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Sammanfattning 

Nästan en femtedel av världens befolkning saknar tillgång till elektricitet. Nicaragua är ett av 

de länder där en stor del av befolkningen saknar eltillgång och det gäller speciellt hushållen på 

landsbygden. Utbyggnader av elnätet till dessa områden är ofta låg-prioriterade på grund av 

höga kostnader för att tillgodose ett många gånger lågt energi och effektbehov. En alternativ 

lösning för att ge dessa hushåll tillgång till elektricitet är att använda off-grid system, system 

frikopplade från det nationella elnätet. Två vanligt förekommande off-grid system är solar 

home systems (SHSs) och micro-grids. Det faktum att flera hushåll ofta använder sin 

toppeffekt vid olika tillfällen (sammanlagring av effekt) har visat sig vara till stor fördel för 

micro-grids. Tidigare studier har visat att sammanlagringsfaktorn i ett micro-grid kan 

reducera nödvändig kapacitet av solceller och energilager upp till 80%, i jämförelse med 

enskilda system (t.ex. SHSs). Dessa studier bygger dock på antagna sammanlagringsfaktorer, 

overkliga lastprofiler och nödvändig kapacitet beräknas med intuitiva metoder. 

 

Med data från intervjuer i ett landsbygdssamhälle i Nicaragua skapas lastprofiler och en 

sammanlagringsfaktor beräknas för samhället. Lastprofilerna skapas i en programvara 

utvecklad för att formulera realistiska lastprofiler för off-grid konsumenter i 

landsbygdsområden. Lastprofilerna används senare i programvaran HOMER där 

sammanlagringens påverkan på nödvändig kapacitet och kostnad undersöks genom en 

jämförelse mellan SHSs och ett solcellsdrivet micro-grid. Studien visar att nödvändig 

kapacitet och nuvärdeskostnad för växelriktare och laddningsregulator tydligt minskar till 

följd av sammanlagring. Nödvändig kapacitet på solceller och batterier minskar också när ett 

micro-grid används. Dock beror detta med stor sannolikhet inte på sammanlagring utan är ett 

resultat från de begränsade märkeffekter på komponenter som användes i HOMER.  

 

  



Abstract 

Nearly one fifth of the global population lacks access to electricity and electricity access is 

essential for economic growth and human well-being. SHSs and micro-grids both have the 

possibility of increasing the electricity access in developing countries. The decision to choose 

either SHSs or micro-grids for rural electrification is a complex task that must consider both 

the technological factors that separate these two systems and the non-technological factors. 

Separate times of peak load between households (inter-class diversity) has shown to be one 

major advantage for the use of micro-grids. Studies have shown that the diversity factor 

present in micro-grids can scale down the necessary capacity of PV modules and energy 

storage of up to 80%, in comparison to stand-alone systems (e.g. SHSs). These reductions are 

nevertheless based on assumed diversity factors, not using real load profiles and the necessary 

capacities are calculated using intuitive methods (known to be inexact).  

 

From interviews in a rural community of Nicaragua, the author generated load profiles and 

determined the diversity factor of the community. The load profiles were generated with a 

specially designed software to formulate realistic load profiles for off-grid consumers in rural 

areas. These load profiles were later used in the software HOMER where the diversity’s 

influence on required capacity and NPC were determined by comparing SHSs to a PV based 

micro-grid. The study showed that the required capacity and NPC of the inverter and charge 

controller are clearly decreased as an influence of inter-class diversity. The required PV and 

battery capacity are also decreased when a micro-grid is utilized, but these reductions are 

most likely a result from the limited nominal power per component considered in HOMER.  

 

Key words: rural electrification, off-grid, pv, micro-grid, microgrid shs, homer, photovoltaic 
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Symbol Description 

W Watt 

h Hour 

Wp Watt-peak 

V Voltage 
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1 Introduction 
The benefits of access to electricity and the importance are well known and extensively 

studied, both from an economic and social point of view (The World Bank, 2008). Electricity 

access is essential for economic growth and human well-being (Saberbein & Aye, 2012). 

SHSs and micro-grids both have the possibility of increasing the electricity access in 

developing countries, but they are still dissimilar in many ways. SHSs are well suited for 

individual lighting needs and to power small appliances, while PV based micro-grids have the 

possibility to power multiple users and power far more energy demanding applications than a 

typical SHS (Chaurey & Kandpal, 2010) 

 

The decision to choose either SHSs or micro-grids for rural electrification is a complex task 

that must consider both the technological factors that separate these two systems and the non-

technological factors (Chaurey & Kandpal, 2010). Micro-grids often have better efficiencies 

of components, better reliability and cost reductions of components because of economy of 

scale (Chaurey & Kandpal, 2010). On the other side, SHSs does not need a distribution 

network and high distribution costs are therefore not present. Further advantage of micro-

grids in contrast to SHSs is the fact that micro-grids only need one inverter, battery bank and 

battery controller instead of many small ones used in SHSs (Chattopadhyay, Bazilian, & 

Lilienthal, 2015).  

 

In addition to this, the diversity present in a micro-grid has shown to be the major advantage 

for the use of micro-grids (Lee, Shaw, & Modi, 2014). In micro-grids, the fact that not all 

users have the same power demand during the exact same time is what is known as inter-class 

diversity (Willis, 1997). Studies have shown that the diversity factor in micro-grids together 

with better efficiency of components can scale down the necessary capacity of PV modules 

and energy storage between 30% (Chaurey & Kandpal, 2010) to 80% (Afoona-Mensah & 

Asante, 2015) in comparison to stand-alone systems (e.g. SHSs). Since the major cost of solar 

electricity from both stand-alone systems and micro-grids is the capital cost (Markvart, 2000), 

this is remarking.  

 

The reductions in these two articles are nevertheless based on assumed diversity factors of 1.1 

and 1.7 respectively, not using real load profiles and the necessary capacities are calculated 

using intuitive methods (which is a simplified calculation for PV system sizing). Intuitive 
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methods are known to cause under and oversized systems and does not consider the various 

subsystems in a PV design, therefore misses to evaluate the reliability of the system (Khatib, 

Mohamed, & Sopian, 2013).   

 

The numerical method is more accurate and can calculate the energy balance of a PV system 

during a considered time step and simulate the system performance during for example a full 

year of operation (Khatib, Mohamed, & Sopian, 2013). By using a numerical method, realistic 

load profiles and a diversity factor based on a case study in Nicaragua, the author will 

investigate the diversity’s effect on the PV design and economy. 
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2 Objectives  
The objective is to determine the inter-class diversity present in a rural community of 

Nicaragua. The diversity’s effect on PV design and economy will be examined by using a 

numerical method (HOMER) for comparing the NPC and required capacity of using a PV 

based micro-grid in comparison to SHSs. The inter-class diversity will be derived from the 

electrified community El Bejuco. 

 

The thesis will answer the following research questions:  

 

1. What is the diversity factor in El Bejuco? 

2. How is inter-class diversity effecting the required capacity and NPC of PV modules 

and components when comparing SHSs to a PV based micro-grid?   
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3 Background 

3.1 Electricity access in the world 

Nearly one fifth (1.2 billion) of the global population lacks access to electricity, of which 80% 

live in rural areas. In Latin America 95% of the population have electricity access but only 85 

% of the people who live in rural areas (International Energy Agency, 2016). Because of the 

vast number of people living in Latin America, 5% still accounts for 22 million people 

without possibilities to switch on the light when the sun goes down, run a refrigerator or even 

charge a cell phone. Nicaragua has the lowest electrification rate in Central America. 76% of 

the population have access to electricity, but the electricity coverage shows huge variations 

between urban and rural areas (International Energy Agency, 2016).  

 

While developed countries are focusing on securing their domestic energy supply and 

lowering their carbon emissions through renewable energy, many developing countries are 

still struggling to meet the energy demand for basic human needs. 

3.2 Rural electrification  

Rural areas are often characterized as a remote area with low population density, low income 

households with low energy demands. With this mentioned, it is important to understand that 

these characteristics of course varies both globally and nationally. It is though these 

characteristics that are a part of the reason why so many people living in rural areas, still to 

this day lack access (Saberbein & Aye, 2012).  

 

The characteristics of rural areas make them unattractive for distributing electricity, both for 

private energy providers and government electrification programs, basically because of 

economical restrains. Private companies need revenue and governments need to allocate 

scarce economical resources. In many developing countries, this has resulted in urban areas 

being prioritized and electricity access in rural areas are being postponed or in worst cases 

neglected (The World Bank, 2008). 

 

Traditionally speaking, electricity access meant access to a centralized energy system through 

a grid. The way of increasing electricity access to rural areas often meant extending the 

national grid, resulting in high investment costs for transmission and distribution of electricity 

(The World Bank, 2008). The high cost for extending the grid is especially true if the area is 
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located far away from the grid and/or if the terrain is making it difficult to reach the non-

electrified area. 

 

In the cases where grid extension was not seen as feasible, the other solution for expanding 

electricity access to rural areas in developing countries has been through so called 

decentralized1 off-grid systems2.The conventional system has often been to use diesel 

generators (Mandelli, Barbieri, Mereu, & Colombo, 2016). 

 

This conventional off-grid system has some clear disadvantages versus grid connected 

electricity because of limited capacity. Further, the cost of electricity can be high as a result of 

the price of diesel and the cost for fuel being transported to the site on regular basis 

(Ranaboldo, o.a., 2015). 

3.3 Development of off-grid systems 

Throughout the years, projects using off-grid systems for electricity access in rural areas of 

developing countries have increased (World Bank Group, 2016). Renewable energy has a key 

role in this development. The cost of renewable energy technologies (RETs) has decreased 

significant during the last decade while we at the same time have seen big technological 

improvements in efficiency, storage and control of these systems (International Renewable 

Energy Agency, 2015). Off-grid systems using renewable sources are pollution free and does 

not rely on fossil fuel. Renewable energy sources are also abundant in many developing 

countries which promotes a long-term sustainability of the project (Ranaboldo, o.a., 2015).  

 

Off-grid systems that are powered by the sun and based on photovoltaic cells (PV) are being 

widely used to bring electricity to rural areas (World Bank Group, 2016). Off-grid systems 

that are being used includes both stand-alone systems3 and micro-grid systems4. Two 

commonly used off-grid systems are solar home systems (SHSs) and PV micro-grids 

(Ranaboldo, o.a., 2014); (The World Bank, 2008); (International Renewable Energy Agency, 

2015). 

