figure 10-13, with cost per energy capacity (USD/kWh) as price unit. The 

data was plotted as a function of the analyzed batteries kWh capacity. The energy capacity of the 

battery was calculated with Joule’s law as shown in equation 2. 

 �̇�𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 𝑈 ∙ 𝐼 (2) 
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The batteries have labeled voltage and ampere hours making the calculation for the batteries energy 

capacity easy by multiplying the values (Capnfazt, 2012). 

Data of the cost of Ni-Cd where not found since many wholesalers and distributors don’t sell Ni-Cd 

batteries for PV applications. It’s assumed that the cost of Ni-Cd batteries is much higher than of Pb-

acid types batteries (Spiers, 2018). 

Table 9 Prices of different types of Pb-acid batteries from different wholesalers and distributors. 

Pb-acid battery type Flooded AGM Gel 

Total cost span (USD/kWh) 96,1 - 535  150 - 471 211 - 313 

Total average (USD/kWh) 256 250 255 

Total mean (USD/kWh) 267 217 268 

Nr of batteries 50 46 18 

 

 

Figure 10: Cost data of flooded/open Pb acid batteries 

 

 

Figure 12: Cost data of AGM Pb acid batteries 
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Figure 11: Cost data of flooded/open Pb acid batteries 

Figure 13: Cost data of gel Pb acid batteries 
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5. Result and analysis 

5.1 Analysis on social-conditions and local resources 
The installation of the MG and PV system is assumed to be made by EWB. After the installation the 

local inhabitants would be left alone to manage the system. This implies that some of the locals 

would have to learn how to make small adjustments in the system, if so needed, and how to change 

smaller parts and batteries. Including cleaning of the PV panels due to dust and dirt collected over 

time. If not cleaned the panels could lose efficiency and not be able to produce demanded energy 

(Qasem, et al., 2011, 6th-8th April). Some batteries need regular refilling of distilled water to be fully 

functional.  

Availability of components is important for a functional system. A study of stand-alone MGs in India 

showed a tendency of replacing broken low energy lighting with incandescent lights resulting in an 

increase in energy consumption. This since incandescent lights were easily obtained on the local 

market while the low energy lights are harder to obtain. (Millinger, et al., 2012) 

Significant problems with the system that the local inhabitants can’t solve on their own needs a 

proper repair. This could be costly for the residents and depending on the location and problem it 

could take a while for the repair to be made. Leading to disruptions in the energy supply for the 

loads. This could lead to complications, depending on the end use of the system and conflicts within 

the village. A good cooperation within the village is therefore necessary to avoid larger conflicts. 

(Millinger, et al., 2012)     

Throughout the studied reports and articles, access to energy is a gateway out of poverty and 

towards a sustainable development. Making clean and affordable energy available to rural 

populations has many socioeconomic benefits. Solar PV systems could be a profitable solution for 

rural electrification according to an economic feasibility study made by Okoye & Oranekwu-Okoye, 

contrary to common beliefs among policy makers that PV solutions would be an economical loss. 

Although an evaluation study in Chhattisgarh, India shoved that MGs might not always be the best 

solution socially depending on the remoteness of the village. Access to spare components and 

distance to a qualified maintenance personnel play a part in the decision making when choosing the 

system solution (Millinger, et al., 2012).   

A community powered by a simple PV system would be enough not just to get access to cheap 

renewable energy but also reduce GHG emissions in the neighborhood and indoor pollution. Rural 

households are in most need of lighting and cooking appliances replacing the burning of biomass 

used in rural areas today. Leading to better health and opportunities for women and children, who 

before worked most of the day gathering firewood for their everyday needs, to get education and 

work and in turn increase the gender equality in the area.  

Electrified schools lead to better education opportunities for the children and even evening classes 

for the community to further educate the older generation. With higher education, the community 

could develop both economically and socially. Education has also been located as an indispensable 

component in the fight against poverty (Kanagawa & Nakata, 2008). 

Another sign of poverty is lack of health care which many rural areas is affected by. A PV system 

could easily take care of the basic needs for a health care facility by aiding lights and power for 

refrigeration. Opening the possibility for operations after dark, lab tests for diseases, vaccines and 

sterilization of medical equipment.  
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Energy is a stepping stone to realize better living standards in many rural communities and grants 

access to the outside world. With better education and health care the welfare of the community 

would rise and indirectly affect the socio-economic conditions of the rural areas.   

5.2 Analysis on microgrids  
All components except the tracking mounts are described as critical components of a typical PV 

system. According to a study done in Egypt and Germany it’s not feasible or economic to track the 

sun in hot and sunny regions like Egypt, due to overheating, but the opposite in temperate climate 

like Germany. Since this study’s area is Sub-Saharan Africa we can expect close resemblance with the 

temperature conditions of Egypt. Therefore, a tracking system will likely not be economical option 

(Eldin, et al., 2016). 

Quality components are often more expensive but is in the long term the cost-efficient choice rather 

than using cheaper components and increasing the system capacity (Millinger, et al., 2012). 

The choice of MG system depends both on the DG units output current and the share of AC and DC 

loads (Planas, et al., 2015). Since a photovoltaic system together with an energy storage, which both 

produce DC current, will be used in this report and the amount of AC/DC loads is dependent on the 

locations situation and needs, a DC system can be assumed to be the more efficient choice. A DC MG 

is also more cost efficient than its counterpart and being deployed in Africa with an economically 

distressed population, the overall price is of issue to the choice.  

5.3 Solar cell technology analysis 
Several of the mentioned PV types are unsuited for microgrid installations. The main reasons are 

market availability and cost. All PVs that are not commercialized is due to unreasonably high cost or 

unfinished development in some technologies. GaAs solar cells have the best solar conversion 

efficiency among the single junction cells, but the high cost is likely to be a disadvantage for the few 

extra percent units of efficiency compared to traditional c-Si cells. 

The same goes for multijunction cells. Compared to c-Si PVs their cost is massive and the efficiency is 

not more than double than that of c-Si. These types are mostly used for aerospace and satellites and 

therefore it’s not reasonable to study them for microgrid projects.   

Concentrated PVs also have the issue with much higher cost and few advantages compared to non-

concentrated PVs.  

Emerging PVs shows result that could be of high interest for microgrid projects. As conclusion from 

all prognoses and predictions, this technology could be a contribution in future project for EWB once 

the technology has been completely developed and commercialized. As of now prognosis for 

perovskite cells shows that it’s not far from that stage. 

PV panels that are reasonable options for microgrid project are those who have been commercially 

successful and are in a reasonable cost zone. From the first generations PVs there is mono-and 

polycrystalline silicon and HIT. From the second generation PVs, thin film PVs, there is a-Si, CIGS and 

CdTe.  

PV panels are a major investment component in a microgrid. From an economic perspective it’s 

important that the PV panel works properly for the longest time possible and performs well in the 

surrounding conditions. Two parameters that deteriorate PVs that was studied was yearly 

degradation and efficiency losses due to temperature (temperature coefficient). Of the thin film PVs 
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CdTe had the better result and HIT had the better results of the first generation PVs. It should be 

noted that other parameters are in effect when determining the PVs deterioration and life span.  

