
 

 

 

 
    

 
  

 

UNIVERSIDAD DE VALLADOLID 
 

ESCUELA DE INGENIERIAS INDUSTRIALES 
 
 

Grado en Ingeniería Eléctrica 
 

 
RURAL ISOLATED MINI-GRID WITH 

PHOTOVOLTAIC SUPPLY IN CHIFUNDA 

(ZAMBIA) 

 

Autor: 

Sebastian, Burdis 

 

 Tutors: 

Perez Garcia, Julian Manuel 
Frechoso Escudero, Fernando 

Departamento: Ingeneria 
Eléctrica 

Valladolid, 06.2017 



 

Statutory declaration 

„I as author and originator of the current work, confirm with my signature the notice of the 
respective originator- and tertiary juridical provisions. 

I declare that I have authored this thesis independently, that I have not used other than the 
declared sources / resources, and that I have explicitly marked all material which has been 
quoted either literally or by content from the used sources.  

Furthermore, I declare that this paper was not previously presented to another examination 
board and has not been published.” 

 

 

Sebastian Burdis  Valladolid, 14.06.2017 

First and last name  city, date and signature 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

   3

Abstract 

The energy demand in developing countries is increasing and many villages in these countries 

do not even have a connection to the national grid. Therefore, they use kerosene and candles 

for lighting their homes at night and batteries for supplying their electrical devices. With 

renewable energy sources a minigrid can be built up anywhere to cover the demands. The 

village in which the project will be conducted is near the equator and therefore a photovoltaic 

system provides a good opportunity for the energy supply. 

 

This thesis approaches the whole planning for an electrification of a village in Zambia, which 

is called Chifunda. In this area about four-hundred households need to be supplied and also 

the demands of other buildings like a mill, a school, a hospital and different shops need to be 

covered. Nearly the whole energy will be supplied by the photovoltaic- and the storage system, 

but a small part still need to be covered by a backup generator.  

The demand of the village is predefined and so there will be two options introduced. First, the 

needs are reduced to the essential parts and the system will be calculated to supply this 

amount of energy.  

The second option is to cover nearly the whole energy needs with the photovoltaic- and the 

storage system. For the whole planning of the electrification the dimensioning of the system 

parameters is important and also the electrical protection of the system has a significant role. 

 

The whole calculations and analysis have been done with the program PVsyst. For the 

calculation of the storage system, it was necessary to export different data to Excel. Therefore, 

a program had to be written which can compute the state of charge of the battery, the energy 

which is needed from an external source and the lost energy which is due to a full battery. With 

the help of this program it was possible to calculate if the sizing of the system was sufficient. 

Therefore, the different options have been compared and analysed to get the cheapest and 

most sustainable solution. 

 

  

Keywords: renewable energies, photovoltaic, rural electrification, storage system, 

 sustainability 
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1  Introduction 

1.1 Scope of this project 

The purpose of this project is to design a photovoltaic (PV) system which can provide electrical 

supply to four hundred households. The system is located in Zambia in the village Chifunda. 

The emphasis of this project is the dimensioning and planning of the whole PV system and the 

integration of a battery system. Furthermore, the analysis of the energy consumption and 

optimization suggestions have a significant role. Additionally, there is an analysis of rural 

electrification and how optimization can be realized. The electrical power needs for each house 

are 150 watts, which will cover their basic energy needs like lighting, entertainment (TV) and 

the operation of simple hand-tools and appliances. Moreover, there is a mill to grind cereals, 

a school and a hospital, which will be advantageous supplied with energy in comparison to the 

households. 

Therefore, the objectives are: 

• To supply electricity to the isolated village 

• To minimize cost 

• To specify all system components such as PV panels, batteries, inverters and  

Conductors 

 

1.2 Aims 
As part of this work there appear different questions which will be analysed and processed. 

 

 How can the user needs be covered and optimized? 

The whole user needs are given by the village and they must be covered nearly until 

entireness. The rest will be contributed by a backup system. So, a detailed consumption 

analysis will be necessary. First of all, a reduction of these needs, to the minimum amount 

which is possible, will be the first step for calculating the system. This step can be crucial to 

keep the costs for the system in a suitable frame. Afterwards, the system size will be increased 

to supply nearly the whole energy needs. From all the demands, the ones of the school, mill 

and hospital are the most important ones. So, when the energy consumption of these buildings 

is covered, the households will be supplied. How the different hours of consumption affect the 

state of charge of the battery will be also analysed. Preferable the hours with sun irradiation 

shall be the hours in which the most energy is consumed. This is hard to realise because at 

night much energy is used for lighting and entertainment. 

 

 How should the system be dimensioned? 

There will be an analysis of the location and also of the system components. For the 

dimensioning, the program PVsyst will be used. The important system components, the 

inverters and the PV panels are already predefined, so they do not have to be researched. The 
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analysis will be needed to find out the ideal possible orientation, the number of panels in serial 

and parallel and also the numbers of batteries. It is not possible to implement the batteries in 

PVsyst and so it will be needed to introduce the data in Excel and to calculate the charge and 

discharge process there. Moreover, there will be an implementation of all necessary losses 

which affect the system. These losses are crucial to know to be aware of the real amount of 

energy which is supplied by the PV panels. Furthermore, there will be a shadowing analysis to 

make sure that the system is working in optimal conditions. The safeguards also play a 

significant role and must be implemented in the system to get the maximal available security. 

Therefore, lightning protection, high voltage protection, string protection and a load break 

switch will be important. The wiring and how it will be accomplished is relevant because there 

will be different possibilities. Therefore, it is necessary to choose the cheapest and most 

efficient one. 

 

2 Fundamentals about the location 
The location of Chifunda is situated in Zambia in the south of Afrika which is in the south of the 

Equator. The distance to the Equator amounts to 1338 km, which was calculated by “date and 

time” (dateandtime.info, 2017)  

The geographical area of Zambia ranges in total 752618 sq km. The population is about 16,21 

million people and the village Chifunda is located in the east province of Zambia. It has just got 

a few inhabitants and is not connected to the national grid.   

The Economy of Zambia is dependent on the copper price, because they are a very big copper 

exporter. A big environmental problem here plays the air pollution and the resulting acid rain 

in the mineral extraction and refining regions.  

In Figure 1 can be seen how the allocation of the energy consumption, production, import and 

export in the year 2014 was. It can be noted that even more energy is produced then consumed 

and this country has got a very little amount of import, in comparison to the other factors. 

 
Figure 1 Energy in Zambia (Central Intelligence agency, 2014) 

Production
53%

Consumption
42%

Exports
5%

Imports
0%
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2.1 Climate, weather and location 
Chifunda is located in the eastern province of Zambia. Zambia has got ten provinces and this 

is eastern province is one of them. This province is divided in nine districts and the village is 

located in Lundazi. 

The weather in Zambia is mostly tropical, but it is also crossed through by some rainy seasons. 

In the time of the rainy seasons tropical storms can occur and in the other time of the year 

periodic droughts.  

(Central Intelligence agency, 2014) 

 
In Figure 2 the village Chifunda and the location of the PV panels can be seen. The panels will 

be located behind an airplane landing field, but there are also the options to set the location of 

the panels a bit more into the back. Therefore, it would be necessary to cut a few trees to 

ensure sufficient sunlight on the panels. Furthermore, the village is very spread so there is not 

a real centre of the town. This complicates the energy supply because longer conductors will 

be needed and so the losses will be increased. Also, a suggestion for the location of the battery 

system has been made, which is 500 metres away from the powerplant. On the way energy 

can be supplied to the users in the surrounding. 

 

Figure 2 location in Chifunda (Google Earth)  



 

   9

The next major city, for which metrological data is available, is the city Mpika. As we can see 

in Figure 3 Chifunda is located about 104 km in the south-east of Mpika. So, it can be 

assumed that the climate and weather will be nearly the same. 

 

 
Figure 3 location Chifunda and Mpika (google.maps.com) 

  

 
Figure 4 Temperature and rain in Mpika (meteoblue.com, 2017) 

In Figure 4 it is shown that the maximum temperature fluctuation over the whole year will be 

from 28°C in October, to 20°C in June and July. In the hottest days, a temperature of 31°C can 

occur. The minimum temperature fluctuates from 18°C in November to the minimum of 10°C 

in June and July, which is the winter in Chifunda. In the months June and July, the coldest 

nights are at about 7°C but the lowest temperature which has been measured in Zambia was 

-1°C. Furthermore, this Graph shows that a rainy season occur in the summer months, so this 

must be considered when the photovoltaic system is planned. This season in Africa has also 

a big influence on the solar irradiation in the summer months. As we can see in “Dimensioning 

of the system” the solar irradiation in some summer months is even less than in the wintertime 
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and so also the energy-production is less. We can also see in Figure 4 that the rainy season 

ranges from December to the end of March and has a maximum in January with 283mm/m² of 

rain. To be able to know how much this amount of water is there will be a comparison with 

Valladolid and Vienna. So, if we see it in numbers the rainiest month of Vienna is June and 

from Valladolid it is December. In Vienna, there is a maximum of 46mm/m² and in Valladolid a 

maximum of 41mm/m², these numbers in comparison to the maximum amounts of rain in 

Chifunda are very small. The amount is even more than five times smaller than it is in Chifunda. 

This can be seen if we compare Figure 5 and Figure 6. This is just a small timeframe of ten 

days but as we can see it here it is also a reduced energy production in the months from 

December to February. So, this amount of rain in the area of Chifunda like earlier mentioned 

will lead to less solar irradiation, so that the backup system has to produce more energy. 

Further information about the produced energy over the whole year can be found in the 

attached Excel sheet. 

 

 

Figure 5 energy production 01.01-10.01 (own figure) 

 

Figure 6 energy production 01.06-10.06 (own figure) 
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2.2 Natural catastrophes 
In Zambia, different types of natural catastrophes occur, hereby floods and droughts have got 

a significant amount. Floods emerge not every year, but have increased in the last two 

decades. Floods are a serious problem, because they affect everyone who lives in the specific 

area. The flood season is generally from December to April. Droughts occur more often in the 

Southern and Western part of Zambia, till now they have been noted in the months February 

to April and in August. Furthermore, there is a high risk of epidemics which appear because of 

lack of sanitation and hygiene and also because of the poor quality of the drinking water. The 

air pollution has an effect on acid rain, which has an further impact on plants and animals. To 

work against these catastrophes, Zambia has established an institution which is called the 

Disaster Management and Mitigation Unit (DMMU). This institution takes effort in disaster 

preparedness, prevention and mitigation, while the focus is on response to disasters. The 

interest in disaster prevention and risk management have increased in the last years, because 

also the disasters have become more frequent. Generally, Zambia has not got a high risk and 

the most hazards occur in local areas.  