                                                 

1 Decentralized meaning locally-based, need-oriented and serving nearby consumer/consumers (Mandelli, 

Barbieri, Mereu, & Colombo, 2016). 
2 System that operates detached from the national grid (Mandelli, Barbieri, Mereu, & Colombo, 2016). 
3 System that supply power to a single consumer (Individual, household, kiosk) (Mandelli, Barbieri, Mereu, & 

Colombo, 2016). 
4 System that supply power to multiple consumers through a distribution system (Mandelli, Barbieri, Mereu, & 

Colombo, 2016). 
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A SHS is designed to give power to a single user. This user could be a household, a kiosk or a 

school. The power output of a SHS is often low and the electricity supplied is normally direct 

current (DC). The electricity is primarily used for lighting needs and in some cases also used 

to power small electrical appliances. A SHS typically consists of a 35-100 Wp5 PV panel, a 

battery and a controller that regulates battery charging (Chaurey & Kandpal, 2010). 

 

Micro-grids are designed to give power to multiple users through a distribution network. The 

distributed power from a micro-grid is often significantly greater than the power from a SHS. 

The capacity range of a PV micro-grid is typically around 1-500 kWp. The distributed 

electricity is often supplied to the users as alternative current (AC) and it can deliver either 

one phase or three phase electricity. A typical PV based micro-grid consists of a PV array6, 

storage (normally a battery bank), energy management system, power electronics (inverter, 

charge controller etc.) and a distribution network between users (Chaurey & Kandpal, 2010). 

3.4 Future 

In September 2011, United Nations Secretary-General Ban Ki-moon launched a renewable 

energy platform called Sustainable Energy For All (SE4All). SE4All is a collaboration 

platform for governments, businesses, scientists and civil society, working together for 

sustainable energy for all by year 2030. One of their three objectives is to ensure universal 

access to modern energy services by 2030 (International Energy Agency, 2011). 

 

In a written statement about the energy platform, Ban Ki-moon highlights the importance of 

electricity access for reaching the Millennium Development Goals (MDGs7). 

In this statement Ban Ki-moon emphasizes the importance of decentralized off-grid energy 

systems for rural electrification in developing countries (Ki-moon, 2017).  

 

Ban Ki-moon is far from the only one that believes that off-grid systems play an important 

role in the future for achieving universal electricity access. The International Energy Agency 

(IEA) has estimated that to achieve universal electricity access in the world by 2030, around 

                                                 

5 Solar panels are often rated in Watt-peak (Wp), meaning the power output from the panel under Standard Test 

Conditions (Hankins, 2010).   
6 Multiple interconnected PV modules/panels forms what is called an PV array. 
7 The MDGs consist of eight international development goals established year 2000 at the Millenium Summit. 

Three of these goals are to; eradicate extreme poverty and hunger, achieve universal primary education and 

ensure environmental sustainability (United Nations, 2016). 
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60% of additional electricity generation has to come from off-grid installations (International 

Energy Agency, 2010). IEA has also estimated that off-grid systems today are more cost 

effective than grid extensions in 70% of the rural areas of the world (International Energy 

Agency, 2011). 
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4 Theory 
Since this thesis is dealing with the design of electrical systems and more specific is studying 

the effect of diversity between electrical consumers, some key formulas and concepts should 

be explained. To begin with some basic definitions will be introduced and later the empirical 

correlation between the coincident factor, load factor and number of electrical consumers. The 

last part of this theory will present three commonly used sizing procedures when calculating 

the optimum PV system size.  

4.1 Load Profile 

The use of electrical appliances often varies as a function of time and how it varies depends 

on the type of appliance, the habits of the user and the environment in which the appliance is 

operating (Mandelli S. , 2014). These variations in electrical load can be plotted and 

visualized in a graph over a specific timespan, this visualization is what is known as a load 

profile or load curve (Willis, 1997).  

4.2 Load factor 

Load factor is “the ratio of the average load over a designated period of time to the peak load 

occurring on that period” (Turan, 1986). 

 

𝐿𝑜𝑎𝑑 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑙𝑜𝑎𝑑 [𝑊]

𝑃𝑒𝑎𝑘 𝑙𝑜𝑎𝑑[𝑊]
(1) 

 

𝐿𝑜𝑎𝑑 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝐷𝑎𝑖𝑙𝑦 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 [𝑘𝑊ℎ]

𝑃𝑒𝑎𝑘 𝑙𝑜𝑎𝑑[𝑊] ∗ 24 [ℎ]
(1.1) 

 

The calculation of the load factor is often on a daily, monthly or annual basis and it is 

expressing to what degree the peak demand of a system was maintained during the period of 

study. The daily energy consumption and load factor of rural areas are often low and a low 

load factor is increasing the cost of the generated energy (Ljumba & Wekesah, 1996). 

4.3 User classes 

In power systems, electrical consumers can be divided into separate user classes where the 

individual users comprising the class have similar demand behaviors. 
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 “A class is any subset of customers whose distinction as a separate group helps identify or 

track load behavior in a way that improves the effectiveness of the analysis”  (Willis, 1997) 

 

Users within a class have similar load profiles and peak loads since they have similar needs, 

habits and electrical devices (Willis, 1997). User classes can be separated in groups of 

residential and companies or further in subcategories by the type of electrical devices (Willis, 

1997).  

4.4 Aggregated load profile for multiple classes 

A load profile can also visualize the load variation on the whole system from different user 

classes. The resulting load profile is showing the combined load from all the user classes and 

this is known as an aggregated load profile (Willis, 1997). 

4.5 Diversity and coincident 

Different user classes connected to an electrical system may not demand their peak load at the 

same time, resulting in a system peak load that is considerably less than the sum of the peak 

loads of the individual user classes. This is referred to as inter-class diversity or inter-class 

coincident of load (Willis, 1997).  

 

The combined demand from different user classes on the whole system in a specific time is 

known as diversity demand or coincident demand (Willis, 1997).  The coincident maximum 

demand is the maximum demand on the system from all the classes in aggregate (Turan, 

1986). Diversity has been accounted for in electrical distribution planning for a long time to 

try and predict the coincident maximum demand on the system (Dickert.J & P.Scheger, 2010).  

 

4.5.1 Diversity factor and coincident factor 

Diversity factor is defined as “the ratio of the sum of the individual maximum demands on the 

various subdivisions of a system to the maximum demand of the whole system” (Turan, 1986). 

𝐷𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 =
∑ 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑑𝑒𝑚𝑎𝑛𝑑𝑠 [𝑊]

𝐶𝑜𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑑𝑒𝑚𝑎𝑛𝑑 𝑜𝑛 𝑡ℎ𝑒 𝑤ℎ𝑜𝑙𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 [𝑊]
(2) 

 

The diversity factor expresses how much greater the sum of the individual peak loads is 

compared to the peak load of the whole group in aggregate (Willis, 1997). 
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The coincident factor is the reciprocal of diversity factor and is defined as “the ratio of the 

maximum coincident total power demand of a group of consumers to the sum of the maximum 

power demands of individual consumers comprising the group both taken at the same point of 

supply for the same time” (Turan, 1986) , therefore: 

  

𝐶𝑜𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑓𝑎𝑐𝑡𝑜𝑟 =
∑ 𝐶𝑜𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑑𝑒𝑚𝑎𝑛𝑑 𝑜𝑛 𝑡ℎ𝑒 𝑤ℎ𝑜𝑙𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 [𝑊]

∑ 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑑𝑒𝑚𝑎𝑛𝑑𝑠 [𝑊]
(3) 

 

The diversity factor can vary between one and infinity while the coincident factor is never 

greater than one. The higher the coincident factor, the closer is the sum of the individual 

maximum demands to the coincident maximum demand. In other words, the less is the effect 

of inter-class diversity on the system of interest.  

4.5.2 The coincident factors relationship to load factor & number of users 

 

Figure 1. The relationship between the coincident factor, load factor and number of consumers (Mandelli, Merlo, & 

Colombo, 2016) 

The degree of coincidence in the electricity use of a community is highly influenced by many 

factors; the social and political conditions, the climate, the customers’ habits and type of work 

etc. (Constantine, 1946).  

 

Nevertheless, two fundamental relationships have been found to exist (Constantine, 1946) 

between the coincident factor and; 

a) A change in the number of consumers. 
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b) A change in their individual load factors.    

 

How these two factors are influencing the coincident factor are displayed in the figure 3 

above. Nj is the number of consumers and following the arrow down meaning an increase of 

the number of customers connected to an electrical system. A simplified explanation of the 

relationships is that an increase of the individual load factors of a group of electrical 

consumers are resulting in an increase of the coincident factor. While an increase of the 

number of electrical consumers is decreasing the value of the coincident factor. These 

relationships are more thoroughly explained by Mandelli (2007) and Constantine (1946). 

4.6 Sizing procedures for PV system sizing 

When calculating the optimum PV system size, three commonly used sizing procedures can 

be found in the literature.  

1. Intuitive methods 

2. Numerical methods 

3. Analytical methods 

 

The intuitive method can be defined as a simplified calculation that is often based on average 

values of solar radiation and loads and may cause over or undersized systems. This method 

does not make any consideration on the relationship of different subsystems or peak loads. 

The benefit is that it is fast and easy to use.  

 

The numerical methods use simulations that may incorporate time steps of e.g. hourly solar 

radiation and hourly loads. The energy balance of the system and the storage is calculated in 

every time step of the simulation. In this manner both system size and energy reliability can 

be calculated. This method is precise, but it is also time consuming and require detailed and 

accurate input data. 

 

The analytical method is as the solving of a mathematical optimization problem with pre-

decided conditions. It is a fast method to calculate PV system sizes but the coefficients needed 

for the equation may be hard to find or be site specific (Khatib, Mohamed, & Sopian, 2013).   
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5 Description of study area 

5.1 Nicaragua  

Nicaragua is a country in Central America and is situated in-between Honduras and Costa 

Rica. Nicaragua has a population of 6.2 million people and is the largest country in Central 

America, having the Pacific Ocean as their west border and the Caribbean Sea as their east 

border (Ranaboldo, o.a., 2015). 

 

For long Nicaragua has been dependent on fossil fuels for electricity generation, but in recent 

years they have shifted more towards renewable sources of energy. Nicaragua made large 

investments in renewable energy in the years 2006-2011 and today around 50% of the 

electricity production comes from renewable sources of energy (IRENA, 2015). 

 

However, Nicaragua’s success in promoting renewable energy does not benefit all of the 

population. Nicaragua still has the lowest electrification rate in Central America and despite 

institutional efforts on electricity access (Ranaboldo, o.a., 2015) 24% of the population lacks 

access to electricity (International Energy Agency, 2016). The electricity coverage in urban 

and rural areas show huge variations. There is 92% coverage in urban areas, whereas there is 

only 54% coverage in rural areas (International Energy Agency, 2016). 