Amorphous silicon PVs could be an overall bad choice due to its destabilizing effect and its low 

efficiency. The other two thin film options, CIGS and CdTe, have better efficiency and lower yearly 

degradation. 

CdTe PVs have a higher globally installed quantity than CIGS PVs even though they have roughly the 

same production cost and efficiency. The main differences between them is that CdTe solar cells 

contain cadmium, which is very toxic. A worn-out CdTe PV should therefore be properly recycled or 

safely disposed of to minimize the risk of environmental damage. Another difference is that CIGS PVs 

are more sensitive to humid conditions and therefore it’s not recommended to be used in humid 

climates. 

The differences are smaller in the crystalline silicon family. Production cost and efficiency seem to be 

proportional between the different technologies. Mono and poly c-Si have about the same 

temperature coefficient and HIT PVs have a lower coefficient of the three. Mono c-Si more likely 

have higher GHG emissions during productions than HIT and poly c-Si, but HIT and mono c-Si also 

seems to degrade slower than poly c-Si. All these results are averages from statistical reports and 

studies and estimation have been done to conclude numerical values. Therefore, there are 

uncertainties in this comparison between the c-Si technologies. Other parameters need to be 

accounted for to conclude which type of c-Si PV is best suited for a microgrid. These parameters 

could be the desired capacity of the microgrid and desired size of the area used for the PV panels.  

The production cost of crystalline, and HIT, PV panels are the most expensive of all the 

commercialized PV technologies, but according to sell prices of some wholesalers and distributors 

some variations are among the cheapest from a price per watt perspective. The thin film PV panels 

have more conflicting data on what the actual price per Watt is, but according to the analyzed 

wholesalers and distributors they are generally more expensive than the silicon crystalline family. 

There are uncertainties, especially with CdTe panels since so few panels were available for purchase 

from the researched wholesalers and distributors, but also due to the very wide cost span. CIGS and 

a-Si have the widest selections of panels among the analyzed wholesalers and distributors, and CIGS 

have generally the lower price per Watt of all thin film panels. If a microgrid could benefit from 

lighter thin film PVs and its other benefits compared to the crystalline panels CIGS PVs seems to be 

the better choice. It’s the cheapest and have the highest efficiency among the thin films PVs. It also 

has a fairly good temperature coefficient, is more “environmentally friendly” to produce and doesn’t 

contain any toxic material like cadmium. The biggest drawback is its relative high degradation rate 

and its susceptibility to humid conditions. The factors of a planned microgrid that could be in thin 

films favors if the microgrids location is very remote or hard to access so transportation of microgrid 

components becomes a problem. Or if the microgrid don’t have a high power demand and the area 

for the panels can be extended to bigger proportions.  

5.4 Cost analysis of PV panel technologies 

5.4.1 Comparison of monocrystalline PVs and polycrystalline PVs 
The most economical of the analyzed PV types is polycrystalline, excluding PV degradation factors, 

due to it having the cheapest price per Watt for several different Watt output. It has the overall 

lowest price per Watt even with the lowest efficiency in the crystalline family. Even if estimation of 

the general price per Watt differs from different sources all agree that that it’s the cheapest and 

most economical. Statistically compared to mono c-Si PV it has slightly faster rate of degradation 

which means further comparisons need to be done to see if a mono c-Si panel could be more cost 
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effective than a poly c-Si panel. Since the two types have about the same temperature coefficient 

the only major difference in performance over time is the degradation rate. If the panels are 

assumed to have the same temperature coefficient we can approximately evaluate the expected 

energy production, if top condition is in effect every second of the year, by expressing the effect �̇� of 

the panels as a function of time. The degradation coefficient α is the average degradation rate of the 

technologies. Since two average values where presented for mono c-Si the average of those values 

was chosen as coefficient. The coefficient is expressed as %/years which is equal to % / (8760 h). If a 

panel has a top performance of C Watt, then the time dependent panel effect function can be 

expressed as equation 3. 

 �̇�(𝑥) = 𝐶(1 − 0,01 ∙ 𝛼)𝑥  (3) 

For mono and poly c- Si this is modelled as equation 4 and 5. 

 �̇�𝑚𝑜𝑛𝑜(𝑥) = 𝐶(1 − 0,01 ∙ 𝛼𝑚𝑜𝑛𝑜)𝑥 = 𝐶(1 − 0,01 ∙ 0,55)𝑥 = 𝐶 ∙ 0,9945𝑥 (4) 

 �̇�𝑝𝑜𝑙𝑦(𝑥) = 𝐶(1 − 0,01 ∙ 𝛼𝑝𝑜𝑙𝑦)𝑥 = 𝐶(1 − 0,01 ∙ 0,75)𝑥 =  𝐶 ∙ 0,9925𝑥 (5) 

The time x is time in years. 

The warranty of most panels is 25 years which means that the panels life expectancy is at least 25 

years. If we assume that the operation time of the PV panel will be 25 years the produced energy 

can be calculated with integration of equation 4 and 5 over 25 years. 

 
𝑄𝑚𝑜𝑛𝑜 = ∫ �̇�𝑚𝑜𝑛𝑜

25

0

 𝑑𝑡 = [
𝐶 ∙ 0,9945𝑥

ln (0,9945)
]

0

25

≈ 𝐶 ∙ 204,6 𝑘𝑊ℎ 

 

(6) 

 
𝑄𝑝𝑜𝑙𝑦 = ∫ �̇�𝑝𝑜𝑙𝑦

25

0

 𝑑𝑡 = [
𝐶 ∙ 0,9925𝑥

ln (0,9925)
]

0

25

≈ 𝐶 ∙ 199,6 𝑘𝑊ℎ 
(7) 

 

By dividing 𝑄𝑚𝑜𝑛𝑜 over 𝑄𝑝𝑜𝑙𝑦 as equation 8 we get an evaluation of how much more energy a mono 

c-Si panel could produce compared to poly c-Si over 25 years if they have the same Watt peak.  

 𝑄𝑚𝑜𝑛𝑜

𝑄𝑝𝑜𝑙𝑦
≈ 1.0248 

 

(8) 

This means that a mono c-Si produces 2,48% more energy over 25 years due to slower degradation 

rate. Therefore, you would need about 205 Wp on a polycrystalline panel to get the same amount of 

energy compared to a 200 Wp monocrystalline panel. The difference is not big and from the data 

from the wholesalers and distributors show that it’s possible to get a cheaper poly c-Si panel for 

almost all power outputs. 

5.4.2 Comparison of HIT PVs and polycrysalline PVs 
To calculate if a HIT panel is more cost effective than a poly c-Si panel we need to take degradation 

and conversion losses due to high temperature into the calculations. To estimate the average 

operating temperature of a panel the solar irradiance must be taken into the calculations. The data 

for solar irradiation around the areas of Nairobi were used to calculate the panel temperature during 

the day with equation 1. 