 (Jacobs, 2012) 

 

3 Mini grids in rural areas 
Electricity plays a big role in nowadays world. We are getting increasingly dependent on it, 

which does not have to be a bad thing. Nearly everybody in the western countries work day by 

day with electricity, even when it is not actually recognised. In developing countries, the people 

also want to get the benefits from electricity and so they have expanded the national grid. So, 

more people are getting used to the electricity, but it is not possible or very cost intense to 

expand the national grid into every part of the countries. When the electricity spread beyond 

the urban areas, the electricity use and also the costs for supplying this energy drastically 

increased. So, the responsible energy companies avoided further investments in these areas.  

Subsequently, individual communities in these parts are starting to construct their own 

rudimentary electricity distribution. So, the willingness of the people is given to act and involve 

themselves. Hydropower plants or diesel generator sets often power these mini-grids. While 

these options are the most cost-efficient ones, they are most of the time only improvised, 

inefficient and unsafe. Also, the lifespan of these mini grids suffers a lot, because there are 

nearly no guidelines available to build up such a grid.  

In these systems, the cost really depends on the size and nature of the needed load but also 

on safety arrangements and the lifetime of the system. These guidelines should outline that 

the system is safe, adequate, expandable and efficient. Which means that the electric 

standards must be adhered but also the conditions in the specific rural areas have to be 

considered. For example, not every guideline which counts in the urban areas can be 

implemented into the rural areas. (NRECA-International) 
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Adequacy of a system means that outlets and conductors must have the right size and type. 

Furthermore, it means how a power system can cope with the peak loads and to be prepared 

for uncertainties in the availability of generation. This means that the system must ensure that 

it can provide the energy which is needed but also to avoid loss-of-load events. 

(wind-energy-the-facts, 2008) 

Expandability can be met when the used design has a minimized life cycle cost, but also that 

it can be expanded when the load increases by time, so that it does not have to be rewired. 

The efficiency of a system is dependent on different factors like the costs, which must be 

almost minimized in rural areas, wiring, losses and the efficiency of the power distribution 

system itself. There must be a compromise between quality and costs, because it is 

unnecessary to use low cost and low-quality products which must be replaced in a few years. 

When it comes to the efficiency of the power plant the costs play a significant role in this area. 

But sometimes it is more important to have a low-cost system with lower efficiency, than an 

unaffordable high efficient system.  

When it comes to rural electrification there is no standard way to provide the system, because 

each one is different from the other. One has to be more efficient and the other one of lower 

cost. Here it is necessary to go back to the basic principles and to develop the system from 

there on to bring the people in rural areas benefits of electricity. There are different aspects 

which can be looked at in designing rural electrification. First of all, the grounding is most of 

the time not available in these mini-grids. But it can rise the security of these systems 

significantly, so it should be taken into account after checking the expenses and the effort. 

Also, there must be examined which components must be in each residence. The costs of 

metering and the meters themselves are most of the time quite expensive an, so the question 

is here how to be able to reduce these costs. Like mentioned before the type of conductor 

plays a big role to reduce costs but also not to have to high losses.  

The distribution of such mini grids must be planned with a long-term perspective while taking 

a safe design and low life-cycle costs into account. It is also beneficial if some people in these 

areas are skilled, and are able to repair smaller parts of the system properly to reduce costs 

and future damages. Moreover, it is essential to teach the people how to handle the electricity 

and that switches and fuses are necessary and important. If this is not done safety devices are 

jumped and cannot longer fulfil their job. Furthermore, this will increase the life-cycle cost and 

also put a high risk on the user. Also, if low costs are achieved the question remains if the 

system is sustainable and if the community is able to pay for the system and the recurring 

costs. 
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3.1 Elements of electrification 
Many steps need to be taken before acting with the construction of the system. The proper 

design is a critical part to go into the right direction, but a few parts are crucial for success of 

the project. 

 The people must be interested in getting access to electricity but they also have to be 

able to pay for it. If the project is funded by the government or any other organisation 

at least the recurring costs need to be covered by the users. 

 A responsible company or organization must be identified which initiates the request 

for the electrification and takes the managing and operating of the project. 

 The availability of electricity in the vicinity must be checked to ensure the cheapest and 

most efficient way of electrification. 

These parts of the project must be checked before initiating the process of the project to ensure 

a higher chance of success.  

 

As everybody knows money is very important in this world. So, the willingness and ability to 

pay for the electricity must be given, otherwise it will not work. The main costs are the capital 

costs which occur when the system is implemented. These consist out of the power plant itself, 

the wiring and the safety components. Furthermore, when it is a diesel generator set the fuel 

need to be paid. When the system gets older maintenances and service on the components 

must be done. 

These costs can be covered differently. There are some projects which are subsidised by the 

government or other organizations. Also, a connection fee can be implemented to get the 

money from the people. With regular payments, the recurring costs should be covered. The 

question here is: How much can and should the user pay for electricity?  

This question can be answered by taking a look at their current expenses for energy like 

kerosene and candles for lighting and batteries for using radios and watching TV. If the energy 

cannot be supplied on a few days, the people would need to buy kerosene to overcome these 

days.  

Also, it is possible by researching for other villages which are similar to the village in which the 

system is implemented. Here it is necessary to consider how much they pay and consume.  

Many households do not have a steady income and so it could be sometimes difficult for them 

to pay for the costs of the electricity. 

It is necessary to calculate the costs which occur with the new energy source and also to 

compare it with the old one, if it pay off for the user or if it is much more expensive. Of course, 

it cannot be compared one by one because with an electrification much more comfort is given. 

Also, the people safe time because they do not have to recharge their batteries and buy 

kerosene and candles. As a result of this it is possible that the people are willed to pay more 

for this comfort. 
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Normally each family has to buy kerosene and batteries to cover their needs This self-provision 

would change, so that another person or company is responsible for supplying the electricity. 

First, it is possible that a private entrepreneur installs the mini-grid and so he will have all the 

responsibility and the risks like the financial, implementational, operational and managerial. 

Here the users have the least risk. Every household would just pay the electricity supplier 

instead of the local store who sells the batteries and kerosene.  

Second, the mini-grid could be owned by the village or a few people from the village, like a 

cooperative or a user group. Here the group must be well structured, unified and it would be 

good if this group has successfully worked on other projects. The whole work in the project 

must be split up between the responsible persons. It is necessary that the organization keep 

going so that the system can be operated in the whole lifespan. Furthermore, it is also possible 

that one person from the village takes the leadership for the project. This can be a person who 

has already got an important role in the village or a person who is very interested in the topic. 

(NRECA-International) 

 

3.2 Electricity supply 

There are many different options to supply energy to the users. It ranges from the conventional 

diesel generator set to the renewable energies like wind, solar and hydropower. Here it is 

important to locate the power supply near the village because of transmission losses. 

If a grid extension in this area can be easily made, it is often the best and cheapest way to 

supply the village with energy. Each of them got its own advantages and disadvantages.  

The option of the grid extension also has got advantages and drawbacks. Normally there is no 

power limitation for the supply and the users do not have to care about the functioning of the 

supply. Also, the price for the electricity is relatively low, but also the costs for the grid extension 

must be calculated. In some countries, there is a poor supply of energy and so the users are 

sometimes cut off the grid which leads to unsatisfied users. The consideration about grid 

extension has got different points which need to be proven. It must be proven if the high voltage 

line is sufficient near to the town. Furthermore, there will occur costs for transformers and 

wiring and it must be checked if the grid can take the additional load.  

The diesel or gasoline generator set is a common solution. This technology is broadly 

available, it is easy to transport and to install and it is also a cheap investment. The 

disadvantages must not be unconsidered. It is necessary to be able to deliver the fuel to the 

village in every moment, so rain seasons, which occur in Afrika from December to March and 

political uncertainties, can make this hard. Actually, if there is no electricity supply in the village, 

the lighting is normally done by burning fuels in lamps so a part of the fuel supply is already 

given. Fuel costs can rise in a short time so there is a dependence on the market. If the 

generator set is not maintained frequently by professionals it can lead to expensive 

replacements. Of course, the pollution must not be neglected. Here especially noise, disposal 

of oil and gas emissions have to be considered. 
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Renewable energy sources benefit from utilizing a source which is free and has got low 

process costs. The common solutions are here hydro-, wind- and solar power. Here the 

cheapest one is hydropower because it can supply energy 24 hours a day in comparison to 

the other ones which are addicted to irradiation or wind.  With this technology also other 

machines like sawmills and mills can be mechanically powered which has the advantage that 

they do not consume electricity. 

It is a considerable option to use solar power, because it is available throughout the whole 

year. The transformed energy can be directly consumed by the user at daytime. But the main 

energy needs occur at night time which has the significant drawback that here no energy is 

produced. So, the energy must be stored in batteries which have most of the time the highest 

costs in the system. Furthermore, in seasons with less solar irradiation a backup system is 

necessary to cover the whole needs of the village. So, it must be considered for each case 

which energy source would be the most efficient one for the whole system. 

 

In rural electrification projects, many mistakes occur because of inexperience of the people 

who are building it up, but there are also parts which work well. As a result of this inexperience 

these mini grids can have less lifetime, efficiency and can also be dangerous. The consumption 

of the users must be controlled, so that each of them can use the same amount of energy. If 

this is not done, some users will consume more than they are allowed to and so the whole 

system gets out of the equilibrium. As a result of this it may happen that the generator runs hot 

or burns out. It is possible to control the consumptions by using smaller fuses and properly 

sized circuit breakers.  

The poles for the entire cabling seem to be most of the time a big problem. They are often just 

improvised and do not regard to the safety aspects. Trees or hardwood and bamboo posts are 

mostly used for that. But as time pass the trees die or the posts rot. It is a good thought to start 

with these posts to save money and afterward to replace them one after another, but this will 

not happen. This is because when people see that the system work like this they are 

questioning why they should invest money, time and work in it.  

If the planning in the beginning is insufficient, this will cause problems in the execution of the 

project. The conductor size must ensure that the voltage drop moves in an appropriate range. 

When it is too small there will show up losses which could have been impeded. In some cases, 

it has been tried to run the generator with a higher voltage to cover the voltage drop over the 

distance. But this is not a good way because it will reduce the lifetime of the generator and will 

also be bad for the lighting in the near surrounding of the generator. 

In rural areas, the user needs mostly consist out of lighting of the houses. For this reason, it is 

not absolutely necessary to supply the houses with 230 V because it is also sufficient to use 

12 V lamps with direct current. In these cases, it is necessary to supply the energy with 230 V 

to reduce the whole losses and afterwards to transform the energy in DC low voltage. This can 

improve the safety of the system so that the people cannot hurt themselves and cable fires are 

prevented. It also has to be taken a look at the negative side of this option. The 

transformer/rectifier unit increases the complexity of the system significantly and when the 
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costs of these units should be low, the efficiency will also suffer. For this reason, when the 

efficiency is low, much losses arise, which can be a significant amount of the produced energy 

in such mini grids.  

