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Abstract 

The use of alternative fuels, particularly renewable energy sources, has been an important 

strategy to achieve greenhouse gas emission reductions. In Bolivia, many rural areas struggle 

with an unreliable power supply. The most common electricity solution in such isolated areas 

is to have off-grid systems, where hybrid systems have become a feasible solution. In this 

study, a hybrid system in the rural village El Espino is optimized using a linear programming 

tool called MicroGridsPy. Currently, the village is powered by a hybrid system consisting of 

solar photovoltaics, a diesel generator and lead-acid batteries as a storing system. To optimize 

the system in a sustainable way, considering economic, environmental and social aspects, two 

wind turbines of the nominal capacities 5 and 10 kW are studied and introduced to the hybrid 

system. To find synergies between the wind and solar energy, the irradiance and wind speed 

of the study area are simulated using a Weather Research and Forecasting (WRF) model. The 

power output from the wind turbines can then be obtained by modelling the power curves and 

then be added to the optimization model. The optimization is performed both with and 

without the wind turbines to evaluate the impact of them. In the optimization model, 

characteristics of the components, techno-economic parameters, including investment costs, 

and constraints such as renewable penetration, and cost of the curtailment are set.  

 

The obtained results include that the wind speed is higher during the winter season, and that 

the wind power output, regardless of turbine size, is proportional to the wind speed. 

Furthermore, the 10 kW wind turbine is proven to be the most suitable for the system of the 

two compared. The economical values of the system, such as NPC and LCOE are higher, the 

higher the renewable penetration, but lower for the system with wind turbines. This 

implicates that adding wind energy to the hybrid system could be beneficial from both an 

environmental and economical point of view. One conclusion that can be drawn is that wind 

turbines are a feasible technology for rural electrification, and that the optimization tool is 

sensitive to cost. Furthermore, it is found that the wind and solar energy are suitable 

complements to each other both season wise and daily. 

 

 

 

Keywords: Hybrid system, wind turbine, solar PV, optimization, rural electrification 
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Sammanfattning 

Användningen av alternativa bränslen, särskilt förnybara energikällor, har varit en viktig 

strategi för att minska utsläppen av växthusgaser. I Bolivia kämpar många 

landsbygdsområden med en opålitlig strömförsörjning. Den vanligaste lösningen för 

elektricitet i sådana områden är off-grid system, där hybridsystem har blivit en lämplig 

lösning. I denna studie, optimeras ett hybridsystem beläget i byn El Espino, med ett linjärt 

programmeringsverktyg; MicroGridsPy. För närvarande drivs byn av ett hybridsystem 

bestående av solceller, en dieselgenerator och blybatterier för att lagra energin. För att 

optimera systemet på ett hållbart sätt, utifrån ett ekonomiskt, miljömässigt och socialt 

perspektiv, studeras två vindturbiner med de nominella kapaciteterna 5 och 10 kW, för att 

sedan introduceras till hybridsystemet. För att göra detta simuleras områdets solstrålning och 

vindhastighet med hjälp av en WRF-modell (Weather Research and Forecast). Effekten från 

vindturbinerna kan då erhållas genom att modellera effektkurvorna, och kan därefter läggas 

till i optimeringsmodellen. Optimeringen utförs både med och utan vindturbiner för att på så 

sätt utvärdera deras inverkan på systemet. I optimeringsmodellen fastställs egenskaper hos 

komponenterna, techno-ekonomiska parametrar, inklusive investeringskostnader och 

begränsningar såsom förnybar penetration och kostnad för energispill. 

 

De erhållna resultaten visade bland annat att vindhastigheten är högre under vintersäsongen, 

och att effekten är proportionell mot vindhastigheten, oavsett storlek på vindturbin. Vidare 

har vindturbinen med kapacitet 10 kW visat sig vara den mest lämpade för systemet av de två 

jämförda. Systemets ekonomiska värden, såsom NPC och LCOE, är högre, ju högre förnybar 

penetration, men lägre för systemet med vindturbiner. Detta implicerar att vindenergi kan 

vara till nytta för hybridsystemet, både ur miljösynpunkt och ur en ekonomisk synvinkel. En 

slutsats som kan dras är att vindturbiner är en passande teknik för landsbygdselektrifiering, 

och att optimeringsverktyget som användes är känslig mot kostnader. Vidare konstateras att 

vind- och solenergi kompletterar varandra både säsongsvis och på daglig basis. 

 

 

 

 

 

Nyckelord: Hybridsystem, vindturbin, sol PV, optimisering, landsbyggdselektrifiering 
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1. Introduction 

This chapter presents the background information about the electricity sector in Bolivia and 

the challenges and impacts of rural electrification. The study area El Espino and the studied 

hybrid system are also presented. Furthermore, the aim and objective, methodology and 

delimitations for this study are explained.   

1.1 Background 

The Bolivian government has set the goal to reach universal electricity access in the country 

by 2025. According to the World Bank 93 % of the Bolivian population had electricity access 

in 2016 (World Bank, 2016). The electricity is mainly produced from natural gas, about 

60 %, and hydropower, about 40% (Aliaga Lordemann et al., 2012). Despite the high degree 

of access, many rural areas still struggle with an unreliable power supply.  One of the key 

challenges of achieving 100 % electrification includes reaching the “last mile” in rural areas 

that are isolated and disconnected from the national grid, which makes the rural 

electrification technically challenging and expensive (Smart Villages, 2016). The expansion 

of the electrical system has a direct impact of the eradication of the extreme poverty, 

especially for the families in the rural areas as it contributes to better life conditions. For that 

reason, the Bolivian government has made electricity access to a basic citizen right (Mamani 

Paco et al., 2014).  

 

The national grid of Bolivia El Sistema Interconectado Nacional (SIN) supplies electricity to 

eight of the nine departments in the country, and is presented in Figure 1. The operational 

companies are divided into generation, transmission and distribution companies.  In 2013, the 

total installed capacity was 1,423 MW, the grid had a coverage of 96 % and 58 % in urban 

respectively rural areas the same year, and the trend the last decade has been that it increases 

every year (Delgadillo & Suárez, 2015).  
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Figure 1. Map of the national grid system and villages in Bolivia (Vice-presidencies of Bolivia, 2016). 

 

Since it is time-consuming and economically unsustainable to expand the national grid to the 

small off-grid communities, the solution has become to build smaller systems. The off-grid 

systems usually consist of diesel generators, but in some cases, it is a hybrid system 

consisting of a photovoltaic (PV) solar system and diesel generator (Lindblad, 2017).  A 

hybrid system provides flexibility and could increase the reliability of the off-grid system, 

since it depends on more than one energy source. Bolivia has a relative high solar radiation, 

due to the closeness to the equator, which combined with the fact that the country has one of 

the world's largest reserves of lithium, makes photovoltaic panels with lithium batteries a 

convenient and sustainable solution to electrify the off-grid rural areas (Balderrama et al., 

2017). According to a study of the potential of hybrid systems in the Bolivian rural areas, the 

PV/diesel hybrid system was concluded to be the most economical sustainable type of hybrid 

system in most cases (Lindblad, 2017).  

 

Various research regarding different optimization methodologies have been made in rural 

electrification (Balderrama et al., 2017; Guidicini & Rinaldi, 2018). Moreover, scholarly case 

studies regarding a hybrid system in El Espino are available, including some of the same 

authors (Balderrama et al., 2017, 2018 and 2019). They include studies about optimizing the 

system by replacing the lead-acid battery with a lithium battery and replacing the diesel 

generator with two smaller generators. However, no published work has studied the impact of 

adding wind turbines to the hybrid system in El Espino, therefore it is to be evaluated in this 

report.  
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1.2 El Espino 

El Espino is an indigenous community located in the southern part of Bolivia, more 

specifically in the department of Santa Cruz, province of Cordillera, municipality Charagua. 