 𝑇(𝑡) = 𝑇𝑎𝑚𝑏(𝑡) + 𝑘𝑡𝐺(𝑡) (1) 
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Where G is the solar irradiation in W/m2 and 𝑘𝑡 is a coefficient of 0,035 °C/(W/m2), which is valid for 

free standing PV systems. The ambient temperature was estimated from the monthly averages in 

table 7. Since monthly temperatures were used the day temperatures were estimated as the same 

for every day in a month with the assumption that the highest monthly temperature occurred in the 

middle of the day at 12.07 AM. The lowest temperature during the day is assumed to be the lowest 

monthly temperature and occurs at sunrise 6.22 AM and end of the day is assumed to be the 

average daily temperature at 5.52 PM. The temperature is then assumed to increase and decrease 

linearly between the start/end and middle of the day, see figure 14.  

 

Figure 14. The assumed daily temperatures over a day for each month 

When the operating temperature is known we can estimate a panels total effect loss due to 

operating temperature over 25 °C and yearly degradation with equation 9. 

 �̇�𝑙𝑜𝑠𝑠(𝑡, 𝑥) = �̇�(𝑥)𝜀(𝑇(𝑡) − 25) (9) 

Where �̇�(𝑥) is equation 3, ε is the temperature coefficient of a certain panel, t is the time after the 

time of the first data point of the day, which is 6.22 AM, and have data points at 0,25 h intervals. The 

total loss equation is different for each panel type due to different temperature and degradation 

coefficients. Equation 3 can be modelled for HIT panels as equation 10. For poly c-Si panels see 

equation 5. 

 �̇�𝐻𝐼𝑇(𝑥) = 𝐶(1 − 0,01 ∙ 𝛼𝐻𝐼𝑇)𝑥 = 𝐶(1 − 0,01 ∙ 0,36)𝑥 = 𝐶 ∙ 0,9964𝑥 (10) 

The total energy loss due to temperature during the least expected lifetime of a panel, 25 years, can 

be estimated with equation 11 which can be solved with a numerical solution to the integral. The 

boundaries 0 and 8760 is the span of hours for a year.  

 
𝑄𝑙𝑜𝑠𝑠 = ∑ ∫ �̇�𝑙𝑜𝑠𝑠(𝑡, 𝑥)

8760

0

𝑑𝑡 = ∑ ∫ �̇�(𝑥)𝜀(𝑇(𝑡) − 25)
8760

0

𝑑𝑡

24

𝑥=0

24

𝑥=0

 

 

(11) 

The integrals were solved with the trapezoidal rule with Δt = 0.25 h, the same interval between the 

data of the measured solar irradiance. The total loss due to temperatures over 25 °C for poly c-Si 
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panels were calculated with equation 11 with the temperature and degradation coefficients for poly 

c-Si, see equation 12. 

 𝑄𝑙𝑜𝑠𝑠,𝑃𝑜𝑙𝑦 = 𝐶 ∙ 7,22 𝑘𝑊ℎ (12) 

And for HIT panels the losses were also calculated with equation 11 with the temperature and 

degradation coefficient for HIT panels, see equation 13. 

 𝑄𝑙𝑜𝑠𝑠,𝐻𝐼𝑇 = 𝐶 ∙ 3,52 𝑘𝑊ℎ (13) 

Where C is the panels Watt peak. 

The maximum energy a panel can produce at a constant temperature of 25 °C can be expressed as 

�̇�𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 and it’s only dependent of the solar irradiation and degradation. The definition of a panels 

Watt peak is the power the panel produces when the irradiation is at 1000 W/m2 so �̇�𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 was 

assumed to have linearly proportional values between 1000 W/m2 and 0 W/m2 with the Watt peak 

value at 1000 W/m2 and 0 W at 0 W/m2, see equation 14 

 
�̇�𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑(𝑡, 𝑥) = �̇�(𝑥)

𝐺(𝑡)

1000
 

(14) 

 

To calculate the total energy a panel would produce with degradation and losses due to temperature 

implemented we can calculate equation 15 which is a sum of equation 14 and 11. 

 
𝑄𝑡𝑜𝑡𝑎𝑙 = ∑ ∫ �̇�𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑(𝑡, 𝑥)

8760 ℎ

0

𝑑𝑡

24

𝑥=0

− 𝑄𝑙𝑜𝑠𝑠 

 

(15) 

Again, the integral was solved with the trapezoidal rule with Δt = 0.25 h and the result for the total 

energy produced for a poly c-Si panel and a HIT panel is shown in equation 16 and 17 

 𝑄𝑡𝑜𝑡𝑎𝑙,𝑃𝑜𝑙𝑦 = 𝐶 ∙ 41,04 𝑘𝑊ℎ (16) 

 𝑄𝑡𝑜𝑡𝑎𝑙,𝐻𝐼𝑇 = 𝐶 ∙ 47,01 𝑘𝑊ℎ (17) 

By dividing 𝑄𝑡𝑜𝑡𝑎𝑙,𝐻𝐼𝑇 over 𝑄𝑡𝑜𝑡𝑎𝑙,𝑃𝑜𝑙𝑦 we get an evaluation of how much more energy a HIT panel 

would produce compared to poly c-Si over 25 years if they have the same Watt peak. The result is 

shown in equation 18. 

 𝑄𝑡𝑜𝑡𝑎𝑙,𝐻𝐼𝑇

𝑄𝑡𝑜𝑡𝑎𝑙,𝑃𝑜𝑙𝑦
≈ 1,1454 

 

(18) 

A HIT panel therefore produces approximately 15% more energy than a polycrystalline panel with 

the same Watt peak over 25 years. This means that a HIT panel on 330 Wp produces as much energy 

as about 378 Wp of polycrystalline silicon panels over 25 years. According to the data from the 

analyzed distributors and wholesalers the cheapest HIT panels is 1,1 USD/W and a common price for 

poly c-Si panels is about 0,8 USD/W. By dividing the price per watt values by each other we find that 

the HIT panel is about 38% more expensive than a common poly c-Si panel, while it only delivers 

about 15% more energy. It’s therefore more economical to have polycrystalline silicon PVs than HIT 

PVs. 
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5.5 Scalability analysis of PV panels technologies 
Average efficiencies for for poly c-Si, mono c-Si and HIT panels are 14,5 %, 17,5 % and 19,6 % 

(Panasonic, 2017) respectively (Maehlum, 2017). Mono c-Si PVs are therefore about 20,7 % more 

effective than poly c-Si PVs and HIT panels are about 35,1 % more effective than poly c-Si panels. 

With the results of equation 8 and 18, and the efficiency ratio for the different c-Si technologies, the 

area ratio was determined. The area of the polycrystalline PVs is about 23,7 % and 38,5 % times 

larger than mono c-Si PVs and HIT PVs, respectively, if they were to supply the same amount of 

energy over 25 years. 

5.6 Cost and adoptability analysis of batteries 
Batteries are another expensive component in a microgrid due to its shorter lifespan than the other 

components. It’s therefore crucial that the choice of batteries is based on compatibility with the 

surrounding environment and condition to ensure that the battery works properly for the longest 

time possible. Pb-acid battery is in most cases the best alternative. If the location of the microgrid is 

in an extremely hot climate where the battery operating temperature likely will exceed 40 °C a Ni-Cd 

battery could be considered (Spiers, 2018). But as previously mentioned, it should not be used 

unless it can be recycled or disposed of properly and safely due to the cadmium containments. 