As mentioned before, most of the time the costs have got a significant role in such projects 

and so the capital costs and the life-cycle costs should be minimized. If the capital costs are 

low, but afterwards the life-cycle costs are certainly high it would have been better to invest 

more in the project in the beginning. This should be preferred instead of the need to repair the 

system every now and then. 

Furthermore, the user needs have got an important role in the project.  These needs are mainly 

the lighting of the houses and entertainment. In the sector of the lighting, much energy can be 

saved by using a little bit more expensive and newer technology. This technology will last 

longer and consumes less energy. Here different types of lamps can be used. We distinguish 

between incandescent, fluorescent compact fluorescent and LED lamps.  The LED lamps have 

got the highest lifetime and need also less energy to supply the same amount of brightness, 

so they should be preferred used. In comparison, the incandescent lamp has got the least 

lifetime and the least costs. Also, the use of the fluorescent can be a cheap option. The LED 

lamps are already taking over the market of lighting and so the price is dropping consecutively.  

Another big use of energy occurs because of entertainment like radio, TV and cassette 

players/recorders. This energy is normally supplied by automobile batteries from which the 

energy is much more expensive than from a minigrid or the national grid. These batteries can 

be recharged in the nearest town and so there appear the costs of the transportation, charging 

and amortization. In relation to this the price per kWh is about 2 to 3 $. In comparison to the 

national grid which is about 0,10$/kWh and the mini-grid with a diesel generator set which is 

about 0,40$/kWh the price is quite high. Of course, in the minigrid the price can vary because 

of a large number of factors. A few different approaches are possible to solve the problem with 

the batteries.  

 First it is possible to purchase equipment which can be used with AC and also DC from 

the batteries. For this option, an AC/DC converter would be necessary, which is 

normally included when purchasing a product like this. So, it would be just necessary 

to use the batteries when the people are outside from home.  

 It is also possible to use the batteries further and to reload the batteries at home with 

a battery charger. This has got the advantage that the people could also supply energy 

when the grid does not work over a period of time.  

Another source of energy consumption could also be motor based equipment like refrigerator, 

water pumps or wood- and metalworking equipment. These loads are significantly higher than 

the loads for lighting. So, if these equipment is introduced it need to be considered in the 

beginning of the project. It must be considered that the running current for these equipment is 

constant but to start the motors they need a much higher current which need to be supplied 

from the minigrid.  
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Furthermore, heat generating appliances can consume easily 1000 W or more and so they 

would be the biggest energy consumers in the system. It depends on the capacity of the 

minigrid but if it is not sufficient, the use of these appliances need to be permitted. For this 

reason, the generated energy would need to be risen significantly to meet these needs which 

can make the minigrid unattractive for the users because of rising costs. 

 

The assessment of the demand is an important step in the whole project. Therefore, it is 

necessary to get an overview of the user needs and the additional needs which emerge in the 

following years. With this knowledge, it should be possible to size the generating powerplant 

and the conductors. It is necessary to size the system properly, so that the users are satisfied 

but also do not have to pay a high amount of money which is beyond their abilities. To make 

load projections which are realistic is often quite hard to do, because the users have little 

experience with electricity and so they will not be a great help. Furthermore, it is essential to 

be able to give the users a unit cost of electricity in $/kWh. This analysis can be made by 

researching for already electrified regions which are similar to this region, so that these can be 

compared. Different factors have got a role in these calculations. It is requisite to get an 

overview over the amount of disposal income, presence of local produced products and the 

access to the outside markets. Another important factor is the expected lifespan and if the user 

needs can change drastically over the years. Summarizing it can be said that before a real-life 

project can start, there are many different unanswered questions. Like mentioned in “Elements 

of electrification” these three points must be solved at first, to be able to continue with the 

project. In this sector experience has got a great importance. The cost of a project and the 

user needs are connected to each other and so in the beginning a cost has to be set to initiate 

the project. 
The project must be treated step by step to ensure that it works well. First of all, there should 

be a meeting, with some people of the village and also the executing people, to determine the 

energy needs and the costs for the whole village.  Then the tariff structure, the costs and the 

consumption need to be estimated to get an overview of the project. It is important to know the 

distribution system, where energy is needed and where to locate the poles.  Furthermore, it 

need to be checked which line configuration, like for example single- or three-phase, will be 

chosen for the conductors. Afterwards, the costs and sizes for the conductors can be 

determined when the needs and the area to be supplied is known. If the costs for the 

conductors do not fit the supplied area, this area need to be changed to minimize the conductor 

size. Also, the poles have got an important role in the project and need to be located and 

designed carefully.  

An important part are the user needs and which types of energy consumers are used. In this 

part, it also must be considered if the needs will increase or stay stable in the next years. When 

these points have been taken into account a proximately price per kWh have to be made for 

the users. It can be seen that the electrification of a village need much planning and so the 

main points of a project have to be defined to be successful in the following work. (NRECA-

International) 
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4 Dimensioning of the system 
The whole system is calculated with the program PVsyst. Therefore, a license was provided 

from the University of Valladolid. With this program, it is possible to dimension the whole 

system. There are different options of systems in the program, like grid connected or stand 

alone for example. This project will be looked at as it is grid connected in the first part, because 

the batteries with the charge controller will maintain the grid and so the inverter do not have to 

build up the grid and produce the frequency on its own. With this option, it is not possible to 

implement the batteries directly in the program. To get a better look at the charging and 

discharging process data will be extracted out of the program into an excel file to work with it. 

 

First of all, it is necessary to select the right irradiation and climate data from the software. The 

location is Chifunda in Zambia and the data for this region is not available from MeteoNorm 

7.1, which is considered to be the most reliable source for monthly meteorological data. For 

this reason, the data was needed to be imported from PVGIS which will provide all the global 

irradiation and diffuse irradiation. Furthermore, the wind velocity and the average temperature 

was available on the NASA-SSE site. In Figure 7 the whole global and diffuse irradiation, 

temperature and wind velocity is imaged from the imported data like mentioned before. As we 

can see here the solar irradiation is quite small in the rain season which have been analysed 

in “Climate, weather”. 

 
Figure 7 MeteoNorm data (own figure) 

 

4.1 PV panel orientation 

Moreover, it is necessary to determine the tilt of the PV panel and also the azimuth angle, 

because this location is in the south of the equator the panels have to face to the north for the 

optimal results. There have been a few options tested and compared to get to the optimum of 

the orientation. Also, the summer and winter time is the opposite of the time in Europe, so from 

October till March is summertime and from April till September is wintertime.  
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As in Figure 7 can be seen the irradiation in August and September is quite high in comparison 

to the one in January and February. This is because of the rain seasons in January and 

February. First the simulation was taken with 30° tilt and an azimuth angle of 60° but this was 

not a sufficient solution for the panels.  

It was also taken into account to organize the panels in an east and west orientation which can 

be seen in Figure 8, to save space, but because there is no lack of space in this area it is not 

the optimum for the orientation of the panels. 

 
Figure 8 east west orientation (own figure) 

 

When the orientation is set with lower plane tilt there will be more energy harvested in summer 

and the contrary in winter.  

The azimuth angle is for both summer and winter best when it is 0° because otherwise the 

panels will be shaded at a certain time. 

With the help of a shading simulation which will be explained later it was possible to consider 

the orientation with 20° tilt and a 0° azimuth angle. For this tilt, the auto purification was 

reconsidered and it will be sufficient.  The auto purification is important for the cleaning of the 

panels. Therefore, when the rain hits the PV panel it should wash away most of the dirt and 

particles. To assure this it is necessary to have the panels tilted at least 15°. (Solar World AG, 

2009)  

The orientation and tilt of the panels can be seen in Figure 9. 

 

 

Figure 9 Orientation and tilt of the panels (own figure) 
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In Figure 10, Figure 11 and Figure 12 can be seen how this tilt and azimuth angle affects the 

global irradiation which gets to the collector plane and so how much is lost. “The transposition 

factor is the ratio of the incident irradiation (GlobInc) on the plane, to the horizontal irradiation 

(GlobHor). I.e. what you gain (or loose) when tilting the collector plane.” (PVsyst-

transposition_factor) Figure 12 shows that this configuration is the absolute optimum for the 

whole year of the system. If the angle would be reduced to optimize the gained energy in 

summer, it may not be sufficient for the auto purification effect. It also makes less sense 

because of the rain season in summer.  

 

 
Figure 10  winter meteo yield (own figure) 

 

Plane tilt: 20°   

Azimuth angle: 0° 

 

 
Figure 11  summer meteo yield (own figure) 

 

Plane tilt: 20° 

Azimuth angle: 0° 

 

Figure 12  yearly meteo yield (own figure) 

Plane tilt: 20°   

Azimuth angle: 0° 

 

4.2 Batteries 
There are different types of batteries available on the market. First of all, the most common 

one is the lead acid battery. This battery type has normally got a lifespan of about 10 years. It 

is only possible to discharge the batteries to a certain value which is common to be 30 or 40% 

of the capacity. Most of the time these batteries are not maintenance free. 

The other type of battery is the Lithium Ion battery. With this type, a lifespan of about 15 to 20 

years is promised by the manufacturer and they can be discharged to 10% of the capacity. 

Furthermore, this type of battery is maintenance free but they are also more expensive. 

In this project, it was very important to have a long battery lifetime and also to be able to have 

much charge and discharge circles. Additionally, it was necessary to have a maintenance free 

battery in this location because there are no technicians available in this town. 
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So, the used batteries are lithium ion batteries from the company ABB. This company offers a 

package in which the whole batteries and charge controllers are introduced. They also have 

the task to arrange the grid together. This facilitates the whole process of installation for the 

system and also the company will be responsible for this part of the project. One package has 

got 83 kWh and there will be different thoughts about how many will be needed for the system. 

Furthermore, the charge controller will be needed to charge and discharge the batteries. In this 

package, they are included and will be able to manage a load of 60 kW.  

 

4.3 Backup system 

The backup system will be a diesel generator system and is predefined by the company with 

40 kW. It will be used to cover the energy needs which cannot be supplied by the PV system. 

It is necessary that the PV system is dimensioned to reduce the running hours of the backup 

system drastically, so that the PV panels supply the most energy. Sometimes over the day 

when the user needs peak, the backup generator has to run a few hours before this time, to 

load the batteries. So, to be able to supply 24 hours a day the energy which is needed. 