There are two seasons in Bolivia; one dry season during winter which is between May and 

October, and one wet season during summer which is from November to April. El Espino has 

a local steppe climate with little rain and an average annual temperature around 22 °C, and is 

located 2982 m above sea level (Climate-data, n.d).  

 

The village was the first rural community in Bolivia to have a PV/diesel hybrid system 

installed providing electricity to 125 households. Because of the economic situation and the 

geographical location of the village, the mini-grid system was installed with pre-paid meters 

(Balderrama et al., 2017). In a study made in 2018, four different socioeconomic groups 

could be identified in the village: 

 

• High income: Public workers with a steady salary 

• High medium income: Local business owners (restaurants, groceries stores) 

• Medium income: People with relatives in larger cities in Bolivia that sends them 

money 

• Low income: People without any income that survive with agriculture and with help 

from people from the village.  

 

Besides the local residents, there is also a hospital, a school and a woman’s weaver 

association building in the village. There are also some upcoming projects that will affect the 

energy demand in the village. For example, the installation of a water pump, construction of a 

sports center and a chicken farm (Balderrama et al., 2018).  

1.2.1 Energy demand  

The energy demand in El Espino has been estimated in the study that is mentioned above. 

The study stated that the average power demand for the period 01/04/2016 to 31/03/2017 was 

9.6 kW. The peak power demand was 25.3 kW and the base load was marginally above 5 

kW. Figure 2 present the average daily load profile for the studied period (Balderrama et al., 

2018).  
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Figure 2. The maximum and average demand profiles for El Espino from 01/04/2016 to 31/03/2017 (Balderrama 
et al., 2018). 

1.2.2 Hybrid system in El Espino 

In September 2016, the PV/diesel hybrid system was commissioned and started operating in 

the Bolivian village El Espino. During the planning of the system there were two objectives 

set: The renewable penetration of the system should be at least 70 % and the system should 

have a battery capacity independence for one day. The installed hybrid system consists of 

three photovoltaic arrays connected to three solar inverters, which converts the DC current to 

AC, a battery bank (connected to bi-directional inverters) and a genset. In the case of a 

surplus electricity generation, the battery bank can be charged. The battery bank consists of 

three lead-acid batteries, and these are like the genset, connected to bi-directional inverters, 

which can convert AC to DC current and DC to AC voltage. The inverters do not only 

convert the current, they also collect the power data. The genset is connected to a bi-

directional inverter to be able to charge the battery bank. The installed capacity of the hybrid 

system is presented in Table 1, and the layout of the system is presented in Figure 3. 

 

Table 1. The installed capacity of the hybrid system in El Espino (Balderrama et al., 2018). 

Equipment Unitary nominal capacity Quantity Total capacity 

PV 250 W 240 60 kW 

Battery bank 154.66 kWh 3 464 kWh 

Genset 58 kW 1 58 kW 
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Bi-directional inverter 11 kW 9 99 kW 

Solar inverter 17 kW 3 51 kW 

 

 

 

Figure 3. The setup of the installed hybrid system in El Espino (Balderrama et al., 2018). 

 

In a case study made by Balderrama et al. (2018) the interactions between the components of 

the hybrid system where analyzed. When the batteries are fully charged, and the PV can 

generate electricity, it goes straight to the load. If there is a surplus energy from the PV, and 

the battery is not fully charged, that energy goes to the battery. If there is no surplus energy, 

the battery starts discharging, down to its maximum depth of discharge at 50 %. When the 

demand of energy is higher than the energy provided from the PV, or from the battery, or 

from a combination of them, the genset is used as a back-up, which happens about 10 % of 

the time. This study also shows that the genset in El Espino needs to operate over 80 % of its 

capacity to maintain an acceptable efficiency, and the average efficiency is then 31.4 %. 

When the energy demand does not meet the genset’s minimum power output, it can start 

charging the batteries. It is also noted that some of the PV energy is wasted, and the total 

energy loss of the current system is about 10% (Balderrama et al., 2018). 

 

According to a newer case study covering the time from 01/01/2016 to 31/07/2017, it was 

discovered that the energy demand is relatively low around 3 PM every day, and that is when 

the genset starts to produce energy. Since the demand is low, the batteries start to get charged 



14 

 

by the genset, which results in partly charged batteries when the PV arrays starts operating 

again the next day.  Other findings include that the round-trip efficiency of the batteries is 

74 % (this was also shown in the previous study). The percentage of electricity generated by 

renewable sources compared to the total consumed electricity was 57 %. It was found that the 

genset was oversized and that the dispatch strategy was not optimal, which resulted in a 

reduction of PV energy (Balderrama et al., 2019).  

 

In the same study, the levelized cost of energy (LCOE, further explained in 2.4.1) and the net 

present cost (NPC, also further explained in 2.4.1) where calculated for different optimization 

scenarios for the hybrid system, including replacing the genset with two smaller gensets, 

using different demand scenarios and different optimization approaches (MILP or LP, further 

explained in 2.4). The LCOE of the different scenarios was concluded to be higher than the 

price that the urban consumers pay for energy, but it was considered to be in the competitive 

range of LCOE of isolated grids in Bolivia which ranges from 0.07 to 0.21 USD/kWh. The 

NPC of the different scenarios, ranged from 234 to 586 thousand USD (Balderrama et al., 

2019).  

1.3 Aims and objectives 

The main aim of this study is to evaluate the impact of adding wind turbines in the microgrid 

that is installed in the rural Bolivian village El Espino. The wind speed in the studied area 

will be estimated in order to introduce an additional energy source in form of wind energy to 

the hybrid system. Furthermore, the sustainability of the new system will be discussed, in 

terms of economic and environmental aspects, societal impacts and technological feasibility. 

This will be done with the purpose of broadening the knowledge base of working with 

renewable energy technology in Bolivia, and developing the ability to analyze appropriate 

solutions for energy systems. 

1.4 Methodology 

In the first phase of the study, a literature review was conducted with the purpose of gaining 

knowledge in different areas, as it was required to understand the components of the hybrid 

system installed in El Espino. Information was mainly gathered from databases as Google 

Scholar and Science Direct, and reliable sources as authorities, focusing on the technical 

information of the components and their sustainability.  
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Thereafter, a field study was performed in Bolivia where most the time was spent at the 

University Mayor De San Simón, in the presence of the researchers working with the 

optimization model of the hybrid system of El Espino. Bolivia has a high potential of 

developing the use of renewable energy but the development is held back by poor 

infrastructure and lack of research programs (Pansera, 2012). Since the country lacks the 

sufficient resources to perform enough research in the field of renewable energy, a field study 

was required to fulfill the purpose of broadening the knowledge base of renewable  

technology in the Bolivia.  

 

During the field study, the wind speed and irradiance in the chosen study area El Espino was 

extracted, then the optimization of the hybrid system in terms of introducing wind turbines to 

it began. The hypothesis was that wind energy could complement solar energy when the solar 

energy output was unable to meet the demand. Since the power peak of solar energy is during 

the day, and the peak demand for households usually is in the evening, it was found 

interesting to investigate if wind turbines could benefit the system, thus the village, from a 

sustainable point of view. The simulation of the wind speed and irradiance was done with 

help of a Weather Research and Forecasting model (WRF) and the meteorological data was 

gathered from the National Center for Atmospheric research center (NCAR). Further 

information about the WRF model is presented in chapter 3. The optimizations were then 

performed in a linear programing tool called MicroGridsPy, coded in Python, to find the 

optimal combination of energy technologies for the studied hybrid system.  