 

Efforts for higher electricity rates in Nicaragua have been made in the past through both 

national grid extensions and the use of diesel generators. Due to the remote and disperse 

nature of many inhabitant’s, grid extensions have not been perceived as economically viable 

and diesel generated electricity is expensive and causes emissions (Ranaboldo, o.a., 2015). 

 

Nicaragua is blessed with a lot of sunshine and has an annual direct solar radiation of 3-

3.5kWh/m^2/day in the east and 6-6.5 kWh/m^2/day in the west (NREL, 2016).  

In 2013, Nicaragua joined SE4All and Nicaragua has plans to keep on developing the use of 

renewable energy in order to widespread electricity access in the country. One important way 

to be able to accomplish this is through the use of small-medium PV off-grid systems in rural 

areas of Nicaragua (IRENA, 2015). 
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5.2 El Bejuco  

 
Figure 2. Map over the electrified households in El Bejuco 

 

El Bejuco is situated in the municipal of Boaco and the community is composed of 69 

electrified households and two school buildings scattered over an area of around 9 square 

kilometers. The total population of the electrified households are 258 inhabitants and many of 

the inhabitant’s main activities are related to agriculture (mainly coffee, maize, beans and 

bananas) and animal farming. The inhabitants that does not work with agriculture often travel 

to the nearby city of Boaco for labor.  

 

El Bejuco has been electrified since 2011 and is powered through micro-hydropower and the 

electricity is distributed in a micro-grid i.e. not connected to the national grid.  While most of 

households in El Bejuco are connected to the micro-grid, some households are not. From 

conversations with my guides it was stated that these households are not connected because of 

the households’ lack of economical funds to pay the connection fee. A connection fee of 

around 3000 Córdoba’s (100 USD (XE, 2017)).   

 

The school buildings and the non-electrified households in the community are excluded in this 

thesis. 
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Figure 3. The micro-hydro plant (left) and electricity being distributed to one household (right). 
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6 Methodology 
 

The thesis started with a literature study on off-grid systems and rural electrification in 

developing countries. The literature study made it possible to find a research gap and 

formulate a purpose that would add further knowledge to the field of rural electrification. 

Research questions were expressed and the next phase was the field study in Nicaragua.  

 

Information about daily energy use and habits of the households were gathered through 

interviews in the rural community El Bejuco. The questions in the interviews were based on 

input data necessary to later create load profiles and determine the diversity factor in the 

community. The last phase was the processing and analyzing of the gathered data. The data 

processing involved the following: 

 

 

1) Identifying the electrical devices found in the households in El Bejuco. 

2) Separate the households into user classes based on their combination of electrical devices.  

3) Create yearly load profiles with one household in each user class (load profile 

representing a SHS). Create one yearly aggregated load profile containing all the user 

classes and their share of households (load profile representing a PV micro-grid). 

 

The analysis consisted of the following: 

 

1) Calculation of the diversity factor in El Bejuco based on the peak loads in the yearly load 

profiles. 

2) Study the diversity´s effect on required capacity and NPC for the SHSs and the PV 

micro-grid by simulations and optimizations in the software HOMER. 

 

The load profiles were generated with LoadProGen (Mandelli, Merlo, & Colombo, 2016) and 

were used as yearly load input data in the numerical software HOMER. These two softwares 

will be briefly presented in the chapter field study Nicaragua.  
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6.1 Choice of research method  

Since this thesis were determining the diversity factor in a rural community information about 

the households’ types of electrical devices, electricity use and usage habits were crucial. As 

mentioned in the theory part, the coincident maximum demand and the degree of diversity are 

both influenced by these factors. Almost all households were interviewed to establish a clear 

picture of all the households individual power and energy demands.  

 

Different methods exist to predict the coincident maximum demand. Many researchers have 

utilized After Diversity Maximum Demand (ADMD) or Velander’s formula (Dickert.J & 

P.Scheger, 2010). ADMD and Velander’s formula are known to be reliable for big groups of 

electrical customers but not for small groups (<500) (Blennow & Bergman, 2004). The fact 

that Velander’s formula is unreliable when the number of customers are low is further stated 

by several articles (Sartori, Oriz, Salomon, & Dar, 2014; Provoost & Lumig, 2011; Neimane, 

2001). Blennow & Bergman have also stated that Velanders formula sometimes overestimates 

the peak power of low-income households of up to 500%. Further, both ADMD and 

Velander’s formula rely on coefficients that can be difficult to determine and are less accurate 

in areas with a small number of electrical consumers (Boait, Advani, & Gammon, 2015).  

 

The shortcomings of the methods mentioned above in addition to the fact that these methods 

do not provide load profiles, made them unsuitable. Instead, the software LoadProGen was 

used which is specially developed for creating realistic load profiles for off-grid customers in 

rural areas (Mandelli, Merlo, & Colombo, 2016). The generated load profiles and the 

coincident maximum demand of the electrical customers relies on the data from the 

community and is calculated with the existing empirical relationship between load factor, 

coincident factor and number of users (Mandelli, Merlo, & Colombo, 2016). The stochastic 

nature of the software together with the generation of 365 daily load profiles embraced the 

fact that the households’ devices are not ON the exact same time each day. These yearly 

profiles could then be used as input data in the software HOMER, making it possible to do a 

full year simulation of each type of off-grid system. 

6.2 Choice of data collection site  

El Bejuco share many of the characteristics mentioned in the background. These 

characteristics have previously led to a choice between using stand-alone systems (e.g. SHSs) 

or a micro-grid instead of extending the national grid. The households are scattered, have 
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relatively low energy/power demands and the income is limited. The fact that El Bejuco was 

recently electrified (2011) makes it a good reference on the electricity use, habits etc. one can 

expect from a similar non-electrified community. In comparison to interviewing a community 

with SHSs, the following should be mentioned. In rural electrification projects, SHSs are 

often restricted to power few specific electrical devices and the different households are 

normally served by the same type of SHS in terms of rated PV and battery capacity (Lee, 

Shaw, & Modi, 2014). These restrictions could hinder the use of some electrical devices that 

the households otherwise would like to use if it was possible. To determine the inter-class 

diversity and energy use, a community without these limitations was of importance. The 

electricity in El Bejuco is generated by micro hydropower and is distributed through a local 

distribution network, similar to a “regular” grid. Individual habits, demands and usage times 

are not effected by restrictions and the electricity devices are regular “off the shelf” products. 

All the factors mentioned above made El Bejuco a suitable study site to determine the 

diversity factor and study the diversity’s effect on the two types of off-grid systems. 
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7 Field study Nicaragua  
This chapter is demonstrating the implementation of the interviews in Nicaragua, the data 

processing and the analysis.  

7.1 Interviews 

Data regarding electricity use were gathered in the community El Bejuco. The data was 

gathered through door to door interviews with 65 households out of the total 69 households, 

the missing 4 households were due to no respondent at the house. 

 

The questions in the interviews were asked directly by the author but because of the authors 

limited Spanish, two guides from the community were always present. While the full 

questionnaire can be found in Appendix A, the most essential information gathered from each 

household were concerning the following:  

 

1. The types of electrical devices.  

 

(i) 

2. The number(s) of each electrical device.  

 

(nij) 

3. The nominal power of each electrical device.   

 

(Pij) 

4. The overall time during one day that each electrical 

device is in use (functioning time) 

 

(hij) 

5. The period(s) during the day when it is possible for 

the device to be ON (functioning windows)  

 

(Wf,ij) 

6. The minimum continuous functioning time for each 

device (functioning cycle) 

 

(dij) 

 

 

The daily energy demand of the household could be calculated from the information in 1-4. 

The questions regarding functioning windows and functioning cycles were asked to establish 

possible time(s) of use for the specific devices.  

 

To clarify functioning time and functioning window(s), one can think about the use of lighting 

and a cellphone charger. Lighting may always be used in the mornings (06.00-09.00) and in 

the evenings (18.00-21.00), in which case it involves two functioning windows and a 

functioning time of 6 hours. A cellphone charger on the other hand might have a functioning 
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time of 30 minutes but when it is used may differ. The possible time of use (functioning 

window) could therefore be between 16-23 in some households, 06-08 in others or 06-08 

together with 16-23 in others. The respondent had the possibility to give three possible 

functioning windows for each device (see Appendix A). 

 

The gathered data were used as input data in the generation of load profiles which is further 

explained in the following chapters. The abbreviations in 1-6 are the same as Mandelli, Merlo, 

& Colombo used in (2016), but the exact explanation of the data differ slightly. 

7.2 Data processing 

The first part of the data processing was to identify all the devices found in the community El 

Bejuco together with the possible combinations of devices found in the households. The use 

of fans and blenders were neglected since they were used very sporadic and were not 

particularly common in the community.   

7.2.1 User classes 

Nine different user classes were distinguished based on the different combination of electrical 

devices found in the interviewed households. An average household were calculated for each 

class. The average households number of devices, nominal power of each device and 

functioning times were decided by calculating the average value from the data of all the 

households within that class. The functioning cycle of interior and exterior lighting were set to 

60 minutes based on observations during the field study. All the calculated average 

households per class can be seen in Appendix B.   

Table 1. Example on establishing the functioning window(s) for the user class 9 

 

The functioning window(s) of each class and device where decided as the hours that 25% and 

more responded within that specific class. An example on the decision of functioning 

window(s) for the devices in class 9 can be seen in table 1. Green is indicating that 25% or 

more of the households within the class responded that hour as a possible time of use for the 

corresponding device to the right. Red is indicating that less than 25% responded that hour as 

a possible time of use. The decision to use the hours with more than or equal to 25% 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

0% 0% 0% 25% 75% 63% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 13% 100% 100% 100% 63% 0% 0% 0% Interior lighting

33% 33% 33% 44% 44% 33% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 78% 78% 78% 56% 33% 33% 33% Exterior lighting

0% 0% 0% 0% 0% 57% 57% 71% 57% 43% 29% 43% 29% 14% 14% 57% 57% 71% 71% 43% 14% 0% 0% 0% Cellphone charger

0% 0% 0% 0% 0% 0% 13% 13% 25% 38% 25% 38% 25% 50% 63% 38% 25% 0% 13% 13% 0% 0% 0% 0% Stereo

0% 0% 0% 0% 0% 0% 38% 50% 38% 50% 50% 63% 50% 50% 25% 63% 63% 100% 100% 100% 50% 0% 0% 0% TV+DVD/SAT
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respondents was to keep some variation representative for the class while eliminating the most 

deviant hours.  