 

4.4 User needs 
The user needs are one of the most important parts in a PV system. These needs have to be 

covered by the energy supplying systems, so in this case it is the PV system together with the 

storage system and the backup system. In Table 1 the whole user needs are shown. In the 

village, there is a mill to grind the cereals which will be active from 7:00 to 17:00. Of course, a 

refrigeration is needed, it is not stated where the refrigerators are, if the people share a few 

ones, or if they are otherwise used. Schools start at 8:00 and end at 16:00 but have a quite 

low energy consumption which is just due to lighting, overhead projectors and so on. The shops 

and hospitals are very important and so they have to be preferentially provided with energy. 

Nearly half of the whole energy consumption is due to the households. There is a small peak 

in consumption in the morning at 7:00 till 8:00 and the biggest peak occur from 20:00 to 22:00. 

At this time, all the users need which are lighting at home and also the TV´s will be switched 

on in many households. These times are critical for the PV system because in the morning the 

panels cannot produce the full energy and at night time they do not produce any energy at all. 

So, these peaks need to be partly or fully covered by the battery system, or the backup system. 

In relation to this there have been thoughts about how the energy consumption can be reduced 

or what the PV system is able to supply. 

As shown in Table 1 the reductions are about 60% of the whole energy consumption.  

There will be two trials with different PV sizes. In the first option the focus will be on covering 

the reduced energy needs and in the second version, the focus will be on covering nearly the 

whole energy needs. The user needs are graphically shown in Figure 13. 
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Hora 

Consumption segmentation (kW) 
Total con-
sumption 

(kW) 

Total con-
sumption 

with 
reductions 

(kW) 
Mill Refrigeration School 

Shops, 
hospital 

House 
holds 

00:00  5  2 3 10 5 
01:00  5  2 3 10 5 
02:00  5  2 3 10 5 
03:00  5  2 3 10 5 
04:00  5  2 3 10 5 
05:00  5  2 3 10 5 
06:00  5  2 3 10 5 
07:00 15 5  3 30 53 15 
08:00 15 5 2 10 10 42 20 
09:00 15 5 2 10 5 37 20 
10:00 15 5 2 10 5 37 20 
11:00 15 5 2 10 10 42 20 
12:00 15 5 2 10 10 42 20 
13:00 15 5 2 10 10 42 20 
14:00 15 5 2 10 10 42 20 
15:00 15 5 2 10 5 37 20 
16:00 15 5 2 10 5 37 15 
17:00 15 5  5 5 30 20 
18:00  5  5 20 30 30 
19:00  5  5 28 38 40 
20:00  5  5 68 78 60 
21:00  5  3 68 76 50 
22:00  5  3 8 16 15 
23:00  5  3 3 11 5 

     321 760 445 

Table 1 User needs (own table) 

 
Figure 13 User needs (own figure) 
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4.5 First option 
Like mentioned before here the emphasise is to cover the reduced user needs, and therefore 

different sizing of the system has been tried. 

 

4.5.1 Selection of the components 

All the inverters and the photovoltaic panels are predefined by the company. 

It is important that the components which are sensitive against rain need to be in a dry room, 

this is especially for the battery system. The inverters will be protected with a high IP standard 

so they can be outside. Also, an important point will be that the connection boxes and the 

cases for the electrical components are waterproof. 

The inverters will be from Fronius, which is an Austrian company which is working in the 

photovoltaic sector since 1992 and it has specialised on inverters and has got a good 

experience in this field.  

There will be three inverters of FRONIUS ECO 27.0-3-S used, with a nominal output power of 

27 kW so the global inverter power amounts 81 kW. 

The photovoltaic panels TSM-315 PD14 from Trina Solar will be used for this project. This 

panel is often used for large scale photovoltaic power plants. The maximum power of this 

system is set to 90 kWp to meet the reduced energy consumption. So, with a safety factor of 

10% because the panels are tested at standard test conditions at 1000W/m² and 25°C and 

they will not reach 90kWp the power will be 99 kWp for the whole system. The inverters can 

handle this power because the standard test conditions will not appear in real conditions.  

In the datasheet of the inverter, we can see that the operating voltage is from 580-850 V and 

the maximum input voltage is 1000 V. Because of this, the voltage of the PV panels should be 

in the range of 580 to 850 V and the open circuit voltage at -10°C should be smaller than 1000 

V. The open circuit voltage of the TSM-315 PD14 panels is 31,6V at the maximum power point 

at 60°C and 50,8 V at -10°C. In relation to this, with 19 panels in series it is possibility to operate 

the system. With this number of panels the voltage at the maximum power point at 60°C is 

600V and the open circuit voltage at -10°C is 966 V. This low temperature will never be reached 

in this region and so also 20 panels in series would be possible. Here the open circuit voltage 

at -10°C would be slightly over 1000V. So, both values are in a good range. It is not possible 

to use 18 modules because then the voltage at the maximum power point at 60°C would be 

lower than 580 V.  

So now by varying the number of strings we can increase or decrease the output power. 

The first attempt was with, 15 strings and 19 modules in series to meet the goal of Pnom ratio 

of 1,1 and to reduce the overload losses of the inverter.  

 

The Pnom ratio is the normalized performance index. It was introduced to facilitate the 

comparison between different PV installations and is now fixed in IEC EN 61724 norm. The 
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Pnom ratio is defined as the output AC power and the PnomDC = PnomAC / Efficiency. 

(PVsyst-Inverter-Array-sizing) 

 

With 15 strings and 19 modules, the Pnom ratio is 1,11 and there will be nearly 0% overload 

losses which will be about 15,1 kWh. But with these conditions the panels can only provide 

90kWp which will be even less because of the before mentioned standard test conditions. At 

1000W/m² and 50°C it would be just 80,6 kW which will not be sufficient for the supply of the 

village.  

As a result of this, to meet the operation conditions of the inverter, it was decided to take 19 

modules in series with 17 strings, which has risen the nominal power of the whole system to 

102 kWp and to 91,4 kW at 1000W/m² at 50°C. With these conditions, the inverters are slightly 

undersized but because the photovoltaic panels are tested with the standard test conditions, it 

will be sufficient for the system. Furthermore, the maximum PV power for this inverter is 35,7 

kW so for three inverters it is 107,1 kW which is higher than 102 kW. The disadvantage here 

is that an overload loss of the inverter of 1,7% occurs which results in a loss of about 3952 

kWh and that the Pnom ratio is 1,26 but it should be around 1,1.  

For the arrays, the Pnom ratio is defined for the STC so in our case it is 102 kWp. So, the 

whole Pnom ratio is Pnom array / Pnom inverter = 1,26. But it will be lower because of the STC 

and not all the losses are introduced in this program into that factor. 

 

 

4.5.2 Connection of the panels 

There have been different thoughts about how the panels should be connected and where the 

inverters should be placed. Like in Figure 14 can be seen the inverters and the protection 

systems will be in the left front corner of the panels which are facing to the north. But there 

need to be a distance to the panels because of shades. It cannot be placed in the back of the 

panels because the village is located in the north of the system. The inverters, do not need 

any protection against the weather because they have got an IP 66 standard. The first number 

gives information about the protection against the intrusion of dust. Six is the highest protection 

which means that dust cannot intrude into the inverters. Furthermore, the second number gives 

information about the intrusion of water. Here the six stands for the protection against strong 

water beams. So, the inverters are enough protected to be mounted in the rain. For the fuses 

and protections, it will be necessary to protect them against entering of water. 
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Figure 14 PV panels arrangement second attempt (own figure) 

There are different options to connect the different strings with the inverters. In Figure 14 can 

be seen that there are 9 rows of PV panels and that the 1st row just has got 1 string. 

 

1. First, it is possible that each 5 strings can be connected in a box at the left side of the 

3rd, 6th and 9th raw. So, the cable size is smaller to the boxes and from there the size 

will be implemented bigger. This option has the advantage that only six wires are 

connected to the inverters.  

2. Second, the panels can also be directly connected with the inputs of the inverters. This 

has the advantage that the size of the cables does not have to be variated, but the 

disadvantage is that the length of the cables will be higher. Because of the losses, the 

cables should be of a size where the losses are in an acceptable range.  

3. Another option is to connect only two strings in one box which has the advantage that 

the wiring length to the boxes can be minimized and so also the used copper mass and 

the losses which appear. In this variation one box is fixed in each raw so that the 

minimum cable length is required. The only PV string will be connected directly to the 

inverters.  

 

Now that the different options have been shown the different cable sizes and lengths were 

calculated in excel. Afterwards PVsyst was used to calculate the copper mass and the loss 

fraction. Here it was possible to introduce different diameters to get the best and most 

sustainable way to connect the panels.  
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4.5.3 Wiring 

In Figure 15 the different options are introduced and the whole lengths of the cables and the 

ideal settings for each variant are taken into account. With an analysis of these options, the 

best has been chosen. 

 

 

Figure 15 wiring options (own figure) 

1. For the first variant, we have got 3 boxes which are located at the left side of the whole 

system.  There the whole cables of each 5 strings are connected together to wire it to 

each inverter. The cables will be wired on the ground so two cables, one for the positive 

and one for the negative side of the panel, will be connected to the box. So, to get the 

length from the panels to the ground 5 strings are multiplicated with 0,5 meters and 

with 2 because of the two cables. The length of the strings are 38 meters and for each 

box we have got 5 strings to connect, so these two numbers multiplicated results in the 

length of the negative cable for one box. The box is located in the 3rd row so the distance 

to the two rows are 5 meters and 10 meters. So, each row has got 2 strings with four 

cables which must be multiplicated with the distance. As a result of this, a length of the 

cables of 255 meters is calculated. For the second box, there is only one string 10 

meters away and so the length of the cables is 235 meters. The third box is similar to 

the first. 

Here the two nearest strings to the inverters are connected without a box. This length 

accounts to 182 meters. Afterwards, 2% as auxiliary are added and so the final length 

accounts to 946 meters with 16mm². From the box to the inverter a 70mm² cable will 

be used and the distances are 34,5, 19,5 and 4,5 meters from the boxes. These values 
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must be multiplicated with 2, because we have two cables. Here are 5% auxiliary added 

because it is a much shorter distance than the other which results in 144 meters. This 

results in a copper mass of 1869 kg and a loss fraction of 1,5% which refers to the loss 

of voltage over the whole distance. 

 

2. Each inverter has got 6 inputs, so it is possible to wire each string to one input and 

there will be two strings which are connected to all inverters. There are 5 meters 

between each panel row with two strings and there are 8 rows. So, the largest distance 

to the inverters are 40 meters plus 0,5 meters because of the height to the ground. 

Then this distance will be reduced in 5 meter steps for each row. For all panel rows, 

there are two strings and so all these lengths are summarized. Then they are multiplied 

by two because of the negative cable of each panel. Afterwards, the length from the 

right side of the panels to the inverters for each negative cable must be added. Each 

row has 38 meters and all in all there are 17 strings so it results in 646 meters of wiring. 