 

The method was chosen after consulting with people that have knowledge in the area of 

renewable energy, batteries, sizing methodologies, and have experience of the country 

Bolivia. According to a study by Guidicini and Rinaldi (2018), Linear Programming was the 

most used mathematical approach in studies for electrification. Other studies in this area of 

work have used the same optimization methodology, such as Balderrama et al. (2018 and 

2019). Other programming languages, such as Matlab, was considered but Python was the 

most suitable one since MicroGridsPy is a free and accessible code written in the Python 

language, created to size smaller energy systems. The model MicroGridsPy could also apply 

another mathematical approach, called Mixed-integer linear programming. However, this was 

considered to be too time consuming learn for the time period this study was conducted.  
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1.5 Delimitations 

The study is limited to the energy supply and demand of the Bolivian village El Espino. 

Regarding the wind turbines, only small types with a horizontal axis and a rated power of 5-

10 kW, will be considered for onshore use. The wind direction was not taken in account when 

modeling the power output, since it was considered that it would not affect the result because 

of the relatively plane terrain in the study area. 

 

Since the study is limited to the existing hybrid system in El Espino, where the backup 

energy source is a diesel generator, this report will not include other types of generators such 

as sterling motors or micro gas turbines.  

 

The report will mainly focus on one type of technology to harness solar energy, which is 

photovoltaics (PV), since it is the type used in the hybrid system in El Espino. Concentrating 

solar power and solar heating and cooling, which are other common technologies to harness 

solar energy, are not taken into account in this report (SEIA, 2018). There are different types 

of solar cells on the market, where the most common ones are thin film solar cells, also 

known as amorphous silicon solar cells, and crystalline silicon modules, of which 

monocrystalline and polycrystalline cells are used. Another growing technology is perovskite 

solar cells, but this report will focus on polycrystalline silicon solar cells, since it is the type 

used in the hybrid system installed in El Espino. 

 

The general classification of modelling energy systems can be divided depending on which 

analytical approach is used, which underlying methodology is applied and which 

mathematical approach is chosen. The analytical approach is categorized in top-down and 

bottom-up models, and the underlying methodology can be divided into simulation models, 

and optimization models. The approach and methodology used in this study is a bottom-up 

and optimization model. 

 

When it comes to mathematical approaches there are several methods that can be used such 

as Linear Programming (LP), Multi-Objective programming, Multi-Criteria Decision 

Making, Non-Linear Programming etc. Due to time constraints, and the level of the report, 

this study only focuses on a LP approaches. 
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2. Literature review 

This chapter contains a review of hybrid systems in a rural context, and the components in 

such system. Moreover, the potential wind turbines are presented and some basics on how to 

model energy systems is explained. 

2.1 Background Bolivia 

Bolivia is one of the poorest countries in South America and their foreign import dependency 

of other countries is high. According to a case study by Mario Pansera, a conventional 

exploitation of the resources does not exist due to a weak and unequal institutional 

framework (Pansera, 2012).  

 

Due to improvements and many important advances in local technological and organizational 

capability, the number of PVs installed in rural areas of Bolivia has increased, and this 

attainment is also due to the international cooperation aid and an increase of interest in 

renewable energy since the 1980s (Pansera. 2012).  One of the goals in The Economic and 

Social Development Plan, 2016-2020 is to improve the energetic matrix with the 

diversification of alternative sources and to increase the use of renewable energies. To fulfill 

the goal and to reach universal electricity access in the country by 2025, networks in rural 

areas need to be expanded and densified, as wells as the access to solar panels in remote 

communities needs to be facilitated (2016). A renewable energy target has been set to have 

183 MW of renewable power generation by the year 2025 (IEA, 2015). 

 

According to Pansera, the absorption capacity, which is highly dependent on local and 

isolated subjects, is low. The local development process needs to be triggered by an 

accumulation of strategic knowledge to achieve coordinated actions. The potential to build an 

effective system of innovation for using the country’s resources and developing the use of 

renewable energy sources is high, since the traditional knowledge in renewable energy, has a 

large impact on social life and innovative approaches. The development is held back by low 

wages, lack of research programs and poor infrastructure. A large potential of solar, wind and 

micro-hydroelectric energy exists in Bolivia, however a coordination at national and 

international level needs to be fostered. It is also essential to invest in a better education 

system, and strategies for innovation policies according to the study (Pansera, 2012).  
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2.2 Hybrid systems in a rural context 

Access to electricity plays a significant role in promoting progress in all society sectors, 

which is crucial from a social sustainable point of view. Off grid power generation systems 

represent one of the most appropriate options to electrify isolated rural areas. The off-grid 

systems work as a first step in the electrification process, as well as a building-block for 

future grid development (Mandelli et al., 2016a). A hybrid system is an electrical generation 

system consisting of two or more energy sources. Due to the fact that different technologies 

as diesel generators and stand-alone solar systems have their limitations, the combination of 

the technologies is considered to offer opportunities to increase the productive use of energy. 

In most cases, the hybrid system has an energy storage system based on batteries, and if so, 

inverters are necessary since the power needs to be stored in DC. Inverters are also required if 

the system uses PV arrays, since the PV power is in DC and the power is distributed to the 

users in AC (Grégoire, 2013).  

 

There are different strategies for operating a hybrid system. The typical load curve for a rural 

village, presented in Figure 4, generally includes an outstanding peak in the evening, an 

increasing demand in the morning and midday, and a base load. The base load, which is the 

minimum level of demand over a day, is usually present in the morning and extended into the 

night hours in some cases.  

 

Figure 4. A typical load curve for a rural village (Grégoire, 2013). 

 

In this context, the PV and the battery bank could provide a low load overnight to partially, or 

fully, cover the morning and midday load. The diesel generator would then cover the evening 

peak and charge the battery if required. There are many other operational strategies, but this 
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strategy appears to be the most relevant for electrification of rural villages in developing 

countries (Grégoire, 2013).   

 

The full potential of hybrid systems is yet to be explored, since the complex dynamics of the 

system creates challenges in both the planning and operational state. The lack of 

understanding of the development of rural electricity consumption also creates challenges 

with this type of isolates systems (Balderrama et al., 2019). According to Murphy, rural 

electrification must be tied to social, political and cultural aspects to be implemented in a way 

that contributes to sustainable development (Murphy, 2001). 

2.2.1 Solar PV 

Reducing conventional use of fossil fuels, climate change and a growing energy demand has 

advanced the use of renewable sources such as solar energy. One of the most applied 

technologies is through solar photovoltaic (PV) systems, where electricity can be formed 

directly from sunlight converted by a semiconductor. The main benefit using solar energy is 

that it does not contribute to carbon dioxide emissions or other kinds of air pollution during 

operation. On the other hand, harmful chemicals are used when manufacturing the cells, and 

a relatively large surface area is needed to collect an effective amount of energy. This has a 

negative impact on the environment and in restricted urban areas. Another limitation using 

solar PV systems is that it is dependent on the climate conditions, and due to the fact that the 

irradiance is not constant, for example given the day-to night variation, it can’t be used at all 

times (EIA, 2019a). 