If the location of the MG has easy access to water, and can distill it if needed, an open/flooded 

battery is likely the best alternative due to it being the cheapest. It requires some maintenance due 

to the need to occasional refilling but nothing more than that of the ordinary. If economic resources 

are very short, and the operating temperature of the battery can be held down, an industrial 

open/flooded battery (car battery) can be a possible economical saving. (Spiers, 2018) 

If there are limited access to water a sealed/VRLA battery should be considered. If the operating 

temperature can be held down the cheaper AGM battery can be used. If not, the gelled version of 

the sealed/VRLA battery should be used. This type should also be used in extremely hot operating 

temperature instead of the Ni-Cd battery if the cadmium residue can’t be handled safely. Even if it’s 

the most expensive, it’s the type that will work the best with the surrounding conditions. 

The analyzed battery wholesalers and distributors showed that some purchasable flooded/open Pb-

acid batteries where slightly cheaper than AGM and gel Pb-acid batteries. Gel batteries was the most 

expensive by a small margin. This result matches the result from the gathered literature. But the 

average cost for the analyzed Pb-acid batteries were almost identical which is the result of a wide 

overall cost span for the analyzed battery types. This is most evident in the flooded/open Pb-acid 

battery type.  
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6. Case simulation 
This case simulation will be in Kenya in Sub-Saharan Africa close to the equator where the average 

sun hours during the year can be counted as 12 hours/day (TimeandDate, n.d.) and measure data 

available every 15 minute for 11,5 hours of that day, making up a total of 46 measure points. The 

solar irradiation and temperature data used previously in the result will be applied in the test case.  

The case simulation aims to size a PV system with an energy storage for rural households. The 

household energy demand is assumed to have the same load demand as the rural households, with 

medium energy demand, in Mpeketoni, Kenya. The households need energy for lighting and smaller 

household appliances, like phone chargers and TVs. The load demand is around 1320 kWh/monthly 

for a total of 20 households (Kirubi, et al., 2009). Both poly c-Si cells and CIGS will be sized to 

compare the silicon-based panels against thin film panels. These where chosen as a result of being 

the most economical in the crystalline silicon, and thin film families.  

To ensure that the energy demand can be supplied throughout the years the system will be sized 

after the month with lowest irradiation. In the data for irradiation used earlier in the result, July has 

the least amount of solar irradiation. The battery lifetime is much shorter than the PV panels and is 

assumed to be 10 years at best due to other off grid microgrids in Africa having records of 10 years 

battery lifespan (Spiers, 2018). Solar panels have an expected lifespan of at least 25 years which can 

be defined as the systems lifespan. It is assumed that two battery changes (a total of three sets of 

batteries) will hold during the 25 years of operation. This case simulation will therefore be sized for a 

25 years lifespan. 

6.1 Poly crystalline PV system 
Firstly, the maximum energy production 𝑄𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 was calculated for the month of July after 25 

years in operation, see equation 19. This is because the sizing of the PV-system should be large 

enough to meet the energy demand during its 25 years in operation.  

 
𝑄𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 = 31 ∫ �̇�𝑝𝑜𝑙𝑦(24)

𝐺(𝑡)

1000

5.52 𝑃𝑀

6.22 𝐴𝑀

 𝑑𝑡 

 

(19) 

It is assumed that the average solar irradiation is present for every day of the month. Then the 

energy losses due to temperatures over 25 °C was calculated, see equation 20.  

 
𝑄𝑙𝑜𝑠𝑠 = 31 ∫ �̇�𝑝𝑜𝑙𝑦(24)𝜀𝑝𝑜𝑙𝑦(𝑇(𝑡) − 25)

5.52 𝑃𝑀

6.22 𝐴𝑀

𝑑𝑡 

 

(20) 

The integral was solved with the trapezoidal rule with Δt = 0,25 h. The 31 factor is the number of 

days in the mouth of July. The total produced energy over July was then calculated with equation 21. 

 𝑄𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 − 𝑄𝑙𝑜𝑠𝑠 ≈ 𝐶 ∙ 103,2 𝑊ℎ (21) 

Where C is the Watt peak of the poly c-Si panels. The required Watt capacity of the system can be 

calculated by setting the total produced energy equal to the total energy demand and solving for C, 

see equation 22. But the PV-system is going to experience losses due to factors such as losses in 

cables, power inverters, and even dirt. An estimation of these losses can be approximated with a 

total system loss of 14 %.  

 
𝐶 =

1320 𝑘𝑊ℎ

(1 − 0,14)(𝑄𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 − 𝑄𝑙𝑜𝑠𝑠)
≈ 14,88 𝑘𝑊𝑝 

 

(22) 
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As conclusion we need about 14,9 kWp worth of poly c-Si PV panels to supply 22 medium demand 

households with enough electricity. A poly c-Si PV panel can have an average sunlight conversion 

rate 14,5 % at STC (Maehlum 2017) which means that an approximated area for the panels can be 

calculated with equation 23. 

 14,88 𝑘𝑊𝑝

1000 𝑊/𝑚2 ∙ 0,145
≈ 102,6 𝑚2 

 

(23) 

To give an approximate cost of the PV-panels the mean USD/W value from the analyzed wholesalers 

and distributors where used, see table 4. The mean value was used instead of the average due to the 

big cost span of different analyzed panels in the poly c-Si category. It’s assumed that the mean value 

is more accurate to the actual average of feasible panels. The cost for the poly c-Si PV panels were 

calculated with equation 24.  

 14,88 𝑘𝑊 ∙ 0,96 𝑈𝑆𝐷/𝑊 ≈ 14284 𝑈𝑆𝐷 
 

(24) 

Another high cost component is the inverters for the system. A PV system of 14,88 kWp would need 

3 inverters of 5 kW each. The high cost inverters have a life time of 15 years and has to be changed 

once to last at least 25 years. A total of 6 inverters of 2000 USD would be used and would amount to 

a total cost of 12 000 USD. 

6.2 CIGS PV system 
The calculations for CIGS panels is made in the exact same way as the poly crystalline panels. The 

differences are the temperature coefficient and the degradation factor which is ε = 0.0036 %/ °C and 

α = 0.013 %/ year, respectively for CIGS panels. The total produced energy in July from a CIGS panel 

was calculated, see equation 25. 

 𝑄𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 − 𝑄𝑙𝑜𝑠𝑠 ≈ 𝐶 ∙ 93,73 𝑊ℎ (25) 

The required Watt capacity, with PV system losses included, for the CIGS PV system can be solved 

with equation 26, the same way for the polycrystalline PV system. 

 
𝐶 =

1320 𝑘𝑊ℎ

0,86 ∙ 93,73 𝑊ℎ
≈ 16,38 𝑘𝑊𝑝 

 

(26) 

A common CIGS panel can have an efficiency of 11 % at STC (Maehlum, 2017) which means that an 

approximated area for the panels can be approximated with equation 27. 