Summarized it results in 1383 meters and with 2% auxiliary in 1411 meters of 25 mm². 

The diameter of the cable must be so big to lower the loss fraction. In this case, the 

copper mass is 3021 kg which is significantly more than in the first one. Also, the loss 

fraction is more than in the first option and amounts to 2%. 

 

3. As a third option, it will be assumed that each row has got a junction box, except the 

first one because it is just one string. So, the cables to the junction boxes can be of a 

16mm² diameter cable and from the boxes it will be a 70 mm² cable to reduce the loss 

fraction. To each box are 4 cables of two strings connected, so it can be easily 

calculated. 4 times 0,5 meters for the height must be taken into account and also 2 

times the length of the whole string which is 38 meters. This results in a length of 78 

meters for each box and the length for the first string is the half and so 39 meters. 

Summarized it is 663 meters and with 2% auxiliary it results in 676 meters.  

From these boxes to the inverters the largest distance is 40 meters. Like in the second 

option the panel rows have got a distance of 5 meters to each other. So, this results in 

a length of 180 meters and with 2% auxiliary in 184 meters. Furthermore, for each box 

are 4,5 meters of cable added to take the distance to the inverter into account. This 

results in a copper mass of 1812 kg and a loss fraction of 1,4%. 

 

As we can see in Table 2the first option is the best because it will need the least copper mass 

and also the loss fraction is 1,6% and so the lowest of all. 

 

from panels to 
box [m] 

from box to 
inverter [m] 

diameter 
[mm²] 

Copper mass 
[kg] 

Loss fraction 
[%] 

variant 1 946 144 16 / 70 2263 1,6 
variant 2 1411 - 25 / - 3021 2 
variant 3 793 392 16 / 70 2345 1,8 

Table 2 wiring options (own table) 
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First of all, there will be the least costs because of less copper mass. Furthermore, the wiring 

effort is minimized because less length of wires will be needed. Also, the loss fraction can be 

minimized to 1,6% by using a smaller cable size of 16 mm² to wire the panels to the boxes and 

then using a quite big size of 70mm² of wires to the inverters. Of course, there is also the option 

to use only 50mm² or 35mm² to lessen the wiring effort and to reduce copper mass, but then 

the loss fraction would be 1,7% for 50mm² or 1,8% for 35mm². This will depend on the 

maximum losses which are allowed to occur and also the losses which occur in the AC circuit.  

In Table 3 can be seen how the variant 1 can be changed to decrease the loss fraction. 

 

 

from panels to 
box [m] 

from box to 
inverter [m] 

diameter 
[mm²] 

Copper mass 
[kg] 

Loss fraction 
[%] 

variant 1 946 144 16 / 120 2263 1,5 
variant 1 946 144 25/70 3402 1,1 

Table 3 variation of variant 1 (own table) 

 

The diameter which is used within the string is calculated in the following calculation. 

 

𝐴 =
2 ∗ 𝑙 ∗ 𝐼௦௧

0,01 ∗ 𝑈ெ ∗ 𝑛 ∗ 𝑘
 

 

Ac… diameter of the string conductor 

l=38m…. length of the string conductor 

Ist=8,51A…. string current 

0,01…. 1% voltage drop 

UMPP=37,1V … voltage in maximum power point 

n=19… number of in series connected panels 

k=56mΩ/mm²…. electrical conductivity of copper  

 

The maximal diameter is 1,64 mm² and the next possible normed diameter would be 2,5mm². 

But it will be 4 mm² chosen to reduce the losses. 

 

Each of the inverters is only equipped with one MPP Tracker and so the worst panel in the set 

of 5 strings in the whole system will define the current. In this wiring option where two strings 

are split between the three inverters, these strings should be one of the best. Each PV panel 

is different from another, so they also vary in performance. Some manufacturers who sell PV 

panels provide the option that they first test each PV panel with a flash test and then make 

sets of better panels and sets which are worse than the other ones. So, it should be taken care 

about which panels are connected in one string and then also which strings are connected in 

one inverter. 
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Also, the AC circuit from the inverter to the injection point must be examined. Till now there is 

no further information available how the supplying cables are wired through the village. There 

have been some ideas of how the energy supply to the batteries and the users can look like. 

This scheme can be seen in Figure 16. So, there will be some boxes in the village from where 

the energy is directly supplied to the users. In PVsyst it can be simulated when the distance to 

the battery pack is 500 meters how much the loss fraction at standard test conditions will be. 

It cannot be treated that exactly because the cables will be lead through the village and supply 

the energy to the houses and not only to the battery pack. But there have been different 

attempts to introduce this scope into the project. In the following calculations, it can be seen 

which size of cable will be needed for each inverter. This wiring size will also be the same for 

the second option, which will be explained later.  

 

Calculation of the AC wire: 

𝐴 =
𝑃ூ௩ ∗ 𝐿

κ ∗ Δv ∗ U
 

 

PInv… inverter power 27kW 

L… cable length 500m 

Δv… voltage drop 2 ≙ (1%) 

U… voltage 400V 

κ … Specific conductivity Aluminium 36 


Ω ²
 

 

𝐴 = 468,75 𝑚𝑚ଶ for the whole wire. 

𝐴 = 156,25 𝑚𝑚² for one phase. 

 

The next bigger norm diameter is 185mm². For that reason, a 3+N cable is needed with 3x 

185mm² and 1x 95 mm². 

There is also the possibility to wire two cables for each inverter with 3x 120² and 1x 70 mm² 

like it can be seen in Figure 16. 

 

Figure 16 energy supply in the village (own figure) 
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4.5.4 Shadowing analysis 

There are different options in PVsyst to implement the shading scene of the panels. First of all, 

shading objects can be introduced in the solar altitude diagram by simply implementing the 

height and the azimuth angle of the object in relation to the PV panel height. This gives a rough 

analysis of the shading scene to be able to assess the losses which occur because the panels 

are shaded. For PV panels, it is crucial to have the whole area of panels irradiated, because 

even if just a little part is shaded the PV panels can just produce a minimum amount of energy.  

 

There is no possibility of visiting the area in which the system will be mounted so it is assumed 

that there are no shading objects in the proximity and so all shadings in the horizon are set to 

zero. Also on google earth it can be seen that in front of the PV panels only the airplane landing 

field is. Furthermore, this shading analysis is not as exactly as the near shading analysis. As 

it can be seen in “Connection of the panels” the whole shading scene has been introduced to 

the program. There are eight rows with two strings and one raw with one string, so there are 

seventeen strings with nineteen panels in series. The whole panels will be mounted with a pole 

mounting system with an N profile which will be explained in “Mounting system”.  

To minimize the area of the whole system the panels have been mounted horizontally on the 

construction. This step will maximize the area in the horizontal length but it will minimize the 

vertical length. Each two strings will be mounted one above the other in the horizontal direction 

to get the best non-shading results. So, it occurs that the strings can be mounted much nearer 

to each other, because the shade of the panels in the front do not have a big shadow which 

falls on the panels in the back. In the near shading analysis of the program, the panels are 

organized as they will be in the real scene then. To construct this scene the panels, have a 

20° tilt and are aligned to the north. Moreover, the distance between each mounting structure 

are five meters. There have been different options simulated to get the ideal distance. The 

program is able to make a simulation for every day of the year, of the sun height and as a 

result of this, also of the shading scene.  In summertime, the panels in the back are not shaded 

at any time from the panels in the front. At wintertime, the panels are just shaded at 20 minutes 

in the morning and in the evening which occurs because of the low solar altitude. This just 

leads to minimal losses which can be accepted.  

It was also necessary to introduce the module layout into the program. This was necessary so 

that the program knows how the panels are connected and how the strings are organized. As 

a result, the calculations are done correctly. In Figure 17 can be seen how the different strings 

are organized and which panels are connected in series. There is an amount of 323 panels 

and each colour represents one string in the whole system. 
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Figure 17 module layout (own figure) 

4.5.5 Summarization of the first option 

In this option 4 battery packs with each of 83 kWh has been used, which resulted in a total 

amount of 332 kWh. As it can be seen in Table 4 nearly the whole reduced energy needs are 

covered. It is more energy produced than the reduced energy loads are. This is because the 

produced energy is 172,74 kW and the needed energy is 162,43 kW, so even more than 6 % 

are produced more than needed. We can also see in Table 4 that four batteries will not make 

sense for the needs without reduction because more energy from the panels would be 

needed and cannot be stored in the battery pack. This can also be compared with Figure 18 

which can be seen in the “Second option”. Here it can be seen that it is only useful for the 

whole energy consumption to rise the battery size to 2 units. With this option, the aim to 

supply nearly the whole reduced energy needs was fulfilled and now it was the task in the 

next chapter to supply nearly the whole energy needs without reduction. 

The charge controllers will be sufficient for the charge process because the maximal charged 

power will be 55 kW. For the discharging process, it will be slightly undersized because 62 kW 

are maximal discharged of the battery. It is not useful to introduce a second charge controller, 

because there are just 2 kW difference. Therefore, the backup generator has to work a few 

hours more at some days. 

 

Table 4 results of first option (own table) 
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4.6 Excel program description 
Like mentioned before it is not possible to implement the analysis of the battery charge and 

discharge process in PVsyst. Therefore, the energy which is supplied to the user, the energy 

which is supplied to the “grid” and so to the battery and also the user needs had to be extracted 

from PVsyst into an Excel file and there it was possible to start the analysis. This is easily 

possible with the software and so, the data for every different option can be simulated. The 

software is able to provide data for every hour in every day of the year. 

The initial point for the user is to be able to introduce the necessary data into the program. In 

Table 5 the different parameters which will be set by the user are introduced. 

 

Table 5 input values for the calculation (own figure)  

The whole factors will be listed in the following list but they will be described in the section 

below. 

 First the size of the battery and the units must be defined. 

With these two values multiplicated we get the electrical energy, once in Wh and also 

in kWh.  

 The minimum battery load which is possible without damaging the battery, can be 

introduced in percent and the program will calculate it in Wh. 

 The need factor is set here to 1, so the user needs are as big as introduced in PVsyst. 

 For the loss factor applies the same as for the need factor. 

  The charge factor is 0,96 and the discharge factor is 1,04. 

 The panel factor gives us a rough tool to increase the panel size easily. 

 Also, the actual state of charge of the battery is introduced. 

 Finally, the power of the backup generator must be defined. 

 

There have been different factors introduced into the excel program to be able to easily change 

the different values without changing the data in PVsyst and afterwards to export it one more 

time. 