 

The decision to define different user classes and calculate average values per household were 

because of three reasons: 

 

1) Some households had troubles answering all the questions (A class have greater 

sample size and therefore equals more reliable information about energy use and usage 

pattern) 

 

2) Simplify the simulations and optimizations in HOMER energy (comparing the use of 

SHSs to a micro-grid using the exact energy and power demand for each household 

would require as many unique designs as the number of households studied) 

 

3) Average installed power, energy use and usage pattern for one household within each 

class makes the study easier to compare to previous studies. 

 

While the exact method used in this thesis is unique, previous studies for residential load 

planning and network planning purposes have separated and defined user classes based on the 

type of electrical devices (Dickert.J & P.Scheger, 2010).  

7.2.2 Load profiles 

The average values for the nine user classes were used as input data in the generation of load 

profiles. Before this is further explained, the software used to formulate load profiles will be 

briefly introduced.  

7.2.2.1 LoadProGen 

LoadProGen (Load Profile Generator) is a software implemented in MATLAB® to formulate 

realistic daily load profiles for rural areas. The load profiles are based on data that can be 

surveyed or assumed and the load profiles are generated with respect to the empirical 

correlation between number of users, load factor and coincident factor. This relationship was 

briefly explained in the chapter theory. The software was developed to work as a support tool 

in the design process of off grid systems. Only a few scientific papers have focused on the 

estimation of load profiles for off-grid systems and Mandelli, Merlo, & Colombo (2016) have 

therefore covered this research gap by introducing LoadProGen. The procedure to formulate 

load profiles is based on a bottom-up approach and on a stochastic process. The stochastic 
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procedure may give a slightly different daily load profile and peak load between operations 

despite the same input data used. This stochastic nature is embracing the fact that it does not 

exist a single correct load profile of a rural area (Mandelli S. , 2007). Nevertheless, the daily 

energy demand does not change between operations and depends solely on the input data 

about functioning time(s) and the nominal power of the device(s) (Mandelli S. , 2007). 

Variations in the daily energy demand between operations is also possible by adding 

uncertainty (%) to the functioning time of the device(s) (Mandelli, Brivio, Colombo, & Merlo, 

2016). For more details about the software and the procedure, the reader is invited to the 

articles novel procedure to formulate load profiles for off-grid rural areas by Mandelli, Merlo 

and Colombo (2016) and Effect of load profile uncertainty on the optimum sizing of off-grid 

PV systems for rural electrification by Mandelli, Merlo and Colombo (2016). 

7.2.2.2 Load profile generation 

Table 2. Input data used in LoadProGen for one load profile of one average household within class 6. The number (15) is the 

total number of users within class 6 and was only used in the aggregated load profile. 

User 

class 

Number of 

households 
in class 

Electrical 

device  

Nominal 

power of 
each 

device 

Number 

of each 
electrical 

device  

Functioning 

cycle  

Functioning 

time  

Functioning 

window 1 

Functioning 

window 2 

Functioning 
window 3 

6 1 (15) Interior 
lighting 

29 W 3 60 min 160 min 04-06 18-20 - 

  Exterior 

lighting 

27 W 1 60 min 200 min 04-06 18-20 - 

  Cellphone 

charger 

12 W 2 39 min 58 min 06-10 15-20 - 

  TV&DVD
/SAT 

85 W 1 72 min 158 min 07-14 18-20 - 

 

Nine load profiles with data about one average household in every class were generated 

separately to estimate the average households’ individual maximum demand within all the 

nine classes. Further, these individual load profiles represented the load profile for each type 

of SHS. Table 2 show the input data used in LoadProGen for the generation of a daily load 

profile for one average household in class 6. 

 

Later, an aggregated load profile was generated. Meaning that all the nine classes with their 

respective number of average households were used as input data in LoadProGen. The 

aggregated load profile showed the coincident maximum demand for the community and 

represented the load profile for the PV micro-grid. The input data used for the aggregated load 

profile is found in Appendix B.   

 

Since the exact time when the devices in a household are switched ON may vary between 

days, so may the individual maximum demand of the households and the coincident demand 
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of the community. To make sure that the individual maximum demand and coincident 

maximum demand were not only based on one operation (one day), 365 daily load profiles 

were generated for each of the nine SHSs and the micro-grid. The 365 daily load profiles for 

each type of SHSs and the micro-grid were then compressed separately to represent yearly 

load profiles. The load profiles were created with a time step of one minute i.e. 525 600 

minutes of load were generated for each of the nine SHSs and the micro-grid. The yearly load 

profile for the micro-grid and an average household in class 6 can be seen in Appendix E. The 

full year load profiles were later used as input data in the HOMER software which is further 

explained in the next chapter analysis.  

7.3 Analysis  

7.3.1 Diversity factor El Bejuco 

To answer research question 1 “what is the diversity factor in the community Bejuco?” an 

analysis of the load profiles representing each SHS and the micro-grid was necessary. The 

diversity factor in El Bejuco was calculated by applying the equation (2) from the chapter 

theory. 

 

𝐷𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 =
∑ 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑑𝑒𝑚𝑎𝑛𝑑𝑠 [𝑊]

∑ 𝐶𝑜𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑑𝑒𝑚𝑎𝑛𝑑 𝑜𝑛 𝑡ℎ𝑒 𝑤ℎ𝑜𝑙𝑒 𝑠𝑦𝑠𝑡𝑒𝑚 [𝑊]
(2) 

 

The sum of the individual maximum demands was calculated in the following way: 

 

∑ 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑑𝑒𝑚𝑎𝑛𝑑𝑠 [𝑊] = ∑ 𝐼𝑛𝑑.  𝑚𝑎𝑥𝑖𝑢𝑚 𝑑𝑒𝑚𝑎𝑛𝑑 𝑝𝑒𝑟 ℎ𝑜𝑢𝑠𝑒 𝑗 ×𝑁𝑗

𝐶𝑙𝑎𝑠𝑠 9

𝐶𝑙𝑎𝑠𝑠𝑗=𝐶𝑙𝑎𝑠𝑠1

 

𝑁𝑗 =  𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑐𝑙𝑎𝑠𝑠 𝑗 

The individual maximum demand per household in each class was decided as the peak load of 

the yearly load profile for the average household within that class. The sum of the individual 

maximum demands equaled the sum of the total individual maximum demand per class. 

 

The coincident maximum demand was decided as the peak load of the yearly aggregated load 

profile (representing the load profile for the micro-grid). 

7.3.2 The diversity’s effect on NPC and PV design (SHS vs micro-grid)  

To answer research question 2 “How is inter-class diversity effecting the required capacity 

and NPC of PV modules and components when comparing SHSs to a PV based micro-grid?” 
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The diversity’s effect on the economy and the PV design were examined by comparing the 

cost and capacity of using SHSs for each household within each class to the cost and capacity 

for a PV based micro-grid serving the whole community. The NPC and required capacity of 

PV modules, batteries and components for the SHSs and the micro-grid were decided with the 

use of HOMER (Lambert, Paul, & Lilienthal, 2006). Ten unique designs were simulated and 

optimized, nine SHSs (one for each average household) and one design for the micro-grid. 

Multiple simulations were done to narrow down to the optimal configuration of PV modules, 

batteries and component (Solheim, 2013). Optimal meaning the lowest possible NPC to fulfill 

the energy demand without more than 0.1% unmet load8. 

 

The NPC per class was calculated by multiplying the NPC for each optimized SHS (given 

from HOMER) with the number of households in that class (equation 4). The total NPC for all 

the classes was calculated as the sum of the NPC per class (equation 4.1).  

 

𝑁𝑃𝐶𝑆𝐻𝑆𝑗 = (𝑁𝑃𝐶𝐵𝑎𝑡𝑡𝑒𝑟𝑦 + 𝑁𝑃𝐶𝑃𝑉 + 𝑁𝑃𝐶𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑎𝑛𝑑 𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟)× 𝑁𝑗  (4) 

𝑁𝑗 =  𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑐𝑙𝑎𝑠𝑠 𝑗 

𝑁𝑃𝐶𝑆𝐻𝑆𝑗 =  𝑁𝑒𝑡 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 𝑐𝑙𝑎𝑠𝑠 𝑗 

 

𝑇𝑜𝑡𝑎𝑙 𝑁𝑃𝐶 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑐𝑙𝑎𝑠𝑠𝑒𝑠 = ∑ 𝑁𝑃𝐶𝑆𝐻𝑆𝑗  𝑆𝐻𝑆9
𝑆𝐻𝑆𝑗=𝑆𝐻𝑆1 (4.1) 

 

The total required capacity of components (battery, PV module and inverter and charge 

controller) was calculated in an equivalent manner but each component separately using the 

capacity of each component instead of the NPC. The NPC and required capacity for the PV 

based micro-grid was taken directly from the results in the HOMER software. 

7.3.2.1 Evaluation of simulation results and a sensitivity analysis 

The results from the simulations and optimizations in HOMER were evaluated to get an 

improved understanding on the outcome and to study the reliability. All the results from the 

ten unique designs explained in the previous chapter were evaluated. 

The last step was to do a sensitivity analysis on the micro-grid to see how the NPC and 

required capacity were effected when adding day to day variations in the daily energy use of 

                                                 

8 Unmet load: is the electrical load that the electrical system fails to serve (HOMER Energy, 2016) 
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the households. This was to represent that the 65 households connected to the micro-grid 

might not use the exact same amount of energy each day. Fluctuations of daily energy use in 

the aggregated load profile was accomplished in LoadProGen by adding 40% degree of 

uncertainty to the functioning time(s) of each appliance in each household.  

 

The reader will now be introduced to the software HOMER and the technical and economical 

input data used in the software will be presented.  

7.3.3 Hybrid Optimization Models for Electrical Renewables (HOMER) 

Hybrid Optimization Models for Electrical Renewables (HOMER) software was developed 

by the National Electrical Energy Laboratory (NREL). HOMER can help the designer of a 

micropower system (both off-grid and on-grid systems) to decide the optimal sizing of 

components (solar modules, storage, converters etc.) through a techno-economic analysis 

(Bahramara, Parsa Moghaddamn, & Haghifam, 2016).  HOMER evaluates the performance of 

the system and calculates the lifecycle cost, considering both initial costs and operation costs.  