 

The main types of solar PV technologies available on the market are thin film solar cells and 

crystalline silicon modules, where the latter option is the most dominant one on the market 

due to a higher efficiency rate. Figure 5 shows the different types of solar cells. Other 

features that might contribute to the crystalline silicon module’s dominance on the market 

includes high stability, reliability and longevity. Regarding recycling and disposal time, it is 

more environmental friendly compared to the competition. In crystalline silicon modules, 

there are two different types of cells that can be used to make up the solar panels; 

monocrystalline cells or polycrystalline cells. Monocrystalline cells are made from one 

crystal boule cut to wafers and every cell consists of a single block of silicon. Polycrystalline 
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solar cells are made up of several small crystals, made into wafers by first sawing a cast block 

of silicon to bars (Nimmermark, 2014).  

 

Figure 5. Different types of solar cells (World Energy Council, 2016). 

Many improvements have been made regarding the efficiency of solar PVs. Polycrystalline 

modules have an efficiency of 14-16 % according to the most recent version of World Energy 

Resource Report, 2016. It is lower than for the monocrystalline modules that can reach an 

efficiency up to 21 %. Although polycrystalline cells can be a better option if space allows, 

since the manufacturing cost per cell is cheaper. The manufacturing process for 

polycrystalline cells is more conventional than for monocrystalline cells, and less harmful for 

the environment as a result of less silicon waste, however the purity is lower which leads to a 

lower efficiency rate (Nimmermark, 2014). 

 

A solar PV system is often integrated with a storage system; in most cases a battery bank, that 

stores the excess energy until more electricity is required. Since the electricity is directly 

converted from solar energy, PVs can only generate electricity during daytime. The solar 

radiation and the ambience temperature have a high impact of the efficiency. The power 

output varies from one day to another, and it also depends on where the solar panels are 

placed, since the solar radiation is unevenly distributed over the world. Some solar PV 

systems are more sensitive to climate conditions than others, for example monocrystalline 

systems work better than polycrystalline systems when it is cloudy (World Energy Council, 

2016). Generally, the more solar power, also known as irradiance, the more energy output is 

obtained. Furthermore, the solar PV’s does not only respond to direct beams of sunlight, but 

also diffuse and reflected radiation which is caused by factors as clouds and surroundings. If 

the temperature of the solar panels increases, the performance may decrease due to power 

loss (SEAI, 2010). 
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2.2.2 Diesel generator 

A diesel-engine driven generator, also known as a diesel genset, is a diesel engine combined 

with an electrical generator. The diesel generator converts fuel into mechanical energy 

through internal combustion, which in turn is converted to electrical energy by the electrical 

generator (Sechilariu & Locment, 2016).  

 

In hybrid systems, a diesel genset is used to improve the performance of the system by 

delivering a higher energy supply, optimizing the battery size and ensuring a high-power 

reliability. The genset has a low initial cost, compared to renewable energy technologies such 

as PV panels. However, the use of diesel comes along with air pollution, emissions of 

greenhouse gases, noise and the dependence of continuous fuel supply. In some isolated 

places, where hybrid systems are installed to supply energy, the delivering of fuel can be 

problematic and thus increase the operational costs (Ibrahim, 2005).  

 

The diesel price in Bolivia is subsidized by the government. The international price is today 

8.88 Bs/l, about 1.29 USD/l (April 2019) but it is sold to Bolivian companies at the price of 

3.72 Bs/l, which corresponds to about 0.54 USD/l (ANH, 2019). For isolated microgrids the 

diesel price is subsidized to an even lower price - 0.18 USD/l. This is under the conditions of 

that the genset operates with at least 29% efficiency, and is able to supply 100% of the energy 

demand (Balderrama et al., 2018). 

2.2.3 Battery 

The traditional energy storage systems for solar energy applications are based on lead-acid 

batteries. Although the battery technology has evolved, the photovoltaic industry still uses 

lead-acid batteries to a large extent due to their lower initial cost and controlled recycling. 

Lithium-ion batteries are based on a relatively new battery technology that has several 

advantages. In applications where mass, lifespan and power density are important factors, the 

lithium-ion battery is to be preferred. The development of other industries such as the electric 

vehicle sector and the electronics sector are expected to create a boom that will lower the cost 

of lithium based batteries, which the renewable energy sector will benefit from. The 

renewable energy sector will not be the driving force of lowering the cost of lithium-ion 

batteries since the other industries mentioned are expected to lower the cost due to higher 

manufacturing numbers. When considering a battery's lifespan, the cost per cycle for lithium 
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based batteries can be lower, compared to lead-acid batteries which indicates that it would be 

more suitable to invest in lithium batteries rather than lead-acid in a long-term view, although 

the upfront cost is higher (Diouf & Pode, 2015).  

 

There are several important parameters that are used to describe the condition in a battery, 

such as the state of charge (SOC) and depth of discharge (DOD), they complement each other 

and are defined as the percentage of the battery capacity that is available, respectively the 

percentage that has been discharged. Other important parameters include cycle lifetime, 

round-trip efficiency and voltage level. The cycle lifetime is related to the number of times 

that the battery can charge and discharge until the battery fails to meet the specific 

performance criteria set by the manufacturer. The lifespan for an operating battery is mainly 

affected by the depth and rate of charge-discharge cycles, but temperature and humidity also 

contribute to lower the lifespan (MIT, 2008). 

2.3 Wind turbines 

Another renewable energy technology that is fast growing is wind power. By using wind 

turbines, electricity can be generated by taking advantage of wind that is naturally created in 

the air as a result of the earth’s different land types that absorbs sun energy and cools down at 

different speed. By 2016, 486 gigawatts (GW) were installed all over the world, compared to 

7.5 GW in 1997 (IRENA, n.d.). Like solar PV, no greenhouse gases or pollution is emitted 

during operation, due to unlimited amount of wind which is the source of energy. The 

placement of wind turbines needs to be considered before installing them, because the 

altitude, topography, vegetation type and surroundings are important factors. The wind speed 

is usually preferable at higher altitudes and in areas where nothing is blocking the wind, 

hence the wind speed increases. However, a disturbing sound and shadows created from the 

turbines can be off putting, thus it needs to be considered before installation (EIA, 2019b). 

 

The blades of the wind turbine are developed using cutting edge technology and can 

transform motion of air, which creates kinetic energy, that is transformed to electricity in an 

efficient way. The kinetic power of the wind can be calculated according to equation 1, where 

A stands for rotor swept area, u for velocity and 𝜌 for the density of air. 

𝑃𝑤 = 0.5 ∗ 𝜌𝑤𝑖𝑛𝑑 ∗ 𝐴𝑟𝑜𝑡𝑜𝑟 ∗  𝑢𝑤𝑖𝑛𝑑
3  

[1] 
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The blowing wind makes the blades rotate, and by attaching a generator, the kinetic energy 

forms to rotational energy which in turn creates electrical energy. To achieve a better 

performance and sustainable solution, one approach is to integrate transmission systems by 

using a velocity sensor that measures wind speed and direction, so that the wind turbine is 

always aligned with the wind direction. Another course of action is by predicting the supply 

by for example using weather forecasting (World Energy Council, 2016). The solar radiation 

varies over the world and, consequently, so does the wind speed. The amount of energy 

produced by the wind turbines depends of the amount of wind. The power output of 

electricity is unpredictable as a result of fluctuations of wind. Theoretically, when wind speed 

doubles, wind power potential increases by a factor of eight. Not only can the wind turbines 

stop producing when the wind speed is low, but also during periods when the wind speed is 

very high (World Energy Council, 2016). 