For the load which is needed from the users, the need factor was introduced to get an insight 

how it would affect the charging process of the battery. If the needed load is equal to the stated 

load this factor will be 1. So, if this value is increased the needed load from the user will also 

be risen. For example, when the factor is 1,2 the user needs are risen by 20% in each hour.  

To increase or decrease the losses of the energy which are produced by the panels a loss 

factor was made. If the losses are equal as before this value will be 1 and if they should be 

increased a value a bit higher than 1 will be chosen.  
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When the battery is charged, or discharged, energy is getting lost because of losses in the 

transformation. As a result of this further two factors, one for the charge and one for the 

discharge process were introduced. When the battery is discharged less energy can be 

effectively used than which is taken from the battery. In relation to this, the discharge factor is 

slightly higher than 1. Usually the energy which is lost at the charge- and discharge process is 

equal. It depends on the charge regulator of the battery. There is no datasheet of the charge 

regulator available by now. So, it will be fixed to a value of 4% at discharging and charging and 

because of this the value is 1,04. The charge factor is slightly lower than 1, because less 

energy will be supplied to the batteries than the panels produce. Like mentioned before the 

losses are here also set to 4% and so this factor is 0,96. These factors can be varied depending 

on if the transformation losses are higher or lower. 

 

In Table 6 the imported data from PVsyst can be seen, which are the first two rows and the 

last row. This data is the energy which is injected into the “grid” (battery) and the energy which 

is supplied to the user. This two loads added are the whole energy which the panels provide. 

Furthermore, we can see the user needs on the right side of the table, which are in this case 

the reduced loads. 

This energy was multiplicated with a panel factor to be able to simulate a variation in the size 

of the panels, this factor will be 1 if it should be as stated as in the first trial in PVsyst with 

102kWp. It is not very exactly because if the panel size is increased there will be more losses 

and different conditions, but to get an overview how it can be implemented it is useful. This 

tool will be necessary for implementing the second option where the size of the panels and the 

batteries for covering nearly the whole energy needs are calculated. In Table 6  it can be seen 

how the energy injected into the battery is variating in the fourth column with the factor. Here 

for example the panel factor is set to 1,2 which means about 124 kWp.   

 

 

Table 6 imported data (own figure) 
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Furthermore, the state of charge of the battery is the main part of the whole program, so we 

will get into detail here. 

There are different cases, which have to be taken into account because they will occur when 

the battery has different states of charge. In these calculations, the energy from the panels 

need to be multiplicated with the loss factor, because this factor, as earlier mentioned, will be 

used to increase or reduce the losses which occur in the whole system. So more, or less 

energy can be supplied to the user and the batteries. Then the user needs multiplicated with 

the need factor, which can increase or decrease the whole needs, will be subtracted.  

This value will be called battery value from now on and is important to know, because it shows 

if the battery will be charged or discharged, or if the energy need to come from the backup 

system.  

 
The different states of charge of the battery will be analysed in the following text. It is important 

that the battery must not be discharged more than a specific percentage of the whole load, 

which is given by the manufacturer. Furthermore, in the following cases, the different 

processes like charging, discharging and holding the maximum charge are analysed.  

 

1. Remaining the minimum amount of load of the battery 

When the battery value multiplied with the discharge factor plus the state of charge 

from the hour before, is smaller than the minimum load of the battery, the minimum 

load of the battery will be in this cell and the energy must be supplied from the backup 

system. Here the discharge value is taken because the load which is needed from the 

user is higher than the energy which the panels can supply. In this case, nothing is 

happening with the battery because it has got too less energy. 

Here the text is written like a function: 

(Battery value x discharge factor + state of charge from hour before) < minimum load 

of the battery  new value = minimum load of the battery 

2. Charging process 

If the battery value multiplied with the charge factor, plus the state of charge from the 

hour before, is smaller than the energy from the full charged battery AND the energy 

from the panels multiplied with the loss factor is greater or equal the energy which is 

needed from the user multiplied with the factor for the need  then the battery value 

multiplicated with the charge factor plus the state of charge from the hour before will 

be the new value for the state of charge.  

So, the battery will be loaded in this case.  

 

(Battery value x charge factor + state of charge from hour before) < energy from full 

charged battery AND energy from panels x loss factor >= needed energy from the user 

 new value = battery value x charge factor + state of charge from hour before  
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3. Discharging process 

When the battery value multiplied with the charge factor plus the state of charge from 

the hour before is smaller than the energy from the full charged battery AND the energy 

from the panels multiplied with the losses factor is smaller than the energy which is 

needed from the user multiplied with the factor for the need, the battery value 

multiplicated with the discharge factor plus the state of charge from the hour before will 

be the new value for the state of charge.  

This case shows how the battery reacts when it is discharged. 

 

(Battery value x charge factor + state of charge from hour before) < energy from the 

full charged battery AND energy from the panels x loss factor < needed energy from 

the user  new value = battery value x discharge factor + state of charge from hour 

before 

4. Battery is maximal charged 

If the battery value multiplied with the charge value plus the state of charge from the 

hour before is bigger than the energy from the full charged battery.  

The full charged battery will remain loaded.  

 

(Battery value x charge factor + state of charge from hour before) > energy from the 

full charged battery  new value = full charged battery value 

 
As we can see in Table 7 these four cases are applied. Also, the state of charge is outlined in 

percent in the cell next to the state of charge of the battery. 

When the battery is discharged, there will be a need of energy. This need from the battery will 

be calculated and multiplicated with the discharge factor. Afterwards this amount of energy is 

subtracted from the state of charge from the hour before. The same occurs for the charging of 

the battery but vice versa and with the use of the charge factor.  

When the battery has reached the minimum load, which is possible for it without damage the 

energy must come from another source. If the battery was not on the limit of discharge in the 

hour before, this energy will be supplied to the users and the rest have to be supplied from 

another source.  

The lost energy is the energy which is lost when the battery is full and the user needs are 

covered. To use this excess of energy the user needs can be risen in these particular hours. 

In the example of Table 7 there will be no lost energy, because all the produced energy is 

needed. 
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Table 7 state of charge and resulting loads (own figure) 

In Table 8 are the results of the whole program listed, here in the case of the load with 

reductions. The first column represents the whole energy which is supplied from the panels to 

the batteries and it is also given in percent here. The second column is similar to the first and 

shows how much energy can be supplied to the user. The sum of these two loads results in 

the whole energy supplied by the panels. It can be seen that the energy which is produced by 

the panels is more than the needed energy from the user. The average state of charge of the 

battery is about 46% over the whole year. This can vary along the years but does not give a 

deeper insight in the battery management over the whole year. This graphic also shows that 

the discharged and charged amount of energy must be the same over the whole year.  

The most important values here are the load which must come from an external source which 

is also calculated in running hours/ day of the backup generator. But also, the lost energy which 

occur because of the full charged battery. There must be an equilibrium between these two 

factors. The load which is supplied by an external source should be minimized. This is possible 

by increasing the size of the batteries or by increasing the size of the panels. Both is only 

reasonable till a certain point, after this it will be more or less a waste of money. To reduce the 

lost energy because of full charged battery, the size of the battery can be risen or the PV panel 

size can be decreased. 

 

Table 8 Results of program (own figure) 



 

   37

4.7 Second option 
The second option is to provide a solution for the whole system which meets nearly the whole 

energy needs. Also in this option the same inverters, PV panels and battery systems are used. 

It is not easy to supply the village with fuel and so it will be better to increase the system size 

and to reduce the running hours of the backup-generator. Here the aim was also to find out 

the numbers of hours, the backup generator has to work and to optimize it. As mentioned in 

the first option the aim was to meet the reduced energy needs and the maximum PV panel 

size was set to 100 kWp. Now the PV panel size is not fixed and there will be different attempts 

to get the best solution. There has been a PV panel size multiplicator introduced in the Excel 

file calculations for the battery system, which has been described earlier. The basis of the PV 

panel size was 102 kWp and there will be calculations till the double amount. Furthermore, a 

different number of battery packs was introduced to see how it will affect the distribution. 

Therefore, to find out with which option the backup generator works the most efficiently the 

number of hours in which the backup generator has to work, the PV panel size and the battery 

size has been introduced in a diagram as we can see it in Figure 18. It is shown that the energy 

supplied by the battery plays an important role in the dimensioning of the system. When only 

the PV panel size is increased drastically, the running hours of the backup generator does not 

decrease very much. So also, the number of batteries must be increased. This is efficient until 

a certain amount of batteries and then the behaviour is quite similar. As it can be seen in the 

graph an increase in battery size is efficient until 5 battery packs. Afterwards the running hours 

of the backup generator does not decrease much.  

 

Figure 18 PV panel and battery sizing without reductions (own figure) 
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The amount of energy which is produced by the panels but cannot be saved in the batteries or 

used by the consumers is the lost energy, which can be seen in Figure 19.  

Also, here it is shown that an increase of the battery packs to 5 units is useful but afterwards 

the losses are nearly the same. As mentioned before the running hours of the backup 

generator are not decreasing when just the PV panel size is increased. Additionally, there need 

to be more battery packs used. The losses increase significantly when the system size is 

doubled. 

For this reason, there have been two attempts, one with the increased panel size of 1,6, 

another one with 1,8 and both are done with 5 battery units. 

 

Figure 19 lost energy in PV system (own figure) 

 

4.7.1 Panel size with factor 1,8  

To introduce the panel factor with 1,8 into the system the panel size has been increased to 

176 kWp at standard test conditions. Therefore, 28 strings of 20 panels in series, which is 

possible like mentioned in the first version, will be needed to meet the energy needs. In relation 

to this, 6 inverters are used to convert the energy. As mentioned before 5 battery units will be 

used to save the energy. 

As we can see in Figure 20 the panels produce 296,36 MWh and the loads are 277,4 MWh, 

so more than the energy needs are covered with this attempt. The lost energy is about 12% of 

the energy production and cannot be used efficiently. But the load which would be needed 

from an external source is about 9 % and so quite low for the whole system. For this reason, 

the backup generator would be running about 1 h and 47 minutes. This will not be every day 

the same, because in this region rain seasons occur in which the backup generator has to 

work more. There will not occur any overload losses and the Pnom ratio has also a good value 

with 1,09. Here an area of 1087 m² will be needed to install the panels. 
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Figure 20 results with increased panel size by 1,8 (own table) 

 

4.7.2 Panel size with factor 1,6  

The second option was to set the panel factor to 1,6 and so the panel size has been set to 158 

kWp. It is the same setting as in the version with the panel factor of 1,8 but there will be 25 

strings with 20 panels in series instead of 28 strings. Furthermore only 5 inverters are needed 

to convert the energy. So, costs can be reduced with this option. The overload losses are 0,4% 

and the Pnom ratio is 1,17 which are acceptable values. It has also been tried to use 6 

inverters, then there will be no overload losses and the Pnom ratio is 0,97 but it does not really 

help to produce significantly more energy. 