 16,38 𝑘𝑊𝑝

1000 𝑊/𝑚2 ∙ 0,11
≈ 148,9 𝑚2  

 

(27) 

The difference in needed Watt capacity is not that big compared to poly c-Si panels. The major 

difference is the panels efficiency and cost. Since CIGS panels is less effective than poly c-Si panels 

the required area for the panels would be larger for CIGS panels. The cost for the CIGS panels is 

generally lager than poly c-Si panels according to the data from the analyzed wholesalers and 

distributors. The mean and average are about the same, around 2.25 USD/W, for CIGS panels but 

the cost span is wide, so it might not represent the actual average price. With a mean value of 2.27 

USD/W the cost of the CIGS panels can be calculated with equation 29. 

 16,38 𝑘𝑊 ∙ 2,27 𝑈𝑆𝐷/𝑊 ≈ 37174 𝑈𝑆𝐷 (29) 
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Inverters for the CIGS PV system would have to support 16,38 kWp and thereby need three 5 kW 

and a 3 kW inverters. As before the inverters would have to be changed once in the system lifetime 

and a total of 8 inverters would be used. The total cost for the inverters in the CIGS PV system would 

be 15 000 USD. 

6.3 Battery  
Since the water situation in the rural areas of Kenya likely is bad a battery that need regular refilling 

with clean water is likely a bad option. Therefore, a sealed/VRLA battery is the better choice. The 

temperature in Kenya is relatively hot and constant and a cool area for the placement of the 

batteries may be hard to create or find. To ensure the battery don’t deteriorate quickly due to the 

high temperature a gelled Pb-acid battery could be the wisest choice instead of an AGM battery. The 

average temperatures don’t get close to 40 °C or over so a Ni-Cd battery is likely not beneficial. 

Over the month of July, the demand of energy is 1320 kWh which is approximately equivalent to 

42,6 kWh per day. It is assumed that the daily energy use is equally distributed on 18 hours of the 

day, from 6 AM to 12 PM, the average wattage during this time is about equal to 2,37 kW. The actual 

wattage of the PV panels varies over the time of the day so the time that the panels exceeds the 

average power demand the panels can charge the batteries. The battery capacity is sized at the year 

of lowest energy production which is the end of the systems life. If the PV system losses is assumed 

to happen after the electricity reaches the battery this can be expressed as equation 30. The 

recommended depth of discharge is 80 % for Pb-acid batteries so the capacity will be sized for that. 

 
𝑄𝑏𝑎𝑡𝑡𝑒𝑟𝑦 =

1

0,8
∫ �̇�𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑(𝑡, 24) − �̇�𝑙𝑜𝑠𝑠(𝑡, 24) −

1320

31 ∙ 18
𝑑𝑡

𝑡2

𝑡1

 

 

(30) 

The C value in �̇�𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 and �̇�𝑙𝑜𝑠𝑠 is C = 11,43 kW and C = 11,57 kW, which is the required PV load 

for the microgrid, for poly c-Si panels and CIGS respectively. The 0,8 factor is the recommended DOD 

for lead acid batteries and 𝑡1 and 𝑡2 can be estimated with equation 31. 

 1320

31 ∙ 18
 𝑘𝑊 = �̇�𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑(𝑡1, 24) − �̇�𝑙𝑜𝑠𝑠(𝑡1, 24) 

 

(31) 

For some t between 6.22 AM and 12.07 AM in July and  

 1320

31 ∙ 18
 𝑘𝑊 = �̇�𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑(𝑡2, 24) − �̇�𝑙𝑜𝑠𝑠(𝑡2, 24) 

 

(31) 

For some t between 12.07 AM and 5.52 PM in July.  

𝑡1 and 𝑡2 where estimated to be about 7.22 AM and 4.37 PM for the poly c-Si PV system and 7.37 

AM and 4.37 PM for CIGS panels, respectively. The final energy capacity 𝑄𝑏𝑎𝑡𝑡𝑒𝑟𝑦 of the battery were 

estimated for both PV systems. The integral was solved with the trapezoidal rule with Δt = 0,25 h. 

For the poly c-Si PV system the battery capacity was estimated with equation 30, see figure 13 for 

graphical representation. The result is shown as equation 32. 

 𝑄𝑏𝑎𝑡𝑡𝑒𝑟𝑦,𝑃𝑜𝑙𝑦 = 21,30 𝑘𝑊ℎ (32) 

And for the CIGS PV system the battery capacity is shown in equation 33. 

 𝑄𝑏𝑎𝑡𝑡𝑒𝑟𝑦,𝐶𝐼𝐺𝑆 = 21,76 𝑘𝑊ℎ (33) 
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The sizing of the battery capacities tells us that about half of the daily energy usage comes from the 

batteries. An example of the number of required batteries would be eight 2690 kWh batteries. The 

cost for gel Pb-acid batteries in the systems, including the required battery change, can be 

approximated with the average price from the analyzed wholesalers and distributors, see table 10. 

For the poly c-Si PV system the cost is approximately calculated with equation 34. 

 21,30 𝑘𝑊ℎ ∙ 255 𝑈𝑆𝐷/𝑘𝑊ℎ ∙ 3 ≈ 16295 𝑈𝑆𝐷 (34) 

And for the CIGS PV system it was calculated with equation 35. 

 21,76 𝑘𝑊ℎ ∙ 255 𝑈𝑆𝐷/𝑘𝑊ℎ ∙ 3 ≈ 16648 𝑈𝑆𝐷 (35) 

 

Figure 15. Daily power distribution for the poly c-Si PV system in July. The yellow area is the supplied recharge energy to the 
batteries. The green area is the dicharge energy from the batteries to the loads. The two colored areas are equal in size. 

6.4 Case simulation result 
The total PV wattage load that needs to be installed in the simulated microgrid in rural areas around 

Nairobi is approximately 14,88 kWp poly crystalline silicon panels or 16,38 kWp CIGS panels. This is 

roughly equivalent to, for example, 50 poly c-Si panels, or 55 CIGS panels, with 300 Wp. The area 

needed for the poly crystalline PV panels is around 103 m2 and 149 m2 for the CIGS panels. The 

microgrid likely benefits most to use gel Pb-acid batteries due to the local conditions and the total 

battery energy capacity in a battery set needs to be about 21,5 kWh. This can be obtained, for 

example, from eight 12 V, 224 Ah batteries. 

The total cost of panels, inverters and batteries for a poly c-Si PV system with gel Pb-acid batteries in 

a microgrid designed to supply 22 households with medium energy demand for 25 years (with three 

sets of batteries) is 42 579 USD. The total cost of panels and batteries for a CIGS PV system with gel 

Pb-acid batteries in the same microgrid would cost 68 822 USD.  