 

To predict the power output of a wind turbine, one can look at its power performance curve, 

which is usually obtained for every wind turbine by the manufacturer. It is a function that 

describes the electrical power output as a function of the velocity of wind. A typical power 

curve is shown below in Figure 6. Two pivotal points for the wind speed are the cut-in speed 

and the cut-out speed, which is the minimum respectively the maximum wind speed at which 

the turbine will deliver power. Another key point related to the performance of the machines 

is the wind speed at which the electrical generator reaches its maximum power output, which 

is called the rated wind speed (Manwell et al., 2009).  

 

Figure 6. A typical power curve for a wind turbine (Manwell et al., 2009). 

Theoretically, there is a maximum efficiency a rotor can possibly achieve. It is known as the 

Betz limit, and according to this theory, no wind turbine can cross the efficiency limit of 
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59.3 % (Manwell et al., 2009). This limit is only a theoretical limit. Real turbines are also 

affected by losses due to viscous flows in the air, friction losses and mechanical and electrical 

losses. The most modern three-bladed wind turbine can achieve an efficiency of 45 %, but an 

average efficiency level lies within a range of 15-25 % (Bukala et al., 2015).  

 

Considering the energy demand in El Espino, presented in 1.2.1, two wind turbines indicated 

for off-grid use were selected; one with the rated power of 5 kW and one with a rated power 

of 10 kW. The prices for this type of small wind turbines varies depending on producer, 

quality, size, and other factors. Generally, the smaller the turbine the higher the investment 

cost per watt. According to a study from 2016, the investment cost for small wind turbines 

ranged between 2.2 USD/W to 7.8 USD/W (Predescu, 2016). The range is however just an 

estimation as the investment cost for every turbine is individual. Other factors that can affect 

the costs are subsidies, but in Bolivia no tax incentives are available for small off-grid wind 

turbines. Two turbines were found that had information of both the price and a power curve. 

They are Hummer H6.4 and Hummer H8.0, both produced by the Portuguese manufacturer 

Livre Power, Lda. The height of the towers for both turbines are 12 m, but as will be 

mentioned in chapter 3, another height of 26 m was considered which could affect the prices 

stated below (Livre Power, n.d). 

2.3.1 Hummer H6.4 - 5 kW 

Hummer H6.4 is a wind turbine with the nominal capacity of 5 kW. It has a maximum power 

of 7.5 kW, and its operating range of wind speed goes from 3 m/s to 25 m/s. The minimum 

wind speed it requires to start generating power, also known as the cut-in wind speed is at 2.5 

m/s. The price, including a tower, controller and inverter is at 12,113 €, which is around 

13,588 USD. That gives us a price of 2.7 USD/W. In Figure 7, a calculated power curve with 

the help of polynomial regression done in Python, is compared with the original power curve 

found on the website of Livre Power (Livre Power, n.d (a)).  
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Figure 7. The original and calculated power curve of the 5 kW wind turbine. 

2.3.2 Hummer H8.0 - 10 kW 

The wind turbine Hummer H8-10 kW has a nominal capacity of 10 kW and a maximum 

power of 15 kW. Its operating scope of wind speed also ranges from 3 m/s to 25 m/s. The 

cut-in wind speed is at 3 m/s, and the price is 20,968 €, which is around 23,527 USD, 

including a tower, controller and inverter. That gives us a price of 2.35 USD/W. In the Figure 

8, a calculated power curve with the help of polynomial regression done in Python, is 

compared with the original power curve found on the website of Livre Power (Livre Power, 

n.d (b)) 

 

 

Figure 8. The original and calculated power curve of the 10 kW wind turbine. 
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2.4 Modeling energy systems 

With the growing energy demand in the world, the interest for different techniques for 

modelling energy systems increases. According to a study by Guidicini and Rinaldi (2018), 

the general classification of energy models is divided depending on which analytical 

approach is used, which underlying methodology is applied and which mathematical 

approach is chosen. The top-down model an analytical approach that aims to describe the 

energy system from a macroeconomic perspective at national or regional level. Bottom-up 

models focuses on the technical details of the energy system, and are often used to optimize 

the size of an energy system given an energy demand. One underlying methodology is to use 

optimization models, which aims to identify the optimal mix of technologies, given specific 

constraints, to achieve a specific goal e.g. the lowest system cost. (Guidicini & Rinaldi, 

2018). 

  

According to the study mentioned above, Linear Programming (LP) was the most used 

mathematical approach in studies for electrification between the years 1980 and 2013. LP is 

used to optimize an objective function within a problem with linear constraints. The LP 

method is, compared to other methods, easy to solve and computationally fast. One of the 

main disadvantages with this method is the inability to model non-linear relations, which are 

common in real physics phenomenon, which could lead to inaccuracy and over 

simplification. This problem can partially be solved by introducing Mixed-integer linear 

programming (MILP) which allows integers along with real numbers while still solving for a 

linear objective function. Other factors that needs to be considered when modeling an energy 

system are the time horizon, spatial coverage, energy carrier and energy use. The time 

horizon is often set suitable to the performed analysis, the spatial coverage can vary from 

community level up to a global level, the energy carrier is mainly divided into electricity or 

thermal energy and the energy use can vary between residential, agricultural, industrial and 

commercial use (Guidicini & Rinaldi, 2018). 

2.4.1 Sizing off-grid systems 

In the sizing of off-grid energy systems, regardless of what techniques are used, the aim is to 

find the optimal combination of reliability and cost. The system reliability is proportional to 

the system cost, which makes the aim of the optimization to find the best trade-off between 

the reliability and cost. The system reliability can be described with the Loss of Load 
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Probability (LLP) shown in equation 2, which is the part of electricity demand, ED, not 

fulfilled by the energy system over a certain amount of time. The LL(t) is the Loss of Load 

(the unfulfilled demand) at the time step (t) (Mandelli et al., 2016b). 

 

𝐿𝐿𝑃 =  
∑ 𝐿𝐿(𝑡)𝑇

𝑡−1

𝐸𝐷,𝑇
 

[2] 

The system cost is usually presented as the Net Present Cost (NPC), shown in equation 3, 

which is the present value of the sum of the discounted costs a system has over its lifetime 

(LT). For each year (y), Inv(y) takes into account the investment and replacement costs of the 

system components, O&M(y) considers the operation and maintenance costs, and (1+r)y is the 

discount factor (Mandelli et al., 2016b). 

𝑁𝑃𝐶 = ∑  

𝐿𝑇

𝑦=1

𝐼𝑛𝑣(𝑦) + 𝑂&𝑀(𝑦)

(1 + 𝑟)𝑦
 

 [3] 

In most cases, the maximum LLP is used as an input condition which represents the target 

level of reliability the consumers can accept. Thereafter, the optimization process typically 

search for the combination of the system component ratings which gives the lowest NPC 

value (Mandelli et al., 2016b).  

 

A parameter that allows comparison between every scenario with the current situation is 

often used, and it could be done with the help of levelized cost of energy (LCOE), shown in 

equation 4. It is an economic estimation that measures the total lifetime costs, divided by the 

sum of electrical energy produced over a lifetime. It can be used to compare different 

renewable sources with different parameters considered, for example life spans, size, capital 

cost, risk and return, which are all factors that may vary in each project and technology. 

Colloquially, it can be regarded as the least acceptable price of the electricity sold, to be able 

to break-even (Mandelli et al., 2016b).  