In Figure 21 can be seen that the lost energy is 4,73% of the whole produced energy, which is 

a better value than in the version before. Therefore, more energy will be needed from an 

external source. Here the produced energy is only about 4% lower than the whole needed 

energy. Also, here the PV panel power is only at standard test conditions, but under real 

operating conditions at 1000 W/m² and 50°C it will be about 141 kW. 

When we compare Figure 18 with the results of the running hours of the backup-generator in 

Figure 21 the calculation in excel is very similar to the simulation. 

 

Figure 21 results with increased panel size by 1,6 (own table) 

Summarizing it can be said, that this version will be sufficient for supplying energy to the 

consumers and also the lost energy is not high. Furthermore, the costs can be reduced with 

this option, so it will be chosen for further investigation.  
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4.7.3 Connection of the panels 

Also in this option, the inverters and safety equipment will be located in the north of the PV 

system as we can see in Figure 22. 

 

Figure 22 PV panels arrangement second attempt (own figure) 

As stated in “4.5.3 Wiring” the best option is the first one where in each third raw a connection 

box will be used and also, the same layout will be used. 8 strings are added, and because of 

this the calculations need to be changed. There are 25 strings so there will be five strings per 

inverter, which is ideal for the inverters. 

 

4.7.4 Wiring  

1. Like in the first option the first wiring solution with 1 connection box in each 3rd raw will 

be used. There will be 5 boxes which are located at the left side of the whole system.  

The calculations of this boxes are similar to the ones in the first option. The only 

difference is that there will be three boxes which are similar to the first box, with 255 

metres and two boxes with 235 metres, which occurs because of the different distances 

from the strings. Afterwards, 2% auxiliary are added and so 1260 meters of cable length 

with 25mm² will be the final length. From the boxes to the inverters 95mm² cables will 

be used and with an auxiliary of 2% the cable length will be 373 meters. This results in 

a copper mass of 7592 kg and a loss fraction of 1,5% which refers to the loss of voltage 

over the whole distance. This has been summarized in Table 9. 

 

from 
panels to 
box [m] 

from box to 
inverter 
[m] 

diameter 
[mm²] Copper mass [kg] Loss fraction [%] 

variant 1 1260 372 25 / 95 7592 1,5 

Table 9 wiring of the second option (own table) 
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The shadowing analysis is similar to the analysis in the first option, only the panel size 

increased, but the rest of the conditions stayed the same. So, this analysis will not be further 

documented in this option. 

Furthermore, the wiring to the battery system will also be the same calculations as in the first 

option. The only difference here is that there are five inverters and so five or ten wires, 

depending on the size of the wires. 

 

4.7.5 Summarization of the second option  

It has been proven that this will be the best version for supplying the energy to the users. The 

running hours of the backup generator are 2 hours and 20 minutes per day and so in 

comparison to the running hours of the PV system quite small. These hours will variate over 

the year because of rain seasons and different irradiation of the sun. In the wiring of the system 

a huge amount of copper will be needed, which will rise the costs of the whole system. The 

cables need to have these sizes, because otherwise the losses would be too high. 

The charge controllers will not be sufficient for the discharging process of the battery because 

the highest value which can occur will be 81 kW. Also for the charging of the system, there will 

occur a maximum charging power of 88 kW. For this reason, two charge controllers of the 

given 60kW or a different charge controller will be needed. To reduce the size of the cables it 

would be beneficial to split the powerplant in a few smaller ones, so the costs could be 

decreased and different supply points would be given. The maintenance and the construction 

would be a bit more difficult. 
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4.8 Losses 
In every system losses occur even if the designers of the system plan it exactly. There is the 

need to reduce the losses to a minimum which is possible. In PV systems, different types of 

losses occur like thermal losses, ohmic losses dependent on the wiring, module quality losses, 

soiling losses, IAM losses and losses which occur because of the degradation of the panels. 

These losses are all introduced in the software PVsyst and so now they will be explained. 

 

4.8.1 Thermal losses 

The thermal behaviour of a panel has got a big influence on the electrical performance and it 

is dependent on the ambient temperature and also the cell temperature itself. The wind velocity 

also plays a part role in the thermal losses but they are very hard to define because it is 

fluctuating all day long. The thermal losses consist out of two components. Uc which is the 

constant component and Uv which is dependent on the wind velocity. They are set together as 

followed: 𝑈 = 𝑈𝑐 + 𝑈𝑣 ∗ 𝑣 here v is the velocity of the wind and the unit of this factor is 
ௐ

మ∗
 . 

The heat capacity of air is very low, so that a balance of the air temperature on and behind the 

panel is quite fast reached. There is a problem by taking the wind into account, because it is 

changing every time and there is no foresight in the wind velocity for the whole years. So, the 

experts which designed the software PVsyst set the value for Uv to 0 because it is not possible 

to foresight. In very windy regions like in coasts this value can be higher, but because Chifunda 

has not got a very windy climate we will stick to the standard conditions. The value for Uc 

depends on the installation like if it is free mounted, semi-integrated with air duct behind or 

fully integrated with an insulated back. For free mounted PV systems, this value is 29 
ௐ

మ∗
 . 

(PVsyst-Array-Thermal-losses) 

 

The NOCT coefficient is called the Nominal Operation Cell Temperature coefficient. This 

coefficient provides information over the temperature of the PV module which is attained when 

the air is circulating free around the panels under STC. Here the Irradiation is defined with 

800W/m², an ambient temperature of 20°C and a wind velocity of 1m/s. This factor is only 

slightly dependent on the cover of the panels but they are normally quite the same for each 

panel. Researchers from NREL (National Renewable Energy Laboratory) have tested 3 

different modules with different NOCT values and these have shown the same temperature 

within 0,2°C. Furthermore, this value is not given for the different types of mounting like free 

ventilated, integrated and insulated like mentioned before. So, we can conclude that this factor 

does not have any influence on the module temperature and so it can be neglected. 
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4.8.2 Module losses 

The module quality loss parameter reflects the own expectations of the panels while also 

respecting the manufacturer´s specifications. At default value, it is set to -0,4 so an 

overperformance can assumed because Trina solar has got a positive performance tolerance. 

(PVsyst-module_quality_loss) 

The Light Induced Degradation loss also called LID is a critical loss to involve. It arises when 

the panel is exposed to the sun in the first hours of use. This occurs because of the Oxygen 

which is captured in the cell. When the light hits the panel, the Oxygen can create complexes 

with the Boron dopants. So, these are building then electron holes in which some electrons 

can be captured and so the energy is lost for that number of electrons. It is well known that in 

the first few hours of introducing sunlight to the panel all parameters of the panel go slightly 

down. This loss lies normally in a range of 1% - 3%.  In this PV system, it is set to 2%. 

(PVsyst-LID_loss) 

For the Potential Induced Degradation (PIT) is the modules voltage potential and the leakage 

current responsible because they are driving ion mobility between the semiconductor and the 

other parts of the module like the frame and glass. This mobility is dependent on humidity 

temperature and voltage potential. But not only the environment is responsible also the system, 

the module and the cells play a role in PIT. The environment cannot be changed and so it is 

best to look at the system and the modules. For the system, the researchers have shown that 

the panel degradation has no interrelationship with the inverter principle. This means that it 

does not matter if the principle is based on symmetric ungrounded or grounded, ungrounded 

+AC or negative grounding etc. The higher the voltage of the AC part is the more it is possible 

that PIT is occurring. For the module, researchers have shown that it is critical which glass and 

diffusion barriers are chosen. For preventing PID, silicon dioxide has shown good results as a 

diffusion barrier. By the use of an antireflection coating on the front of the cell the power 

conversion can be risen but this occurs to be critical for the PID. (Advanced Energy) 

The panel from Trina solar TSM-PD14 are certified to be resistant against PID so this factor 

will not play a role for the system. 
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4.8.3 Mismatch losses 

The mismatch losses are basically due to different performances of photovoltaic panels. So, 

the worst panel is responsible for the output power of the whole string. It basically occurs when 

cells are connected in series and this already appears even in a panel by the series 

interconnection of the cells.  Every single panel and cell operate differently and so also the I-

U curves are not the same. Mostly low short circuit current Isc, or low open circuit voltage Uoc 

are responsible for a bad performance of the whole system. It also happens because of 

shading of single cells because of bird drops, leaves and dirt on the array. In Figure 23 the 

effect of the dissipated power because of the poor cell performance can be seen. Here the first 

cell would have the best performance but it is diminished by the second and even more by the 

third. 

 

Figure 23 I-U curve with mismatch (David Roche et.al., 1994) 

So, there are some solutions which lower these mismatch losses but do not make them 

disappear. The bypass diode is common to use in photovoltaic panels. Here maximal 23 cells 

are connected with a bypass diode which bridges these cells when one or more of them are 

shadowed. This limit is because of the breakthrough voltage of one cell which would be higher 

when more are connected in series and so the panel could be damaged. There must also be 

thoughts about the series and parallel circuit design of the system which can dramatically affect 

the output. For example, when a shadow is foreseen to hit the lower raw of the panels it is 

good to connect these lower panels in series and the upper panels also. As mentioned already, 

some manufacturers do flash tests to analyse the panel performance of each one. So, when 

they did a flash test the good cells and the bad cells can be put separately in a string to get 

the maximum out of each string. 

(David Roche et.al., 1994) 
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In PVsyst it is possible to run a simulation of the resulting I-U cure of a whole string in the 

project. In Figure 24 can be seen how the mismatch losses affect the whole string. The green 

line shows the average characteristic without these losses and the black line takes the 

mismatch losses into account.  

 

Figure 24 mismatch loss example TSM-315PD14 (own figure) 

This is just a random example of PVsyst how the mismatch losses can affect the whole string 

to get a feeling for these losses. PVsyst offers also the option to create a histogram of different 

simulation as it has been seen in Figure 24.  

In Figure 25 is shown that 240 simulations were analysed to get the average Pmpp loss and 

the current loss at a fixed voltage. This statistic gives a better overview about the expected 

losses and they can be implemented in PVsyst. 