As conclusion, for comparison, the CIGS PV system is about 62% more expensive compared to the 

poly c-Si PV system and have about 45% bigger solar panel area than of the poly c-Si PV system. 
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7. Discussion and conclusions 

7.1 Sensitivity analysis and uncertanties 
Uncertainties in the presented result and calculations origin mainly from the many simplified 

assumption of how weather data and panel factors contribute to power production and losses, and 

that averages of weather data are used rather than actual daily data. The drawback of using such 

data is the fluctuations that can occur daily which would require calculations for every day in several 

years. These calculations were not possible in this study.  

Besides weather data other factors affect the result, mainly the panel performance coefficient. 

These values vary depending on individual panels and this study used approximated values for 

specific PV types to simplify the calculations. This led to some uncertainties in the result but accurate 

coefficient values, which can be gained from individual panel specifications, can eliminate those 

uncertainties.  

It was concluded directly, without weather data and temperatures, from technical information and 

analyzed prices from different wholesalers and distributors that thin film panels and mono c-Si 

panels where more expensive compared to poly c-Si. In the comparison between HIT panels and poly 

c-Si panels the weather data and temperatures were used to conclude how much more energy HIT 

panel produces. The used data in this reports calculations can be altered to conclude the magnitude 

of dependence that different factors have on the result. In this sensitivity analysis it will be assumed 

that both global irradiation and operating temperature of the panel can exceed or fall beyond the 

monthly averages that were used in the calculations. Since a raise in global irradiation most likely 

will raise the operating temperature of the panel a situation where both data where changed was 

analyzed. If it’s assumed that both data can fluctuate plus, and minus, 10% for all months in 25 years 

compared to the averages an analysis of the impact on the comparison can be done, see table 10.  

Table 10. Sensitivity analysis on the mathematical model for the comparison between HIT and poly c-Si panels. 
Operating temperature and global irradiation is increased and decreased with 10 %. The percentage in the parentheses is 
the change compared to the original calculated result.   

The new result using the same 

mathematical model with new data 

𝑄𝑡𝑜𝑡𝑎𝑙,𝑃𝑜𝑙𝑦 𝑄𝑡𝑜𝑡𝑎𝑙,𝐻𝐼𝑇 𝑄𝑡𝑜𝑡𝑎𝑙,𝐻𝐼𝑇

𝑄𝑡𝑜𝑡𝑎𝑙,𝑃𝑜𝑙𝑦
 

+ 10% Global irradiation 44,93 kWh (+ 9,5%) 51,60 kWh (+ 9,8%) 1,149 

- 10% Global irradiation 37,16 kWh (- 9,5%) 42,41 kWh (- 9,8%) 1,142 

+ 10% Operating temperature 38,98 kWh (- 5,0 %) 46,00 kWh (- 2,1%) 1,180 

- 10% Operating temperature 43,10 kWh (+ 5,0%) 48,01 kWh (+ 2,1%) 1,114 

+ 10% Global irradiation and 

Operating temperature 

42,77 kWh (+ 4,2%) 50,55 kWh (+ 7,5%) 1,182 

- 10% Global irradiation and 

Operating temperature 

39,12 kWh (- 4,7%) 43,37 kWh (- 8,7%) 1,109 

 

The sensitivity analysis show that HIT panels could produce around 10 to 20 % more energy than a 

poly c-Si panel. It does not however change the presented result since it was found that a HIT panel 

is around 38% more expensive. 
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We can observe that global irradiation is the overall factor that is most dependent in this 

mathematical model. The made assumption is that the panel produces its watt peak value at 1000 

W/m2 and that the energy production is linear, excluding losses. The uncertainty in this model is 

likely, as previously mentioned, the data itself since averages are used rather than daily data for the 

specific area for the microgrid during a year.  

The operating temperature was a more dependent factor for poly c-Si calculations then the HIT 

calculations due to poly c-Si panels having a higher temperature coefficient than HIT panels. The 

mathematical model for the operating temperature was constructed from the linear assumption of 

the ambient temperature with nodes at the daily highest, lowest and average temperature for 

average months. Then the ambient temperature was used in equation 1. This is with all likelihood an 

inaccurate model for the operating temperature. A better model would need to include other 

parameter such as wind and air humidity, but also accurate local temperature data and a more 

sophisticated mathematical expressing for the relation between ambient temperature and operating 

temperature. The used model is assumed to be in moderate proximity to the actual temperature 

and the difference magnitude of influence on the result could be roughly estimated from the 

sensitivity analysis.  

The mathematical model used in this study have been designed to imitate energy production from a 

PV panel with close resemblance to a real PV panel. But the made simplifications and assumption 

have likely made the calculations differ from a real scenario. To include other parameters in the 

model, for example panel angle relative to the ground, and more accurate mathematical modeling 

would improve the used model. However, in comparison purpose the model is assessed as accurate 

since the margin to a changed result is relatively big and the result stand in all scenarios of the 

sensitivity analysis.  

7.2 Discussion 
All data for the calculations and assumptions leading to the result has been collected from different 

literatures and sites deemed reliable by the authors. This may give slight errors and leading results, 

but a veridical result would not be possible without own experimental data. Although, this technical 

report sought only to compare technologies, lifelike results were not needed to come to a compared 

conclusion.  

Not only does different PV technologies differ from each other but there are differences even within 

each technology. With different manufacturers and options, panels can have different qualities and 

factors, which may affect the price of the panel, the quality and efficiency. These factors are 

something that’s needs to be accounted for when inquiring a PV system. This report does not take 

this in to account since only the most efficient technology for the Sub-Saharan African climate was 

analyzed.  

The economical factor for the solar panels has been based on some wholesalers and distributors sale 

prices. This may give a wide variation within each technology since there are different factors that 

determines PV prices. Even though the prices might not be universal, the average, median and span 

will be considered enough to use for a comparison between the different modules as an economical 

factor. The same applies to the battery prices. 

All Pb-acid batteries types can have different components which affects the lifespan of the battery. A 

reasonable assumption is that a more expensive battery also has a longer life time but may not be 

true in all cases when many different factors affects the price of the battery. The use of the battery 

also has a large impact on the battery lifetime together with the sizing and dept-of-discharge.  
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PV solutions is the fastest growing energy source on the market and both the technologies and price 

develop fast. With more efficient technologies and lower prices in the future, these results may not 

be legit over a long period of time. But as the market today looks, the results given in the report 

stands for now and in the near future.  

The case simulation was also made with simplified calculations and with average prices. This was to 

show a way of sizing the PV panels and battery while comparing silicon-based panels against thin 

filmed PVs. The results don’t reflect a real project and neither does the price for the chosen PV 

panels within both technologies. The system losses might be larger in real projects since all losses 

weren’t accounted for in the case simulation. MG system losses also needs to be considered as well 

as conversion losses between the PV panels and the battery.  

Poly c-Si cells was concluded to be the best suited PV technology in the result for projects in Sub-

Saharan Africa. This doesn’t mean the other alternative technologies are unfeasible or a bad choice. 

The result is characterized by the appointed factors for this study and different results could occur if 

the factors where weighted in different ways or completely different factors were chosen. It 

depends on the chosen locations climate, surrounding and the load demand, but the given result can 

be interpreted as a general choice for the selected area. 