HOMER performs a simulation, optimization and sensitivity analysis on the system of 

interest. During the simulation, HOMER is calculating the energy balance of the system for 

each timestep of the year(s) (down to one minute timesteps). To be able to simulate and 

optimize the system, six types of input data are required including meteorological data, load 

profile, equipment characteristics, search space, economic and technical data (HOMER 

Energy, 2016). HOMER is one of the most powerful tools to use when designing and 

optimizing PV systems and it has been widely used by researchers (Bahramara, Parsa 

Moghaddamn, & Haghifam, 2016) 

7.3.4 Input data HOMER  

The generated 365-daily load profiles for the average household from each class were used as 

load input data for the nine different SHSs. The 365-daily aggregated load profile for the 

whole community was used as load input data for the micro-grid. The solar radiation was 

obtained from NASA surface meteorology and solar energy database through HOMER. The 

solar radiation was for the non-electrified community Maderas Negras in the same municipal 

as El Bejuco. The decision to use the solar radiation for Maderas Negras instead of El Bejuco 

was because this study could help in the decision to use SHSs or a PV based micro-grid in a 

possible future electrification of this community. The project lifetime was set to 20 years with 

the Nicaraguan real interest rate of 4% (Trading economics, 2017) while inflation was 

neglected at 0%. 
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Since this thesis were exclusively investigating the effect of inter-class diversity, all the 

technical and economical parameters for the SHSs and the micro-grid where kept the same. 

Differences in these parameters would otherwise also influence the economy and the PV 

design. The only differences between the design of the SHSs and the micro-grid where the 

sizes to consider for PV modules. The PV modules for the SHSs were in step sizes of 20 Wp 

while the PV modules for the micro-grid where in step sizes of 100 Wp. This was because in a 

real scenario this would probably be the step sizes to consider (Lee, Shaw, & Modi, 2014).  

 

Prices of PV modules, inverter and batteries were estimated by a personal contact at the solar 

company Technosol in Nicaragua. Many of the technical input data were similar to a study 

conducted by Lee, Shaw, & Modi (2014) . The reason behind using similar technical data was 

to be able to compare the results from this study to the results from that study. 

7.3.4.1 PV modules 

The lifetime of the PV module(s) were set to 21 years (Lee, Shaw, & Modi, 2014) and were 

therefore expected to last the entire project lifetime. The cost of the PV module(s) were set to 

0.9 USD/Wp with a derating factor of 85% (Lee, Shaw, & Modi, 2014) and ground reflection 

factor of 20% (Lee, Shaw, & Modi, 2014).  

7.3.4.2 Battery bank 

The batteries considered were 12V lead acid batteries with a nominal capacity of 0.412 kWh, 

capital cost of 120 USD/kWh and round-trip efficiency of 85%. The lifetime throughput per 

battery were 204.4 kWh and the minimum state of charge (SoC) were set to 40% to prevent 

damaging the batteries by deep discharge. The relatively small nominal capacity per battery 

was selected to prevent oversized systems for the stand-alone systems. The nominal capacity 

per battery, lifetime throughput and roundtrip efficiency used were similar to the already 

mentioned study by Lee, Shaw, & Modi (2014). 

7.3.4.3 Inverter and charge controller 

An inverter was needed between the batteries and the loads to transform DC to AC and 

transform the voltage to 120V (single-phase voltage in Nicaragua). The capital cost of the 

inverter was set to 0.6 USD/W with an efficiency of 90%. HOMER does not model the charge 

controller as a separate component. Therefore, an additional cost 0.3 USD/W and efficiency 

of 94% were added to the inverter to account for the charge controller. The new combined 

efficiency was calculated by multiplying the charge controllers’ efficiency times the invertor 
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efficiency, giving a combined efficiency of 85%. The lifetime of both the inverter and the 

charge controller was set to 15 years. The size of the inverter and charge controller was 

decided by HOMER optimizer®. 

 

All the input data used in HOMER are summarized in table 3. 

 

Table 3. Summary of the input data used in HOMER 

Parameter Value 

PV: Sizes to consider: 

 

SHS: 20, 40, 60.. [Wp]  

Micro-grid: 100, 200, 300.. [Wp] 

Lifetime: 21 years 

Derating factor: 85%  

Ground reflection: 20% 

Capital cost: 0.9 USD/Wp  

Slope: 12.5 deg 

Azimuth: 0 deg 

Battery bank: Numbers of batteries to consider: 1, 2, 3.. 

Battery type: Trojan U1-AGM 12V (lead-acid battery) 

Nominal capacity: 0.412 kWh 

Capital cost: 120 USD/kWh 

Replacement cost: 120 USD/kWh 

Round trip efficiency: 85% 

Minimum state of charge: 40% 

Lifetime throughput per battery: 204.4 [kWh] 

Inverter & charge 

controller: 

Sizes to consider: 100, 200, 300 [W] 

Lifetime: 15 years 

Combined capital cost: 0.55 USD/W 

- Inverter 0.25 USD/W 

- Charge controller 0.3 USD/W 

Replacement cost: 0.6 USD/W 

Combined efficiency: 85% 

- Inverter 90% 

- Charge controller 94% 
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8 Results 
The results are dived in two sections, data processing and analysis. The data processing is 

presenting the results that the analysis is based on. The data processing will familiarize the 

reader to the context of the community studied; type of electrical devices, energy use and user 

classes will be introduced. Daily load profiles showing the electricity usage patterns for the 

households are also introduced. 

 

The analysis is where the two research questions are answered. The diversity factor of El 

Bejuco and the required capacity and NPC of the SHSs and the PV based micro-grid is 

presented.   

8.1 Data processing 

8.1.1 Electrical devices  

 

Figure 4. The percentage of households with device 

The most common electrical devices found in the households were interior lighting, exterior 

lighting, cellphone chargers and televisions. The televisions were always used together with 

either a DVD-player or a satellite box, this since the community did not have cable 

connection. Lighting, cellphone chargers and televisions were used in more than 50% of the 

households. Refrigerators and stereo systems were used in about one fourth of the households 

while blenders & fans were used in about 10% of the households (figure 4). During the 

interviews, it was clear that both fans and blenders were only used sporadic, not daily. Since 

the load profiles in this thesis were based on average daily use, fans and blenders were 

neglected in the later chapters. 
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Table 4. Maximum and minimum values of devices found in the households in El Bejuco 

  

As seen in figure 4, some electrical devices were found in a high percentage of the 

households, yet the nominal power and quantity of the devices varied. The functioning times 

of the devices also varied. While some households used the stereo for six hours a day, others 

only used it for half an hour. The minimum and maximum values of functioning time, 

nominal power and quantity of the electrical devices found in the households can be seen in 

the table 4. The maximum number of interior lighting in a household were 8 pcs and the 

minimum was 1 pc. The nominal power of the light source varied between 5 W (LED) to the 

maximum of 40 W (fluorescent). The nominal power of the stereos varied between 50 W to 

the maximum of 185 W. The refrigerators nominal power varied between 68 W to the 

maximum of 128W.   

 

Figure 5. Devices share of daily energy use in El Bejuco 

29%

14%

4%3%

21%

29%

Percentage of daily energy demand

Interior lighting Exterior lighting Stereo Cellphone charger TV+DVD/SAT Refrigerator

Device 

Number of devices 
(quantity) 

Nominal power rate  Functioning time [h] 

MIN MAX MIN MAX MIN MAX 

Interior lighting 1  8 15 W 40 W 1 5 

Exterior lighting 1 4 5 W 40 W 0,5 12 

Stereo 1 1 50 W 185 W 0,5 6 

Cellphone charger 1 4 12 W 12 W 0,25 3 

TV+DVD/SAT 1 1 54 W 118 W 1 13 

Refrigerator 1 1 68 W 128 W 8 8 
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The devices percentage of the total daily energy use in El Bejuco can be seen in figure 5. The 

use of interior lighting, televisions and refrigerators stands for the majority (81%) of the 

energy use while exterior lighting stands for 14% and stereos and cellphone charger less than 

5% respectively.  

8.1.2 User classes  

Table 5. User classes in El Bejuco 

 

Nine different user classes were distinguished in the community based on the households’ 

combinations of electrical devices. The combination of electrical devices varied between only 

interior lighting (in class 1) to the combination of interior & exterior lighting, cellphone 

charger(s), stereo, TV, DVD/SAT and refrigerator in class 9. A full description of the user 

classes found in El Bejuco can be seen in table 5.  

 

 

Figure 6.Average installed power per household vs share of households in respective class 
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CLASS1 CLASS2 CLASS3 CLASS4 CLASS5 CLASS6 CLASS7 CLASS8 CLASS9

Average installed power 

Percentage of households in class Average installed power per household [W]

User 
class 

Combination of electrical device(s) within the class 

CLASS1 Interior lighting 

CLASS2 Interior lighting & cellphone charger 

CLASS3 Interior & exterior lighting 

CLASS4 Interior & exterior lighting, cellphone charger 

CLASS5 Interior & exterior lighting, cellphone charger, stereo 

CLASS6 Interior & exterior lighting, cellphone charger, TV+DVD/SAT 

CLASS7 Interior & exterior lighting, cellphone charger, TV+DVD/SAT, refrigerator 

CLASS8 Interior & exterior lighting, cellphone charger, stereo, TV+DVD/SAT 

CLASS9 Interior & exterior lighting, cellphone charger, stereo, TV+DVD/SAT, refrigerator 
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The share of all households within each class and the average installed power per household 

can be seen in the figure 6. The average installed power per household within each class was 

found to be 52 W at the lowest (class 1) and 501 W at the highest (class 9). Two classes with 

a high share of households were class 2 (17%) and class 6 (23%), the installed power per 

household in these two classes were 66 W and 223 W respectively. The fact that all the other 

classes have a similar share of around 10% shows that there are great variations in the 

combination of electrical devices found in the households in the community.  

Table 6. Number of household within each class and the households and classes average daily energy use 

 

The average daily energy demand of all the classes with their respective share of households 

was calculated at 54 kWh. A substantial part of this daily energy demand comes from the two 

classes 7 and 9, they contribute by 11,7 kWh and 19,6 kWh respectively. The number of 

households within each class, average daily energy use per household and average daily 

energy use per class can be seen in table 6. The electricity usage pattern of both the individual 

households within the classes and all the classes in aggregate will be presented in the next 

chapter. 

8.1.3 Load profiles  

In this chapter, individual load profiles of one average household within each user class is 

presented for one day. An aggregated load profile of all the classes with their respective share 

of average households is also presented. The individual load profiles are representing a 

possible load profile for each type of SHS while the aggregated load profile is a representation 

for a micro-grid.   