 

Figure 25 Mismatch loss statistic histogram TSM-315PD14 (own figure) 
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4.8.4 Soiling losses 

Soiling is very dependent on the area in which the system is installed and so it is difficult to 

estimate the different values of soiling losses. These losses occur because of bird drops, 

leaves or dust which fall on the panels. Different researchers have found very different values 

while researching in this field. Rain has a big conjunction with these losses and researchers 

have found out that about 5mm of rain reduces the soiling losses to about 0,5%. Dust can be 

more or less easily washed away by rain but the big problem occurs with bird drops because 

they remain most of the time also in rain seasons on the panels. Another problem appears 

because of the growth of mosses and lichens at the frame of the modules. This can create a 

shadow on the lower cells and so more dust is caught at the bottom of the panels. Also, the 

pollution in the area in which the PV system is installed has got a certain influence on the 

soiling losses of the system.  (Thevenard, 2010, pp. 22-23) 

Like mentioned and shown in “Climate, weather and location” there is nearly no rain between 

the months April and October. As a result of this, the soiling losses will be higher in this months 

and will be then reduced in the following ones. The soiling losses are normally in a range of 

1% - 3%. For this project they are set in the rain season from December until March to 1% and 

in the rest of the year to 2%. 

 

4.8.5 IAM losses 

IAM stands for Incidence Angle Modifier and it is corresponding to the decreased radiation 

which actually reach the PV module. These losses are due to the angle of the sun irradiation 

which hits the PV panel. Practically it can be calculated with the parametrisation of ASHRAE 

which is an American standard norm for which the formula is as follows: 

FIAM = 1 – bO * (1 / cos (i) – 1)   

i …... incident angle on the plane 

bO … factor due to refraction (PV standard 0,05) 

 

The program is automatically calculating the losses with these factors and adding it to the rest 

of the losses. They can also be specified but it is not further necessary here. 

(PV syst IAM loss) 

 

4.8.6 Auxiliaries 

In the auxiliary energy losses, the energy which is needed for monitoring, fans, air conditioning 

is determined. In our case, it is not defined how much these systems will consume or if they 

will be even existing. So, these losses are not taken into account in the calculations. 
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4.8.7 Ageing 

The ageing has a significant role in the PV sector and every manufacturer gives a warranty 

that the panel has got a certain efficiency after a few years. The normally assumed lifetime is 

about 25 years but if the system is well maintained it can even last longer than this period. Of 

course, it can also occur that the system does not last as long as the stated period of time 

because a failure in the system or a natural catastrophe. As we can see in Figure 26 the 

warranty of the manufacturer is about 91 % of the efficiency after 10 years, which is a quite 

usual value for PV panels.  

 

Figure 26 Ageing of the PV panels 

 

Ageing of PV panels is due to two causes. First of all, the atmospheric conditions as sun, wind, 

rain or dust have a notable impact on the ageing. Second, is the internal component, where 

the quality of the different used materials rules the losses. In fact, the temperature also has got 

an influence on the degradation. 

The simulation was done with 10 years because this is about half of the normal lifespan of a 

PV panel. In relation to this the losses are higher so in the beginning the system will produce 

more energy as the simulation says. As we can see the simulation does not take the minimum 

amount of the efficiency which would be 91 % so this value can vary over the lifespan of the 

panels. The average loss in efficiency of this panel is stated with about 0,72%/year.  

 

4.8.8 Unavailability 

The unavailability of a system is the period of time in which the system cannot provide energy 

because of maintenance or maybe even a failure in the system. This time fraction is set by 

default to 2% which means more or less seven and a half days in the year. The time which is 

needed here can be split up in the program to different numbers of periods. Here it was chosen 

to be three periods with each of 58 hours. It would be the optimum if the maintenance is made 

when there is no sun available at this day or that it is only at night time. This will not be possible 

every time and the maintenance periods will take more time because of the size of the whole 

system. That periods must be planned to occur in the lifespan of a PV system and are 

necessary to take into account. 
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4.9 Mounting system 
There are different systems available for mounting the photovoltaic panels.  

The concrete foundation is conducted in streak- or in point- foundations. A connecting plate 

allows a quick installation of the photovoltaic system. 

Pile-driven foundations are also an option here the hot-galvanized steel is rammed or screwed 

into the earth by a machine. This saves material and labour costs in comparison to the concrete 

foundation. 

The rail system is made out of aluminium and there is the possibility of a one-post system or 

a two-post system with an N-form. The two-post system is made for more module rows, so for 

this project a one-post system with stiffening is sufficient. 

For these systems Schletter GmbH is a company which has specified in this area of mounting 

systems. 

 

4.10 Safeguards 

4.10.1 Lightning protection 

The lightning protection is a significant topic in large scale PV power plants. The EN 62305-2 

should be considered to get the maximal available security for the whole system. 

PV power plants demand a big area of square meters and in the surrounding it is good when 

no shading scenes occur. Because of this there is a big area with nearly no increased points 

in the surrounding. Here the danger of a lightning strike is given and the resulting damage 

need to be minimized. The basis for calculation of lightning strikes is given by the size of the 

PV power plant, the location and the regional lightning frequency. Danger occurs with direct 

lightning strikes and also with induced voltage as a result of the electromagnetic lightning field. 

When the system is damaged, it need to be replaced or repaired. The impulses of lightning 

also cause ageing of the bypass diodes and the semiconductors. Also, the availability of the 

system is a significant point because if the system for example in the village do not provide the 

energy for the users, all the people will not be supplied with electricity. Then there would be 

only the backup system which cannot provide as much energy because it is normally just used 

for covering the rest of the energy needs.  

For these reasons, a lightning protection system is required. There are different methods for 

this system and one of it is the rolling sphere method. Here it can be calculated how much air-

termination rods will be needed. The generator junction boxes which connect the different 

strings in the rows shall be installed on the module rack. It is advisable that the inverters are 

as far as possible off the air-termination system. This is because of the electromagnetic 

lightning field. Another point is that terminal lugs need to be corrosion-resistant because the 

corrosion would reduce the diameter of the metal in which the current has the possibility to 

flow. So, also the earth resistance need to be stable over the years of operation of the PV 

powerplant in this case the influence of corrosion, soil moisture and frost are the most relevant. 

The air-termination system can be connected with the earth-termination system with pile-driven 
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foundations. An earth protection system is by all means necessary and forms the basis to 

protect the system against lightnings strikes and surge. For this reason, there need to be a 

mesh in the earth of 20 m x 20 m or 40 m x 40 m to hold the earth resistance lower than 10 Ω. 

This mesh is buried under the frost line and it consists out of a meshed 10mm² stainless steel. 

Depending on the conductance of the module racks they can also be connected to be part of 

the mesh. When the external lightning protection is installed it need to be taken into account 

that the solar cells are not shaded by the air-termination rods. If diffuse shadows occur they 

do not negatively affect the system, but core shadows must be prevented, because they will 

stress the cell, the bypass diode and also reduce the energy production. When the distance 

between solar module and the air-termination system of 10mm² diameter is greater than 1,08m 

there will only be a diffuse shadow on the module. This system will be built up as it can be 

seen in Figure 27. 

 

Figure 27 air- and earth termination sytsem (Dehn international) 

In lightning protection systems occur different classes. 1 is the highest and 4 is the lowest, for 

photovoltaic systems 3 is recommended. Here the peak lightning current value minimum is 10 

kA and the maximum is 100 kA. In this case the capture probability is 88%. (OBO) In this case, 

if the protection system is one to two meters high the protective angle will be 76°.  
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In Figure 28 and Figure 29 the angle and the number of air-terminal systems per table can be 

seen. In this case with 20 panels in series 6 air-terminal systems would be needed with a 

height of 1,2 metres. 

 

 

 

Figure 28 Lightning protection 1 (own figure) 

 

Figure 29 Lightning protection 2 (own figure) 

Another aspect is the conductor routing of the PV panels. Here large conductor loops must be 

prevented because here occurs a high risk of surge. The arrester has different tasks like to 

protect the surge protective device due to insulation faults in the PV circuit, to prevent fire 

because of an overloaded arrester and also to minimize small voltage peaks.  

 

In Addition to surge and lightning protection it would be good to have an option for remote 

maintenance by the plant operator. So, to have a possibility to do remote diagnostics and 

because of this reliable data transfer would be needed. The monitoring of string and inverters 

as well as weather data are a significant part.  
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4.10.2 High voltage protection 

For this type of protection are different types available.  

 Type 1: Protection against intrusion of lightning currents, but no protection against high 

voltage 

 Type 2: Protection against fluctuation voltage and protection against descend to a lower 

level. 

 Type 3: Protection against fluctuation voltage and protection against descend to an 

even lower level. 

 

Therefore, a PV surge arrester IS011250-A Photec C 550/12,5 was used from the company 

Schrack. It has got the type 2 and a nominal discharge current of 20 kA and a permanent 

voltage of 1000V. This will be connected in the connection boxes, and for each string there will 

be one needed. Furthermore, before connecting it to the inverter there will be also one for each 

cable needed. The exact information can be taken from the attached datasheet.  

 

4.10.3 String protection 

A string protection is necessary in bigger photovoltaic systems, because if an error occurs they 

protect the strings against destruction. For this reason, with 25 strings 25 string protection 

fuses are used with a permanent voltage of 1000 V and a current of 10 A. So, the protection 

is slightly higher than the short circuit current of the panels with 9 A, but it will be sufficient 

because the maximum current in the panel is 15 A. 

 

4.10.4 Switch disconnector 

For the alternating current (AC) side of the inverters switch disconnectors are needed to 

disconnect the user from the panels. Therefore, the load break switch from ABB with the name 

OT100F4N2 will be used. This is a 4-pole switch and is able to switch 100A. Further information 

can be read in the attached datasheet. 
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5 Summary and future view  
There have been two concepts implemented to cover once the essential reduced energy needs 

and also to cover the whole energy needs. For about 400 households, a mil, a school, shops 

and a few refrigerators the essential reduced energy needs can be covered by 17 strings of 19 

panels in series to 91% and account to 162,4 MWh. Therefore, four battery packages with a 

capacity of 332 kWh and one charge regulator of 60 kW will be needed. Here the backup 

generator would be only needed about 1 hour per day but also the lost energy would be around 

10,5%.  

If the whole energy demands need to be supplied by these panels with a size of 102 kWp, it 

does not make sense because there would be about 40 % of the whole demands needed to 

be supplied by the backup generator. In the case that the panel size is not increased it would 

be sufficient to use 2 units of batteries with a total capacity of 166 kWh. 

The whole energy needs of the town account to 277,4 MWh can be covered to 88 % from 25 

strings and 20 panels in a series. Furthermore, five battery packages with a whole capacity of 

415 kWh and two charge regulators of 60 kW, or one with 88 kW, would be necessary for this 

solution. In this solution, the backup generator would be needed 2 hours and 20 minutes a 

day. Also, the lost energy would be only 4,7% of the whole production.  

For the second option the price for the components and the wiring will be much higher but so 

in this case a powerplant is installed which can supply nearly the whole energy needs.  

If this system would be installed in this area the lifestyle of the people would be risen 

significantly. This project would be a good opportunity as a pilot project to initiate the rural 

electrification in that area.   
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