  

𝐿𝐶𝑂𝐸 =  
𝑠𝑢𝑚 𝑜𝑓 𝑐𝑜𝑠𝑡 𝑜𝑣𝑒𝑟 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒

𝑠𝑢𝑚 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑜𝑣𝑒𝑟 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒
 

[4] 
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2.4.2 MicroGridsPy 

MicroGridsPy is an open source framework developed by Sergio Balderrama and Sylvain 

Quoilin, written in Python, it is using the Pyomo library with cplex solvers, and the code is 

accessible at GitHub repository. By using MicroGridsPy, randomly determined optimizations 

can be tested, and different scenarios can be compared and evaluated. Its main features are to 

optimize components in isolated hybrid systems to meet the demand regarding the least cost; 

optimize the dispatch from various energy sources; to calculate the NPC of a system’s project 

lifetime; and to determine the LCOE for the optimal system (Balderrama S. and Quoilin S., 

2016). It operates on linear programming optimization, but the creators have also developed a 

MILP model (Guidicini & Rinaldi, 2018). 

 

The user can define different scenarios by inputting different load demands and different 

renewable source series. If more than one demand is defined, the user is required to assign a 

probabilistic weight to every scenario. Given the demand, an optimal configuration is 

calculated for every scenario through deterministic optimization. Alternatively, stochastic 

optimization can be used to do an optimization considering all scenarios, that gives one 

optimal configuration for all scenarios (Guidicini & Rinaldi, 2018).  

 

Furthermore, the user needs to calculate the renewable energy output in a yearly time series 

externally, for one unit of a renewable energy conversion source e.g a solar panel or a single 

wind turbine. The data will then be used as input in MicroGridsPy to find the optimal size for 

the defined scenario. Lastly the user must define the time series and input the techno-

economic data of the different components. The parameters that needs to be defined in the 

time series is the time horizon of the system in years and the time-step resolution that 

typically is set to 1 h or 15 min. The techno-economic parameters that need to be defined 

include: the number of renewable energy sources, the inverter efficiency for each source, the 

nominal capacity of each component, the investment cost related to the installed power, the 

operation and maintenance costs for each component, the generator efficiency, the fuel price, 

the lower heating value (LHV) of the fuel, the number of cycles of the battery, the DOD and 

the charge and discharge time constraints and efficiency of the battery (Guidicini & Rinaldi, 

2018).   
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The objective function of the model, shown in equation 5, is the NPC defined as the NPC of 

each scenario weight on the probability of that scenario, where s stands for scenario. 

𝑂𝑏𝑗: 𝑚𝑖𝑛 (∑  

𝑠

𝑠=1

𝑁𝑃𝐶𝑠 ∗ 𝑃𝑠) 

[5] 

The NPC of each scenario is calculated as the sum of the investment cost, operation and 

maintenance cost, fuel cost and the loss of load cost, according to equation 6, where C stands 

for cost and r for discount rate. 

𝑁𝑃𝐶𝑠 = 𝐼𝑛𝑣 + ∑  

𝑌

𝑦=1

𝐶𝑂&𝑀 + 𝐶𝑠
𝑢𝑙 + 𝐶𝑠

𝐹𝑢𝑒𝑙 + 𝐶𝑠
𝑅𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡

(1 + 𝑟)𝑦
 

[6] 

The user is also required to set the maximum unmet load that is calculated according to 

equation 2 in chapter 2.5.1 (Guidicini & Rinaldi, 2018). 
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3. The process 

The wind speed and irradiance in El Espino was extracted from the simulations created by 

Etayo (2019) in a WRF model. The WRF model is a numerical weather prediction system, 

designed for both research and operational applications. In previous studies, the solar 

irradiance has been estimated with weather data and mathematical models (Balderrama et al., 

2017), but since Bolivia has a limited amount of measured meteorological data, the WRF tool 

was used to estimate the weather conditions in this study.  

 

The process with WRF is divided into three steps; pre-processing, solving and post-

processing. In the pre-processing step, the area of work is set, the physics models are defined 

and the size of grids and domains are determined. In the solving step the solver Advanced 

Research WRF (ARW) core uses measured data from NCAR (from the chosen study area) to 

simulate more points through interpolation.  

 

In this case, the size of the study area was set to 30x30 km, the coordinates used to define a 

point in the study area (latitude and longitude) was -19.17 respectively -63.15. To determine 

which height to extract the wind speed at (which would be the height of the wind turbines 

tower), a plot of the wind speed changing with the height at one random point in the study 

area was plotted, shown in Figure 9. The appropriate height was set to 26 m above ground 

level, since the wind speed in that height was over 13 m/s, and the average wind speed at 

lower heights was under 6 m/s which was considered to be too low to get a significant power 

output, as the working speed for the wind turbines are between 3-25 m/s (Livre Power, n.d).  
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Figure 9. The wind speed in different heights from WRF.  

 

When the wind speed had been estimated, the data was imported to Python version 3.7, to 

export the raw data to an excel file with an hourly time series over the year of 2018, since it 

was the year that the data was available from. In the raw data, the wind speed was presented 

in a U (east to west) and a V (north to south) vector. The equation 7 was therefore used to 

calculate the total wind speed, W, in the Python script. 

𝑊 =  √𝑈2 + 𝑉2 

[7] 

The wind turbines were found after searching the internet and discussing with people with 

knowledge in this area. Considering the size of the microgrid and the demand, it was decided 

that two relatively small turbines with a nominal capacity of 5 kW and 10 kW would be 

investigated. In the end, two turbines from the Portuguese manufacturer Livre Power, Lda 

were chosen, due to the fact that they had accessible information of the price, the power 

curve, and other information that was useful for this study. The wind turbines were modeled 

in Python, using data from the manufacturers and calculating the power curve for each 

turbine through polynomial regression with a degree of 6. To minimize the errors, conditions 

corresponding the cut-in and cut-out speed, representing the range of working speed, were set 

in the code and the power output of each turbine were obtained as a yearly time series.  

 

An already established optimization model MicroGridsPy, built by Sergio Balderrama et al., 

freely accessible on GitHub repository, was used to estimate the dispatched energy from the 

hybrid system including the solar panels and adding the wind turbines. MicroGridsPy 
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employes linear programming optimization, which was further explained in chapter 2.4.2. To 

run the program, three different Python libraries needed to be imported; Pyomo, Pandas and 

Matplotlib. Three different input files where needed to run the file, among them the wind 

power output, that was converted from the data collected using WRF. The input files were 

used for setting the techno-economic parameters of the components, the energy demand of 

the system and the yield of energy from one PV and from each wind turbine for the period of 

time. The parameter inputs, found in Appendix 1, were collected from Balderrama et al. 

(2017, 2018, 2019), standard values and from Sergio Balderrama that has been working with 

the hybrid system for years.  

 

The optimization for the system was first performed without adding the wind turbines, and 

then with adding the daily power output of the wind turbines. This was done two times for 

each scenario; one without defining the renewable penetration and thus letting the 

optimization calculate the optimal penetration, and one with the renewable penetration set to 

70 %. The second time the renewable penetration for the system was set to 70 %, since one of 

the main objectives during the planning of the system was to have 70 % of renewable energy. 

Another objective that was set to the microgrid was to have a battery capacity independency 

for one day, which was also used as an input in all optimizations (Balderrama et al., 2019). 

To minimize the energy curtailment in the system, a condition of the cost of the curtailment 

was set to 0.0001 USD/W, which makes it more economical beneficial to store the energy in 

the battery instead of wasting it. The lost load probability (LLP) was set to 5 %.  