 

These load profiles are displayed to give an example on the power demand and usage pattern 

of the individual households and the community. It is important to understand that these load 

User class Number of 
households in 
class 

Average daily energy use per 
household [Wh] 

Average daily energy use per 
class [Wh] 

CLASS1 6 156 Wh 936 Wh 

CLASS2 11 168 Wh 1852 Wh 

CLASS3 4 338 Wh 1352 Wh 

CLASS4 6 247 Wh 1484 Wh 

CLASS5 3 872 Wh 2616 Wh 

CLASS6 15 569 Wh 8535 Wh 

CLASS7 7 1677 Wh 11739 Wh 

CLASS8 5 1184 Wh 5919 Wh 

CLASS9 8 2452 Wh 19613 Wh 

TOTAL 65  54046Wh 
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profiles are only showing one day. Day to day variations of when devices are ON and OFF 

are not shown. These day to day variations effect the absolute value of peak load and time of 

peak load between the 365 days. The individual maximum demand and the coincident 

maximum demand from the 365 days are presented in the next chapter. 

 
Table 7. Input data used in LoadProGen for one load profile of one average household within class 6. The number (15) is the 

total number of users within class 6 and was only used in the aggregated load profile. 

User 
class 

Number of 
households 

in class 

Electrical 
device  

Nominal 
power of 

each 

device 

Number 
of each 

electrical 

device  

Functioning 
cycle  

Functioning 
time  

Functioning 
window 1 

Functioning 
window 2 

Functioning 
window 3 

6 1 (15) Interior 
lighting 

29 W 3 60 min 160 min 04-06 18-20 - 

  Exterior 

lighting 

27 W 1 60 min 200 min 04-06 18-20 - 

  Cellphone 

charger 

12 W 2 39 min 58 min 06-10 15-20 - 

  TV&DVD
/SAT 

85 W 1 72 min 158 min 07-14 18-20 - 

 

The table 7 show an example on the input data used in LoadProGen for one average 

household in class 6. The input data used for the aggregated load profile is found in Appendix 

B.   

8.1.3.1 Individual load profiles (SHS) 

 

Figure 7. One day load profiles of an average household in the class 1-4.  

 

The load profiles for the individual household in class 1 to 4 (figure 7) show similarity in the 

shape even if the absolute value of the loads varies between the classes. The electricity is used 

between 04-06 and then later at 18- 20 (21 in class 3). These are all dark hours and electricity 
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were predominately used for lighting purposes. The scattered small loads between 15-17 are 

the use of cell phone chargers in the classes 4 and 2.  

 

Figure 8. One day load profiles of an average household in the class 5,6 and 8.  

The load profiles of the individual households in the classes 5, 6 and 8 (figure 8) show a 

similar shape as the load profiles in figure 7 between 04-06 and 18-20. In comparison to the 

households in figure 7, an increase in scattered load can be observed in figure 8. These 

scattered loads are due to different functioning windows and the use of additional devices 

(e.g. stereos, TV and DVD/SAT). 

 

Further, the load profiles of the individual 

households in the classes 7 and 9 show even 

more scattered loads during the day (fig 9 & 

10). These households own refrigerators with 

compressors that start and stop whenever 

during the 24-hour timespan. From all the studied load profiles above, individual maximum 

demand per household occurs either in the 

morning between 04-06 or in the evening 

between 18-21. 
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8.1.3.2 Aggregated load profile (micro-grid) 

 

Figure 11. One day load profile of all the classes 

The aggregated load profile of all the 9 classes (65 households) is smoother and less blocky 

than the individual load profiles (see figure 11). The aggregated load profile is displaying two 

peak loads around 05 and 19. 19 being the time of the maximum coincident demand of around 

10kW during this day. The individual maximum demand per household and the maximum 

coincident demand of the community from the yearly load profiles will now be presented in 

the chapter Analysis.  
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8.2 Analysis 

All the data in this chapter is based on the yearly load profiles representing each type of SHS 

and the PV micro-grid. Examples of the yearly load profiles for one average household in 

class 6 and the micro-grid are found in Appendix E. The total daily energy demand is 54 kWh 

for both the use of SHSs and the use of the micro-grid. 

8.2.1 Diversity factor 

Table 8. Summary of individual maximum demand and load factor per household from the 365-daily load profiles (SHSs) 

 

The table 8 is a summary of individual maximum demands and load factors for one average 

household within each class from the 365 daily load profiles. The individual maximum 

demand per household vary between 0,05 kW (in class 1) to 0,42 kW (in class 9) and the sum 

of all the individual maximum demands was calculated at 14,31 kW.   

Table 9.Load factor and coincident maximum demand for all the classes (micro-grid) 

 

The coincident maximum demand for the aggregated load profile was found to be 10,85 kW, 

meaning a decrease of 3,46 kW in peak load in comparison to the sum of all the individual 

maximum demands for the households. The load factor for the micro-grid was found to be 

0,21 (table 9). This load factor is greater than seven of the classes individual households load 

factors in table 8.  

 

𝐷𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 𝐸𝑙 𝐵𝑒𝑗𝑢𝑐𝑜 =
14,31 [𝑘𝑊]

10,85 [𝑘𝑊]
= 1,32  

 

From the equation (2) in the chapter theory, the diversity factor of El Bejuco was calculated at 

1,32. 

 

Class Individual maximum demand per 

household [kW] 

Load 

factor 
Number of households within class (𝑁𝑗)  𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑚𝑎𝑥𝑖𝑢𝑚 𝑑𝑒𝑚𝑎𝑛𝑑 𝑝𝑒𝑟 

 ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑×𝑁𝑗  [𝑘𝑊] 

1 0,05 0,13 6 0,3 

2 0,07 0,11 11 0,77 

3 0,1 0,13 4 0,4 

4 0,14 0,08 6 0,84 

5 0,17 0,23 3 0,51 

6 0,22 0,10 15 3,3 
7 0,39 0,18 7 2,73 

8 0,42 0,11 5 2,1 

9 0,42 0,24 8 3,36 

   Number of households ∑ 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑑𝑒𝑚𝑎𝑛𝑑𝑠  

  Total: 65 14,31 kW 

Class Load factor Number of households Coincident maximum demand  

All classes 0,21 65 10,85 kW 
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8.2.2 System designs 

This chapter will first present the required capacity and NPC for using SHSs and later the 

required capacity and NPC for using a PV based micro-grid serving all the 65 households. 

The SHSs are classified as SHS 1, SHS 2 etc. representing the SHS for one average household 

within each user class previous defined in this thesis.  

8.2.2.1 SHSs 

 

Figure 12. Required capacity per SHS vs individual maximum demand per household 
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Figure 13. Required nominal battery capacity per SHS vs average daily energy demand per household 

The rated PV capacities varies between the lowest of 60W (SHS 1), capable of power one 

average household within class 1 to the highest of 860W (SHS 9). The capacity of the inverter 

and charge controller per SHS is practically the same as the individual maximum demand per 

household (figure 12). In figure 13, the required nominal battery capacity per SHS is 

increased as the average daily energy use per household is increased. The households with the 

lowest average daily energy use (in class 1) require the lowest battery capacity of 1240 Wh 

per household while the households in class 9 require the highest of 15230 Wh. The required 

capacity of components using SHSs for the whole community are summarized in Appendix B. 

The total required rated capacity of PV modules is 19,6 kW, inverters and charge controllers 

is 14,7 kW and nominal battery capacity is 357,5 kWh.  
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Figure 14. Total NPC per SHS 

The NPC for each component and total NPC of each system are presented in figure 14. The 

total NPC for the SHSs varies between the lowest of 383 USD (SHS 1) to the highest of 4123 

USD (SHS 9). In the nine different SHSs, batteries stand for between 70-78% of total NPC, 

PV modules between 14-18% and inverters and charge controllers stand for between 7-16%. 

 

The total NPC of using SHSs for all the nine classes with their total of 65 households are 

found to be 104 376 USD. The inverters and charge controllers stand for 10 081 USD, PV 

modules stand for 17 257 USD while the batteries stand for the greatest part of 77 039 USD. 

8.2.2.2 PV Micro-grid  

The required rated PV capacity of the micro-grid was found to be 18,9 kW, capacity of one 

inverter and charge controller was 10 kW and the nominal battery capacity was 334 kWh. The 

total NPC of the micro-grid was 95 120 USD, where the NPC of one inverter and charge 

controller was 6875 USD, PV modules was 16 640 USD and batteries were 71 605 USD. 
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8.2.2.3 Comparison of NPC and required capacity of SHSs vs PV micro-grid 

Table 10. Comparison of required capacity and peak load of SHS vs micro-grid 

Off-grid system Peak load PV  Inverter and charge controller  Battery  

SHS 14,31 kW 19,6 kWp 14,7 kW 357,5 kWh 

PV micro-grid 10,85 kW 18,9 kWp 10,0 kW 334,7 kWh 

- Reduction  24,2 % 3,6 % 31,8% 6,4% 

 

The use of a PV based micro-grid in comparison to SHSs resulted in reductions in both the 

required capacity of components and the NPC. Required PV capacity of the micro-grid was 

decreased by 3,6%, the nominal battery capacity was decreased by 6,4% while the capacity of 

the inverter and charge controller was decreased by 31,8% (table 10). In terms of NPC this 

means that the cost of the micro-grid was reduced by 9255 USD (8,9%) in comparison to 

using SHSs. The cost reduction from the different components of the micro-grid was 616 

USD (3,6%) for PV modules, 3205 USD (31,8%) for the inverter and charge controller and 

5434 USD (7,1%) for the batteries.  

8.2.3 Evaluation of simulation results  

The simulations and optimizations done in HOMER are what led to the results above. The 

simulations will now be evaluated to better understand if these reductions were in fact 

because of inter-class diversity. 

 

 

Figure 15. Battery autonomy and unmet load percentage of each type of SHS and the PV micro-grid. 

4,75

4,21
3,96 3,95

4,25 4,40
3,91

3,89
3,76 3,72

0

0,01

0,02

0,03

0,04

0,05

0,06

0,07

0,08

0,09

0,00

0,50

1,00

1,50

2,00

2,50

3,00

3,50

4,00

4,50

5,00

U
n

m
et

 lo
ad

 %

D
ay

s 
o

f 
au

to
n

o
m

y

Battery autonomy 



39 

 

The battery autonomy9 of each type of SHS and the micro-grid varied almost proportionally 

to the unmet load percentage10 of each system (figure 15). Higher percentage of unmet load 

equaled lower days of autonomy. The micro-grid had the highest percentage of unmet load 

(0.08%), close to the pre-decided constrain of 0.1%. The required capacity of the micro-grid 

was therefore almost optimized (minimized) to allow the maximum percentage of unmet load 

(0.1%). This, while the type of SHSs in class 1, 2 and 6 had 0% of unmet load, an indication 

of less optimized systems since 0,1% unmet load was allowed. The combined unmet load for 

all the 65 SHSs was 0,05%, representing a total unmet energy demand of 10,2 kWh/year. This 

figure was 15,8 kWh/year for the micro-grid. The micro-grid therefore had 5,6 kWh more 

unmet energy demand per year than the use of SHSs.  