The most economical technology might not always be the best alternative, but it has been the main 

factor in this report. Other factors have affected this result as well but with them being much the 

same in many technologies the economical factor played the biggest part in the choice of PV panel.  

7.3 Conclusion 
Poly c-Si cells was according to the chosen factors the best suited PV technology for off grid projects 

in Sub-Saharan Africa. They were the most cost-efficient, didn’t have the highest environmental 

impact, had average efficiency and is highly commercialized which makes it easy to acquire and size 

according to load demand. The made calculation for the presented result was tested in a sensitivity 

analysis and did not change the result for all tested scenarios. 

Pb-acid batteries is almost always the preferable battery technology in PV systems. Ni-Cd batteries 

can be used in extremely hot climates but requires safe disposal. Of all Pb-acid batteries 

flooded/open batteries are most economical but are not adoptable in areas with absence of clean 

water. Sealed/VRLA batteries are more adoptable in rural Sub-Saharan areas but not the most 

economical option. AGM Pb-acid batteries are cheaper then Gel batteries but susceptible to high 

temperatures. All batteries have bad environmental impact, but Ni-Cd batteries contain the most 

toxic elements. 

Bringing energy to rural areas in the form of electricity has many socio-economic advantages and 

contributes to a sustainable development of the community. It opens the opportunity for industry 

and can be a way out of poverty. 
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 PREFACE 

 

Only 10 % of the rural population in Sub-Saharan Africa has access to electricity. Being close to 

the equator and getting many sun hours a day, they have a huge potential for solar energy. Solar 

powered microgrids could be a solution to expand rural electrification in areas not reached by the 

national grid. 

This manual is constructed to aid EWB in their work in microgrid projects in Sub-Saharan Africa, 

to choose a suitable PV technology for the projects. The results in this manual are based on the 

report “A comparison study of PV and battery technologies for EWB’s off-grid electrification 

projects in Sub-Saharan Africa”. From the result of the report it was found that six different PV 

types where a reasonable choice for rural off grid microgrids. Three were c-Si based PVs (first 

generation) and three others were thin film panels (second generation). They were compared by 

six different factors in order: Cost, Energy Efficiency, Scalability, Adoptability, Availability and 

Environmental impact.  

As of cost it was concluded that crystalline silicon panels were the cost-effective choice. 

Energy efficiency was evaluated by comparing efficiency lowering effects of a solar cell. The 

report compared degradation due to time in service and losses due to temperature. 

All panels have different effects which affect the size of the panel. The scalability compared the 

needed area for each panel type to provide the same amount of electricity.  

Adoptability was compared by how well it functions in different microgrids. Discussed aspects 

were panel mass and other physical properties. 

All analyzed panel types have been commercialized so market share was accounted for in the 

comparison of availability. The report also analyzes some wholesalers and distributors and the 

amount of different panel types for sale was also discussed in the availability comparison. 

For environmental impact of PV panels, the emitted CO2-eq during production for each panel 

types were compared. The data was collected from different LCA’s. 

A short summary of suitable battery types was also concluded. 

  



MONOCRYSTALLINE SILICON (Mono c-Si) 

TECHNICAL 
INFORMATION 

The crystalline silicon technology in solar cells are defined as the 

first generation of solar cells. There are two types of crystalline 

silicon panels, monocrystalline and polycrystalline. Monocrystalline 

silicon panels are the more efficient type in the c-Si family. Each cell 

in a panel consists of a single silicon crystal which gives it a 

homogeneous surface. 

FACTORS  

COST This type has a high production cost which makes it one of the more 

expensive choices of c-Si panels on the solar cell market. 

ENERGY EFFICIENCY Monocrystalline panels have the highest efficiency in the c-Si family. 

It has a higher effect than polycrystalline panels. The efficiency 

losses due to temperature and degradation are almost the same but 

in slight favor of the monocrystalline panels which makes the 

difference in total energy production small, about 2.5%  

SCALABILITY Monocrystalline panels are a high efficiency panel, which means that 

the requires area for the panels in a microgrid will be smaller 

compared to other technologies.  

ADOPTABILITY Compared to other thin film solar panels monocrystalline panels have 

a high mass. It can likely be used in all climates. 

AVAILABILITY c-Si technology is dominating the global PV market. 94% of the global 

PV production in 2016 was crystalline silicon based and about 25% 

was monocrystalline panels. 

ENVIRONMENTAL 
IMPACT 

According to several LCA’s monocrystalline have the highest emission 

cost, measured in CO2-eq/kWh, of all studied types.  

  



POLYCRYSTALLINE SILICON (Poly c-Si) 

TECHNICAL 
INFORMATION 

A first generation solar cell technology. It is closely associated to 

mono c-Si. The major difference besides performance is that each 

cell consists of several silicon crystals giving it a “shattered” looking 

surface.  

FACTORS  

COST Compared to mono c-Si panels a poly c-Si panel is generally always 

cheaper.  

ENERGY EFFICIENCY With a lower effect compared to the monocrystalline technology poly 

c-Si panels are still high preforming panels relative to thin film 

technologies. Polycrystalline panels degrade faster than 

monocrystalline panels and therefore have somewhat higher 

efficiency losses.  

SCALABILITY The difference in efficiency means that poly c-Si panels require a 

bigger area than mono c-Si to produce the same amount of energy. It 

was calculated to be about 25% bigger. 

ADOPTABILITY Poly c-Si panels is likely as adoptable as mono c-Si panels due to 

equal features.  

AVAILABILITY It is the most common panel according to the 2016 global market. 

About 70% of the global PV production in 2016 was poly c-Si panels.  

ENVIRONMENTAL 
IMPACT 

The emission cost, measured in CO2-eq/kWh in LCA’s, of a poly c-Si is 

lower than mono c-Si.  

 

  



HETEROJUNCTION WITH INTRINSIC THIN LAYER (HIT) 

TECHNICAL 
INFORMATION 

HIT panels are a type of monocrystalline panels. It consists of a mono 

c-Si base between two layers of thin film (amorphous silicon) cells. It 

absorbs more sunlight and has less energy losses compared to other 

c-Si panels. It is the solar cell type with the highest efficiency as of 

2016.  

FACTORS  

COST It is more expensive than a common mono c-Si panel. 

ENERGY EFFICIENCY HIT panels have significantly lower temperature coefficient, and 

degrade slower, than ordinary crystalline silicon panels which means 

that the efficiency losses due to the panels operating temperature 

and years in service is lower. It is the optimal panel in energy 

efficiency. 

SCALABILITY The high efficiency means that the needed area for the panels are 

lowest among the other types.  

ADOPTABILITY It is likely as adoptable in all climates as poly and mono c-Si panels. 

AVAILABILITY Panasonic is the producer of HIT-panels as of 2018 and can be bought 

from wholesalers and distributors who sells Panasonic products. 

ENVIRONMENTAL 
IMPACT 

HIT panels have very few preformed LCA’s, and the calculated result 

of emitted CO2-eq during production are unreliable. But the result 

shows that the emission cost is lower than of mono c-Si and poly c-Si 

panels.  