 

Since the energy demand in the village had already been studied in Balderrama et al. (2018) 

for the period of 01/01/2016 to 31/07/2017, that data could be used as the demand input. The 

analyzed time was set to a year with the starting date 21/03/2016. Although the data for the 

demand and the wind speed was taken from different years, it could be used together since 

the demand constantly changes from year to year thus it will not affect the result as it is used 

as an example. The PV power output for the same period as the demand was available as a 

yearly time series in the example file in MicroGridsPy. Since the PV power output is 

dependent of the sun, which has a behavior that is relatively unchanged from year to year, the 

available PV data could be used in the optimization. 

 

The power output of the wind turbines was added to the already existing model and was used 

to size the system and find the optimal size and amount of wind turbines for this hybrid 
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system. Finally, the levelized cost of energy and the net present value of the system appeared 

as part of the result. Another three files with information about the hybrid system were 

created and stored automatically, containing information about nominal capacities for the 

components in the hybrid system, figures of the energy flow and other information.  
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4. Result 

This chapter presents the results for the wind speed in the study area El Espino, the power 

output for the modelled wind turbines and the results from the optimization performed with 

MicroGridsPy. 

4.1 Wind speed and irradiance 

The obtained wind speed at 26 m above the ground, for the year 2018, collected by the WRF 

model is presented in Figure 10, 11 and 12. Figure 10 shows the average wind speed, 

calculated for every hour of the day, for each month. The hourly values during the whole year 

varies from approximately 0 to 26 m/s but as seen in Figure 10 the highest average peak is 

closer to 10 m/s, which is in the month of July. It can be observed that the wind speed has a 

similar behavior during all months, except February and November, as it has the lowest 

average speed from around midnight until 8 AM, and thereafter it increases during the 

morning until it reaches its peak at around 6 PM. During February and November, the daily 

average wind speed appears to be relative plane as it roughly varies between 4.5 m/s to 7 m/s. 

 

 

 

Figure 4. The hourly average wind speed in El Espino for each month, year 2018. 

 

In the second graph (Figure 11), the hourly average wind speed for every hour of the whole 

year is presented. As can be seen, the wind speed is higher in the afternoon, compared to in 
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the morning. At 7 AM, the wind speed is at its lowest point at 5.54 m/s, thereafter it increases 

relatively fast, until it reaches its highest average speed at 7.9 m/s, between 6 and 7 PM. 

 

 

Figure 5. The hourly average wind speed in El Espino of the year 2018. 

 

In Figure 12, the average monthly wind speed is presented over one year. It can be observed 

that February, April and November have the lowest average wind speed that ranges between 

5- and 6 m/s. The highest wind speeds are generally obtained during the winter season, 

between the months of May to October, where August appears to be the month with the 

highest average wind speed just over 7 m/s.  

 

Figure 6. The monthly average wind speed in El Espino of the year 2018. 
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In Figure 13, the average monthly irradiance is presented over the year of 2018. It can be 

observed that the highest irradiance is obtained between September and February, which 

largely coincides with the Bolivian summer season that is between November and April.  

 

Figure 7. The monthly average irradiance for each month in El Espino of the year 2018. 

4.2 Power output 

The wind power output depends on the nominal capacity of the wind turbines, due to 

different power curves. In Figure 14 below, the daily average power output for the wind 

turbine HUMMER H6.4 - kW, respectively HUMMER H8.0 - 10 kW is presented over a 

year. As can be observed, the average power output is within a range of 1.2 kW to 3.4 kW for 

the smaller turbine and between 2.5 kW to 6.8 kW for the bigger one, where the lowest peak 

is in April and the highest peak is in November for both turbines.  

 

Figure 8. The daily average power output of the wind turbines Hummer H6.4 - 5kW and Hummer H8.0 - 10 kW. 
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The power output is calculated in average for each hour and presented in Figure 15 below. As 

can be seen, the curve is similar to the behavior of the wind speed, as shown in Figure 11 

above. In the morning, the output is relatively low, and around 7 AM, the output starts 

increasing until it reaches its peak around 7 PM. The lowest average power output per hour is 

1.62 kW respectively 3.4 kW, and the highest is 3.11 kW respectively 6.3 kW for the wind 

turbine with a nominal capacity of 5 kW, respectively 10 kW. 

 

Figure 9. The daily average power output of the wind turbines Hummer H6.4 - 5kW and Hummer H8.0 - 10 kW. 

The solar power output with a nominal capacity of 10 kW (40 units in total), is plotted 

together with the wind energy of the same nominal capacity in Figure 16. The graph shows 

that the wind turbine complements the solar energy, since the power output peeks at different 

times. The solar power output is highest during midday, while the wind is higher during the 

evening. When the solar PV is incapable of generating electricity, the wind turbines can do it, 

in fact, the wind turbines produces energy throughout the whole day, some hours less than 

others. 
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Figure 10. The hourly average power output of the wind and solar energy (using 40 units of as an example). 

4.3 Optimization 

The results of the optimizations performed with the LP model in MicroGridsPy are presented 

in Table 2 and 3. Table 2 presents the optimization performed without introducing the wind 

turbines to the hybrid system, with all the input data from the original system including data 

for the lead-acid battery. The major difference between using a 70 % renewable energy 

constraint is that the capacity of the solar energy increases, thus does the generator capacity 

decrease, and the battery is used almost 20 times more. The NPC and the LCOE of the 

system do also increase with the constraint of having 70 % renewable penetration. 

 

Table 2. The results from the optimization performed without wind turbines.  

Variable LP optimization without 

renewable penetration 

constraint  

LP optimization with 

renewable penetration 

constraint  

PV nominal capacity 

(kW) 

12.8 36.2 

Generator nominal 

capacity (kW) 

12.7 4.9 
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Battery nominal 

capacity (kWh) 

482.3 482.3 

NPC (Thousand USD) 398 442 

LCOE (USD/kWh) 0.605 0.673 

Curtailment (%) 0 0.6 

Battery usage (%) 1.5 33 

Renewable penetration 

(%) 

25.7 70 

 

Table 3 present the results from the optimizations with wind turbines, with the same data 

from the original hybrid system that was used for the results in Table 2. As can be seen the 

optimization estimated that only one 10 kW wind turbine would be suitable for the system. 

The battery capacity is sized as 482.3 kWh for all cases, due to the condition to have a battery 

independency for one day. The use of the battery increases when putting the condition of 

70 % renewable penetration just like in the results in Table 2. The NPC and LCOE are lower 

for both cases when using wind turbines compared to the two scenarios presented in Table 2.  

 

Table 3. The results from the optimization performed with wind turbines. 

Variable LP optimization without 

renewable penetration 

constraint  

LP optimization with 

renewable penetration 

constraint  

PV nominal capacity 

(kW) 

1.8 13 

Wind turbine 5 

nominal capacity (kW) 

0 0 

Wind turbine 10 

nominal capacity (kW) 

10 10 



40 

 

Generator nominal 

capacity (kW) 

8.3 6.1 

Battery nominal 

capacity (kWh) 

482.3 482.3 

NPC (Thousand USD) 378 388 

LCOE (USD/kWh) 0.575 0.590 

Curtailment (%) 0.6 0.5 

Battery usage (%) 6.0 15.9 

Renewable penetration 

(%) 

48.3 70 

 

Figure 17 and 18 demonstrate the energy dispatch during 24 hours of the 31th of August and 

the 30th of November, which are used as example days representing each season. The 

renewable penetration is set to 70 % in both cases. The legend wind turbine 1 stands for the 

energy from the 5 kW wind turbine and the legend wind turbine 2 stands for the energy from 

the 10 kW wind turbine.  