 

Studying the percentage of yearly excess production of electricity11 (Appendix F), it is even 

clearer that the micro-grid has been better optimized than each SHS in HOMER. Six of the 

nine different type of SHSs had a higher percentage of yearly excess production than the PV 

micro-grid (Appendix F). The highest percentage of excess production was from SHS 2 

(33,3%), the same type of SHS that had 0% of unmet load. The high percentage of excess 

electricity production from the SHSs is an additional indication that the SHSs have not been 

as optimized as the micro-grid.  

 

 

 

                                                 

9 The number of days the battery can meet the load without requiring charging (normally until 0% SoC, but since 

the condition in HOMER was set to 40% minimum SoC this means the number of days until SoC 40%). 
10 Proportion of annual unmet energy demand because of insufficient generation (HOMER Energy, 2016). 
11 Surplus electric energy that cannot be used (because the batteries are fully charge and there is no load that can 

“absorb” it) (HOMER Energy, 2016). 
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Figure 16. Solar radiation and time of unmet load for the micro-grid. Source: HOMER software 

The time of unmet load for all the designs was between July and August (Appendix D). 

Figure 16 is showing the unmet electrical load for the PV micro-grid and the solar radiation 

during one year of operation. 

 

 

Figure 17. Solar radiation and Battery SoC vs unmet load for the micro-grid. Source: HOMER software 

Studying July and August more closely in figure 17, this was found to be the time of the year 

with the lowest solar radiation under most consecutive days. In all the type of SHSs and the 

micro-grid, the battery SoC went from around 100% in July 30th to the minimum SoC (40%) 
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in the middle of August 3. In the designs with unmet load, the power output from the batteries 

were insufficient between August 3-4 and unmet load was present until the solar radiation was 

improved again (example of this in figure 17). The fact that all the systems either had unmet 

load or a battery SoC close to 40% during these days state that this was the period that 

decided the required capacity of batteries.  

 

The consecutive time of low solar radiation between July 30 and August 4 in addition to the 

daily energy demand during this period were the factors that decided the required battery 

capacity for both the SHSs and the micro-grid. As already mentioned in the beginning of the 

result chapter analysis, the total daily energy demand for the use of SHSs and the PV micro-

grid was the same. Even so, the micro-grid had less required battery capacity than the SHSs 

because the micro-grid was better optimized in HOMER. 

8.2.4 Sensitivity analysis  

Table 11. Comparison between energy demand and coincident maximum demand 

 

The generated load profile with variations in the daily energy demand resulted in a minimum 

daily energy demand of 47,45 kWh and a maximum daily energy demand of 60,84 kWh ie. 

+/- 12% deviation from average energy use.The variations in daily energy demand between 

days slighly effected the required capacity and NPC of components in the micro-grid. The 

required PV capacity was increased to 19,4 kW (+0,5 kW), the capacity of the inverter and 

charge controller increased to 10,3 kW (+0,3kW) while the nominal battery capacity 

decreased to 334,3 kWh (-0,4 kWh). The increase of the capacity of the inverter and charge 

controller can be explained by the slight rise (0,13kW) in the coincident maximum demand, 

seen in table 11. The total NPC was found to be 95 767 USD, in other words a very modest 

increase of 0,006%.  

  

Type of 

off-grid 

system 

Uncertainty added to 

devices functioning 

window(s) 

Minimum daily 

energy demand 

Average daily 

energy demand 

Maximum daily 

energy demand 

Maximum coincident 

demand 

Micro-grid 40% 47,45 kWh 54,3 kWh 60,84 kWh 10,98 kW 

Micro-grid 0% 53,98 kWh 53,98 kWh 53,98 kWh 10,85 kW 
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9 Discussion  
The required capacity of PV modules and components can be scaled down when a micro-grid 

is utilized instead of SHSs. The major reduction in terms of required capacity comes from the 

inverter and battery charger while small reduction in PV modules and batteries are also 

evident. Even so, these reductions in PV modules and batteries are most likely not because of 

inter-class diversity but rather from the step sizes considered for each PV module and battery. 

Before this topic is further discussed in the section system sizing and evaluation of simulation 

results, the discussion will start with the data processing that lead up to the analysis where the 

research questions were answered.  

9.1 Data processing 

9.1.1 Interviews 

The data used to establish energy demand and formulate load profiles of the households were 

gathered from interviews where the responses were estimated by the respondent. The 

responses might not reflect the exact values because of several reasons. The respondent may 

think the household uses more/less electricity than in reality, the respondent does not know 

the answer but are reluctant to admit it (therefore make up information) or the respondent 

might forget to mention information. The author still thought that interviews would give more 

accurate information than through for example observations. Observations would also be 

more time consuming and the information on functioning windows and functioning times 

would just reflect the day(s) of observation. In retrospect, a combination of interviews with all 

the households and observations in a few households of each class would be preferred to 

validate the data gathered from the interviews. 

9.1.2 User classes and load profiles  

Separating the 65 interviewed households into nine user classes and creating load profiles 

would have influenced the inter-class diversity severely if the exact time of use (13.00, 14.00 

etc) of the electrical devices were set the same for all the households within each class. 

Thanks to the stochastic procedure of LoadProGen, the exact time of use per household could 

vary within the defined functioning window for that class. Diversity were therefore kept 

evident even within the class and resulted in realistic load profiles were the households’ 

devices were not always ON the exact same time. Generating yearly load profiles gave 

variations not only in the ON-time between households but also between days, resulting in 

even more realistic load profiles. Nevertheless, even if the functioning windows were 
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representative for the whole class, the rest of the input data were based on the values of an 

average household within each class. This have certainly influenced the scale of both the 

individual maximum demand and the coincident maximum demand. 

9.2 Analysis 

9.2.1 System sizing and evaluation of simulation results 

This study focused specifically on the influence of inter-class diversity on PV system sizing. 

Type of components, efficiencies and cost of components for the SHSs and the micro-grid 

were therefore kept the same to not influence the results. In reality, cost (USD/W) of inverters 

and charge controllers are often decreased with increased nominal power as a consequent of 

economy of scale. The efficiencies are also often increased as the nominal power of the 

component is increased (Chaurey & Kandpal, 2010). In a real scenario, this would add further 

cost reductions to the micro-grid that utilize components with greater nominal power ratings. 

The reduction in required capacity of the inverter and charge controller for the micro-grid was 

a direct effect of inter-class diversity since the required capacity was decided by the lower 

peak load on the PV micro-grid. Even so, the limitation in HOMER made it impossible to 

separate the charge controller and inverter as it would be in a real system. 

 

The technical input parameters for the SHSs and the micro-grid used in HOMER only varied 

in the step sizes to consider for PV modules. Even so, this difference in step size has certainly 

influenced the total required capacity of PV modules for the SHSs and the PV micro-grid. The 

required capacity of the micro-grid was optimized within +-100 Wp while each SHS was 

optimized within +-20 Wp. With a total number of 65 SHSs, the optimization of the 

accumulated SHSs were +-1300 Wp while the micro-grid was better optimized within +-100 

Wp. This fact makes it impossible to say that inter-class diversity was solely the factor that 

resulted in 3,6% reductions in PV capacity for the micro-grid. The higher total required PV 

capacity for the SHSs was most likely rather a consequence from the limited step size (20Wp) 

per each SHS. This step size forces the optimization of each SHS to either choose 20, 40, 60 

Wp etc. even if 30Wp would be sufficient. Leading up to a less optimized solution than the 

PV micro-grid when all the 65 SHSs are accounted for.  

 

The evaluation of the simulated results also showed that the unmet load was highest in the 

micro-grid and lowest in the SHSs (figure 15). Further, three of the nine types of SHSs had 

0% of unmet load. Since all the systems were allowed 0,1% unmet load this is an indication of 
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less optimized systems than the systems that had unmet load. The percentage of excess 

production was also highest for the SHSs (Appendix F), further indicating that the SHSs were 

less optimized than the PV micro-grid. The required battery capacity both for the SHSs and 

the micro-grid were decided based on the 3-4 days of low solar radiation between July and 

August. Even so, the required battery capacity of the micro-grid was 6,4% less than the total 

required battery capacity of the SHSs. While part of this reduction could be from inter-class 

diversity, it is probably greater influenced by the battery step size to consider for each SHS 

(0,412 kWh/battery). If the step sizes of the battery and PV module were set lower, the more 

accurate would the optimization of each system be. 

 

The findings that both PV and battery capacity for the SHSs were less optimized than the PV 

micro-grid because of step sizes are making it impossible to define the inter-class diversity’s 

exact influence on system sizing. Even so, these findings are very interesting when 

considering a real rural electrification scenario. Commercial available step sizes of PV 

modules and batteries may make it unfeasible to size each SHS to perfectly match the exact 

demand of each household, leading to either over or undersized SHSs. If a PV micro-grid is 

utilized instead of SHSs, the micro-grid might be easier to match (optimize) to the energy and 

power demand of the whole community. Of course, depending on the commercially available 

step sizes.  

9.2.2 Sensitivity analysis  

Lee et al. (2014) have shown that the diversity present in a shared PV based system in 

comparison to individual PV based systems can scale down the battery capacity and PV 

capacity of between 40-60%. One major difference in the study by Lee et al. (2014) and this 

study is that both power and daily energy demand of each household vary between days in the 

study by Lee et al. My study only had daily differences in peak power demands while the 

daily energy demand was the same. The sensitivity analysis in my study with variations in 

daily energy demands did not influence the required battery capacity of the micro-grid 

noteworthy. These results do not mean that the required battery capacity of a micro-grid is 

never effected by variations in the households’ daily energy demands. It was probably 

because the days with lower energy demands did not occur during the 3-4 days of consecutive 

low solar radiation (the days that decided the required capacity). Comparing my results of low 

(to none) reductions in required PV capacity and battery capacity for a shared PV system to 

the results of 40-60% reductions by Lee et al (2014) indicates that reductions in capacity for a 

shared PV system might not come from inter-class diversity. Instead, from diversity in the 
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daily energy demand between households and different days. This would of course have to be 

more thoroughly studied to be certain.  