 

  



AMORPHOUS SILICON (a-Si) 

TECHNICAL 
INFORMATION 

Amorphous silicon panels are a type of thin film panel. All thin film 

panels are classified as second generation panels. Compared to other 

thin film panels this type is decreasing in popularity due to having 

low efficiency and a degrading effect called Staebler-Wronski effect. 

The effect makes the panel lose efficiency when exposed to sunlight 

during a longer period. 

FACTORS  

COST Due to having a lower efficiency and effect it has a higher price per 

Watt than all c-Si panels. 

ENERGY EFFICIENCY This type has high efficiency losses due to degradation (Staebler-

Wronski effect). It has the lowest efficiency losses due to 

temperature among the analyzed solar cell types. 

SCALABILITY This solar cell type generally has the lowest efficiency among the 

thin film cells which also means it have the highest needed area. 

ADOPTABILITY a-Si panels are a thin film panel and have low mass and are easy to 

transport. Some variants are even flexible which makes them 

adoptable in many environments. 

AVAILABILITY The type is decreasing in the market share. Currently it is being 

ousted by other thin film types. 

ENVIRONMENTAL 
IMPACT 

From the result of different preformed LCA’s it seems that a-Si 

panels have lower emitted CO2-eq during production then c-Si. But it 

has the highest among other thin film panels. 

 

  



CADMIUM TELLURIDE (CdTe) 

TECHNICAL 
INFORMATION 

This thin film type had the highest production in 2016 of all second 

generations solar cells. It contains cadmium which is a very toxic 

substance and therefore, this PV type needs to be disposed of safely. 

This solar cell type seems to be the closest competitor to CIGS panels 

as they have about the same efficiency, market share and price.   

FACTORS  

COST Among all analyzed PV types the price of CdTe panels are the most 

uncertain. It is more expensive than all c-Si panels and is probably as 

expensive as other thin film technologies. According to an analyzed 

wholesaler it is possible to find cheaper panels of different types of 

thin films panels  

ENERGY EFFICIENCY Of all thin film types the CdTe panels have the least efficiency losses 

due to degradation. It also has relatively low efficiency losses due to 

temperature. 

SCALABILITY The low efficiency means it needs a bigger area to produce 

electricity compared to all first generations PV panels. 

ADOPTABILITY Thin film panels have low mass and are easy to transport. Some 

variants are even flexible which makes them adoptable in many 

environments.  

AVAILABILITY This panel type had the biggest production of all thin film types. 

According to some analyzed wholesalers and distributors it seems to 

be easier to buy a-Si and CIGS panels for commercial use. 

ENVIRONMENTAL 
IMPACT 

CdTe panels have the lowest emissions of CO2-eq during production 

among all analyzed PV types. It does however contain cadmium 

which means it needs to be disposed of safely. 

 

  



COPPER INDIUM GALLIUM DISELENIDE (CIGS) 

TECHNICAL 
INFORMATION 

CIGS panels are the second most produced thin film PV type as of 

2016. It has about the same efficiency as CdTe panels, but unlike 

CdTe solar cells it doesn’t contains toxic elements. When CIGS panels 

are exposed to humid environments it can deteriorate quickly.  

FACTORS  

COST Among the analyzed distributors and wholesalers all thin film panels 

where more expensive than c-Si panels. But compared to all thin film 

panels CIGS panels have the cheapest variants among several power 

outputs.  

ENERGY EFFICIENCY Compared to a-Si and CdTe panels it had the highest efficiency losses 

due to temperature, but still better than mono and poly c-Si panels. 

It degrades slightly quicker than CdTe panels and all c-Si PV types. 

SCALABILITY The low efficiency means it need a bigger area to produce electricity 

compared to all first generations PV panels. 

ADOPTABILITY Thin film panels have low mass and are easy to transport. Some 

variants are even flexible which makes them adoptable in many 

environments. This panel type is more susceptible to humid 

environments than other thin film cells. 

AVAILABILITY According to some analyzed wholesalers and distributors, CISG panels 

was most accessible.  

ENVIRONMENTAL 
IMPACT 

CIGS panels have a low emission of CO2-eq during production.  

 

  



COMPILATION OF PV TECHNOLOGIES 

The following compilation of analyzed PV panel technologies assesses each type of how well it 

preformed, within each factor, relative to each other. The assessment is made by the authors. 

Poly c-Si Very low Low Moderate High Very High 

Cost X     

Energy efficiency  X    

Scalability (needed area)   X   

Adoptability    X  

Availability     X 

Environmental impact   X   

 

Mono c-Si Very low Low Moderate High Very High 

Cost  X    

Energy efficiency   X   

Scalability (needed area)  X    

Adoptability    X  

Availability     X 

Environmental impact     X 

 

HIT Very low Low Moderate High Very High 

Cost   X   

Energy efficiency     X 

Scalability (needed area) X     

Adoptability    X  

Availability   X   

Environmental impact  X*    
*Uncertain result 

CIGS Very low Low Moderate High Very High 

Cost     X 

Energy efficiency  X    

Scalability (needed area)     X 

Adoptability   X   

Availability   X   

Environmental impact X     

 

CdTe Very low Low Moderate High Very High 

Cost     X 

Energy efficiency    X  

Scalability (needed area)     X 

Adoptability     X 

Availability  X    

Environmental impact X     

 

a-Si Very low Low Moderate High Very High 

Cost     X 

Energy efficiency X     

Scalability (needed area)     X 

Adoptability     X 

Availability  X    

Environmental impact  X    

 



BATTERIES 

TECHNICAL 
INFORMATION 

Batteries is a critical component in an off grid microgrid. Two 

different battery technologies are suited for this type of microgrids. 

Nickel cadmium (Ni-Cd) and lead acid (Pb-acid) batteries. Both 

battery technologies contain toxic element. Ni-Cd batteries are not 

recommended due to high cost and content of toxic substances 

(cadmium). It is only considerable when the batteries will have an 

operating temperature of more than 40 °C. Therefore, it is almost 

always Pb-acid batteries that is used in microgrids.  

Pb-acid batteries comes in three variants: open/flooded, absorbent 

glass mat (AMG) and gel.  

BATTERY TYPE  

OPEN/FLOODED  
LEAD ACID  

Open/flooded batteries requires a periodically refilling of water. This 

means that this type is not recommended where clean water is a 

limited resource. This battery type is the cheapest but could have a 

disappointingly low lifespan if not charged and used correctly.  

ABSORBENT GLASS MAT 
LEAD ACID 

AGM batteries are maintenance free and do not need refilling of 

water. However, it is more expensive, more “environmentally 

unfriendly” and is more susceptible to high operating temperatures 

than the open/flooded type.  

GEL LEAD ACID Gel lead acid batteries are the most expensive Pb-acid battery type. 

This type is also maintenance free and is more robust than AGM 

batteries.  

NICKEL CADMIUM This battery type is more expensive than all Pb-acid battery types 

but also withstand high temperature and have a lower depth of 

discharge. The content of cadmium makes this battery type not 

recommendable. Is should only be considered in climates with 

extreme temperatures (over 40 °C or lower than 10 °C) 
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