9.2.3 Diversity factor and the use of intuitive methods 

The diversity factor in El Bejuco was calculated at 1,32. The fact that the diversity factor was 

based on the type of electrical devices, functioning windows and functioning time(s) etc. of 

the classes in El Bejuco make it hard (if not impossible) to validate the diversity factor’s value 

to that of similar studies. This, because they are studied in a different context. Even so, how 

the diversity factor has been used to decide the required size of the PV systems in this study 

and previous studies is a very interesting topic.   

 

This study has only calculated the diversity factor to define the degree of inter-class diversity 

present in the community. When the required capacity of PV modules, batteries and 

components were decided with the numerical method (HOMER), the diversity factor was not 

an input data. The diversity factor was yet embedded in the yearly load profile of the micro-

grid. In my study, the required capacity of PV modules and batteries were only slightly less 

for the micro-grid as compared to the SHSs. As already discussed in the section system sizes, 

these reductions were most likely not derived from inter-class diversity, but from the step 

sizes of components. 

 

If the required capacity of PV modules and batteries for the PV micro-grid in my study 

instead had been estimated in an equivalent manner as in an article by Chaurey and Kandpal 

(2010). The required capacity for the micro-grid would have been clearly reduced because of 

inter-class diversity. Chaurey and Kandpal (2010) are using an intuitive method for PV 

system sizing. This method estimates the required capacity of PV modules and batteries for a 

micro-grid by having the daily energy demand of the community in the numerator and the 

diversity factor in the denominator. Essentially meaning that the daily energy demand of a 

community is divided by the diversity factor when a micro-grid is utilized. This is resulting in 

a lower required daily energy demand for the use of a micro-grid than for the use of SHSs, yet 

the exact same customers(!).  

 

The diversity factor “measures how much higher the customer’s individual peak is than its 

contribution to group peak” Willis (1997). In other words, the diversity factor present in a 

micro-grid is an indication on how the peak loads [W] of the customers is coinciding. Based 

on the equation (2) in section 4.5.1, the diversity factor does not alone express differences in 
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the daily energy demand between users but power demand. The differences in daily energy 

demands could lead to less required capacity of batteries for a shared system (Lee, Shaw, & 

Modi, 2014). How this intuitive method is applying the diversity factor to calculate required 

PV and battery capacity for a shared system can therefore be questioned.  

 

The community in my study had a diversity factor above 1 but still a fixed daily energy 

demand of 54 kWh each day. Required battery capacity for both the PV micro-grid and the 

SHSs was as previous discussed primary decided by the days of low solar radiation and the 

daily energy demand. Consequently, if it was not for the fixed step sizes in my study, the 

required capacity of batteries and PV modules would most likely had been the same for the 

use of SHSs or a micro-grid even if the sum of the peak loads would be higher for the SHSs 

than the peak load on the micro-grid. If I instead would have estimated the required PV and 

battery capacity for the micro-grid as Chaurey and Kandpal (2010), by having the diversity 

factor in the denominator (of the intuitive equation), the required PV and battery capacity for 

the micro-grid would have been less than for the use of SHSs. 
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10  Conclusion  
The diversity factor in El Bejuco was found to be 1,32. The inter-class diversity has a clear 

influence on the required capacity of the battery charger and inverter while a limited (or no) 

influence on the PV and battery capacity. Even so, both required capacity and NPC of PV 

modules and batteries can be reduced when a PV micro-grid is utilized instead of using SHSs, 

depending on the available step sizes of components. The required battery capacity of both 

SHSs and PV based micro-grids are constrained not only to the days of low solar radiation 

and the daily energy demand during these days but also by the available step sizes of batteries. 

Major reductions in required capacity of PV based micro-grids in comparison to SHSs are 

most likely not because of variations in time of peak load [W] (inter-class diversity). Findings 

show that it is either because of variations in the customers’ daily energy demands or because 

of the use of inaccurate methods for PV system sizing. The required battery capacity was the 

absolute greatest NPC of both SHSs and the PV micro-grid and therefore certainly a big 

stumbling block for rural electrification in developing countries. 

10.1  Future research 

For future research, the author would recommend comparing the use of SHSs to the use of a 

hybrid micro-grid. A hybrid micro-grid has more than one power generating source and if this 

power source is less expensive to use during times where batteries would have been needed, 

this could bring down the cost of a micro-grid in comparison to SHSs.  

 

Further, this thesis did an interesting finding on how the considered step sizes of components 

are effecting the optimization of both SHSs and PV micro-grids. The author would 

recommend comparing the cost and capacity of using SHSs to the use of a PV based micro-

grid for the same community. Making this comparison only with step sizes of components 

that are commercially available.   
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12  Appendices 

12.1  Appendix A: Questionnaire for households in El Bejuco 
Table 12. Questionnaire used in El Bejuco 
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12.2  Appendix B: Input data used in LoadProGen for the micro-grid 

Specifi
c user 
class ( 

j ) 

Numbe
r of 

users 
in class  

( Nj ) 

Type of 
electrical 

appliance ( i ) 

Nominal 
applianc

e 
power 

rate [W]  
( Pij ) 

Number 
of 

applianc
es in 

class ( nij 
) 

functionin
g cycle 

[min] ( dij 
) 

functionin
g time 

[min] ( hij 
) 

Rhij 
[%] 
[0-
100

] 

Rwij 
[%] 
[0-
100

] 

Startin
g time 
Win 1 
[min] 

[1-
1440] 

Endin
g 

time 
Win 1 
[min] 

[1-
1440] 

Startin
g time 
Win 2 
[min] 

[1-
1440] 

Endin
g 

time 
Win 2 
[min] 

[1-
1440] 

Startin
g time 
Win 3 
[min] 

[1-
1440] 

Endin
g 

time 
Win 3 
[min] 

[1-
1440] 

Class_
1 6 Interior lighting 26 2 60 180 0 0 240 360 1080 1200 0 0 

Class_
2 11 Interior lighting 27 2 60 169 0 0 240 360 1080 1200 0 0 

  

Cellphone 
charger 12 1 35 80 0 0 420 540 720 1140 0 0 

Class_
3 4 Interior lighting 26 3 60 195 0 0 240 360 1080 1260 0 0 

  Exterior lighting 26 1 60 195 0 0 240 360 1080 1260 0 0 

Class_
4 6 Interior lighting 28 3 60 120 0 0 300 360 1080 1200 0 0 

  Exterior lighting 28 1 60 110 0 0 1080 1200 0 0 0 0 

  

Cellphone 
charger 12 2 33 70 0 0 840 1140 0 0 0 0 

Class_
5 3 Interior lighting 32 3 60 220 0 0 240 420 1080 1320 0 0 

  Exterior lighting 32 2 60 360 0 0 1 420 1080 1440 0 0 

  Stereo 90 1 50 80 0 0 480 600 780 1020 0 0 

  

Cellphone 
charger 12 1 60 80 0 0 240 480 1080 1260 0 0 

Class_
6 15 Interior lighting 29 3 60 160 0 0 240 360 1080 1200 0 0 

  Exterior lighting 27 1 60 200 0 0 240 360 1080 1200 0 0 

  

Cellphone 
charger 12 2 39 58 0 0 360 600 900 1200 0 0 

  TV+DVD/SAT 85 1 72 158 0 0 420 840 1080 1200 0 0 

Class_
7 7 Interior lighting 31 4 60 197 0 0 240 360 1080 1260 0 0 

  Exterior lighting 26 2 60 158 0 0 240 360 1080 1260 0 0 

  

Cellphone 
charger 12 3 23 77 0 0 240 1200 0 0 0 0 

  TV+DVD/SAT 81 1 81 206 0 0 360 480 720 960 1080 1200 

  Refrigerator 101 1 10 480 0 0 1 1440 0 0 0 0 

Class_
8 5 Interior lighting 33 4 60 192 0 0 240 360 1080 1200 0 0 

  Exterior lighting 33 2 60 126 0 0 240 360 1080 1200 0 0 

  Stereo 105 1 40 120 0 0 420 480 1080 1200 0 0 

  

Cellphone 
charger 12 2 19 72 0 0 300 420 780 1200 0 0 

  TV+DVD/SAT 96 1 78 240 0 0 300 420 600 1200 0 0 

Class_
9 8 Interior lighting 29 4 60 188 0 0 240 360 1080 1260 0 0 

  Exterior lighting 22 3 60 368 0 0 1 360 1080 1440 0 0 

  Stereo 84 1 56 90 0 0 540 1020 0 0 0 0 

  

Cellphone 
charger 12 2 31 77 0 0 360 780 960 1200 0 0 

  TV+DVD/SAT 92 1 90 375 0 0 420 1260 0 0 0 0 

  Refrigerator 119 1 10 480 0 0 1 1440 0 0 0 0 
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12.3  Appendix C: Required capacity of the SHSs 

Type of off-grid system 
Number of households 
within class  

Rated PV capacity per 
class 

Inverter and charge 
controller per class 

Nominal battery capacity 
per class 

SHS class 1 6 360 W 343,8 W 7440 Wh 

SHS class 2 11 880 W 801,9 W 13640 Wh 

SHS class 3 4 560 W 460 W 8240 Wh 

SHS class 4 6 600 W 876 W 9900 Wh 

SHS class 5 3 1020 W 531 W 19770 Wh 

SHS class 6 15 3000 W 3360 W 61800 Wh 

SHS class 7 7 4200 W 2842 W 77840 Wh 

SHS class 8 5 2100 W 2190 W 37050 Wh 

SHS class 9 8 6880 W 3248 W 121840 Wh 

Total: 65 19,6 kW 14,7 kW 357,5 kWh 
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12.4  Appendix D: Unmet load and battery state of charge  

 

 

Figure 18. Battery STC vs unmet load for SHS 3.              Figure 19. Battery STC vs unmet load for SHS 4                    

  

 

Figure 20. Battery STC vs unmet load for SHS 5 Figure 21 . Battery STC vs unmet load for SHS 7        

 

Figure 22. Battery STC vs unmet load for SHS 8 Figure 23. Battery STC vs unmet load SHS 9 

 

 

Figure 24. Battery STC vs unmet load for micro-grid   

  



56 

 

12.5  Appendix E: Yearly load profiles of micro-grid and SHS 

 

Figure 26. Yearly load profile of micro- grid created in LoadProGen and visualized in HOMER 

  

Figure 25. Yearly load profile of average household in class 6 created in LoadProGen and visualized in HOMER 
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12.6  Appendix F: Yearly excess electricity of micro-grid and SHS  

0,0%

5,0%
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15,0%

20,0%
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grid

Yearly excess electricity per SHS and PV micro-grid

Figure 27. Yearly excess electricity production per type of SHS and the PV micro-grid. 
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