 

Figure 17 represents the energy dispatch the 31th of August, which is during the Bolivian 

winter season. The major energy sources that are used is the wind energy from the 10 kW 

wind turbine and the solar energy. The evening peak is mainly covered by the battery and the 

10 kW wind turbine, the genset only covers a small percentage. As can be seen, the state of 

charge of the battery drops when its delivering energy to the load and increases again during 

the morning until noon, as the solar and wind energy are delivering an energy surplus that 

charges the battery. The curve of the battery’s state of charge is continuous, which means the 

state of charge continues to drop the next day until the battery starts charging again. The 

evening peak is mainly covered by energy from the 10 kW wind turbine and the battery. 

There is no lost load this day, and only a small percentage of curtailment.  
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The energy dispatch, 31th of August

 

Figure 11. The energy dispatch during the 31th of August with a 70 % renewable penetration constraint. 

Figure 18 represents the energy dispatch during the 30th of November, which is during the 

Bolivian summer season. It can be observed, that the major energy sources that are used are 

solar energy and energy the genset. The wind energy from the 10 kW wind turbine is only 

delivering a small percentage of energy during the morning and evening. The lost load of the 

system is highest at the evening since the hybrid system is unable to meet the full evening 

demand.  
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The energy dispatch, 30th of November

 

Figure 12. The energy dispatch during the 30th of November with a 70 % renewable penetration constraint. 
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5. Discussion 

The results presented in Figure 10 and 11, show that the wind speed generally has its peak at 

7 PM, which is one hour after the sun normally sets. This indicates that the solar and wind 

power has a potential of complementing each other to cover the energy demand, and thus the 

penetration of renewable energy in the hybrid system could increase. As seen in 1.2.1, the 

demand has its peak late in the evening around 8 PM, and considering that the wind speed has 

its peak around 7 PM, wind energy could be a convenient solution to cover the evening 

demand, although a better result would be if the peak of wind speed and demand were at the 

same time, or to modify the consumer demand to off-peak hours. The latter, is called demand 

side management, and is done to reduce energy prices (Wu et al., 2015). This study also 

reveals that the average wind speed per month is higher during the winter season, and that the 

irradiance is higher during the summer season. This indicates that the two energy sources do 

not only complement each other daily, but also season wise. Although, this does not mean per 

se that the solar power output is proportional to the irradiance, some of the output is wasted 

which can lead to an offset curve, especially when looking at a daily average power curve 

(Balderrama et al., 2018). 

 

Considering the wind power output, the results are only based on two types of wind turbines, 

from the same manufacturer. One with a nominal capacity of 5 kW and one with the nominal 

capacity of 10 kW. As can be seen in Figure 15, the power output behaves like the wind, the 

higher the speed, the higher the output, with the requirement of that the speed ranges between 

3 and 25 m/s. Other wind turbines might have different features, with different operational 

ranges. This would affect the power curves, but not drastically. It could be more profitable to 

use a 10 kW wind turbine because of the wind conditions, since the wind speed is relatively 

high, which is one result of the altitude. One of the advantages is the price per watt, since the 

10 kW wind turbine is cheaper than 5 kW one. However, several small wind turbines could 

be a more suitable option, since it could increase the system flexibility (like replacing the 

generator with two smaller ones done in Balderrama et al, 2019).  

 

As for now, the current hybrid system wastes 10 % of the solar energy, adding another source 

could increase the curtailment, but at the same time reduce the diesel consumption since the 

period of time when the solar PVs are not able to meet the demand, the wind turbines could 

cover the gap. Another proof of that wind energy could be suitable in combination with solar 
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energy is shown in Figure 16. It presents the different power outputs for each source, and it 

shows that the peak for solar power is around 12 PM, and 7 PM for wind turbines. From 11 

PM to 7 AM, the power output is relatively low, but during this time, the energy demand is 

lower in the households as can be seen in Figure 2. It is important to consider that the number 

of solar panels and wind turbines are not optimal in Figure 16, since the optimization was not 

performed yet. However, it gives a good picture of the peaks of the power outputs when the 

nominal capacity of the sources is the same size.  

 

The results from the first optimization without the wind turbines show that the installed 

capacity of the solar PV’s and the generator, presented in Table 1, are oversized considering 

the demand. The nominal capacity of the existing PV’s is 60 kW, and the first optimization 

shows that 12.8 kW would be the optimal size in the scenario without any renewable 

penetration constraint. Same goes for the diesel generator that has the capacity of 58 kW in 

the real system, and is sized as highest to 12.7 kW in the same scenario. Although this was 

already proven in a study by Balderrama et al. (2018), where it was stated that the generator 

capacity of 58 kW was oversized considering the peak demand reached 25.3 kW. Even 

though the hybrid system appears to be oversized, it could be beneficial in the long run, since 

the energy demand generally increases over time. It is a natural phenomenon considering the 

development of technology, economic and population growth (Bakirtas & Akpolat, 2018).  

 

The results from the second optimization primarily show that one 10 kW wind turbine is the 

optimal turbine between the compared ones. The 5 kW turbine is not considered to be a 

suitable option for the hybrid system, which could be explained by the higher investment cost 

of 2.7 USD/W compared to 2.35 USD/W (10 kW wind turbine). When comparing the results 

in Table 2 and 3, it can also be concluded that the system would benefit from installing wind 

turbines from an economical point of view, as the NPC of the system without turbines was 

concluded to be higher than the system with turbines. This is because the operational costs of 

the wind turbines are lower than the costs of supplying the system with diesel or energy from 

the batteries, and the low operational costs of the turbines offset its larger investment cost. 

The obtained LCOEs from the optimizations with wind turbines (0.575 USD/kWh and 0.590 

USD/kWh) are also lower than the LCOEs for the system without wind turbines (0.605 

USD/kWh and 0.673 USD/kWh), but they are outside the LCOE range for isolated systems in 

Bolivia which is between 0.07 to 0.21 USD/kWh (Balderrama et al. 2019). This is important 

to consider since the population in rural areas generally have greater financial constraints 
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than the urban population in developing countries. Furthermore, it is important to mention 

that electricity in Bolivia has a subsidy and the cost of electricity in average residential rate, 

for both urban and rural, is 0.05 USD/kWh (Sauer et al. 2015). However, the LCOE 

presented in both Table 2 and 3 still goes in line with previous studies in the same field that 

had a LCOE that ranged up to 0.74 USD/kWh (Balderrama et al., 2019), which indicates that 

the optimized hybrid system is economically feasible.  

 

Since the goal of renewable penetration for the hybrid system was set to 70 % as mentioned 

in 1.4, the results in the right column in Table 3 presents the optimal sizes for the hybrid 

system, which includes one wind turbine with a nominal capacity of 10 kW, and 13 kW of 

solar PVs. This is also under the condition to have a battery independence for one day. The 

latter condition results in a battery capacity that is close to the one in the existing system, 

presented in Table 1, but as can be seen in Table 3, the battery is only used 15.9 % of the time 

which is because it is considered to be more economical to use the other energy sources.  

 

After setting a constraint for the curtailment to the model, the curtailment ranged between 0 

to 0.6 %. This result is more in line with how the system would look in real life, because it is 

considered to be more sustainable to have as little energy loss as possible. Without setting 

any condition, the battery usage would reduce and that would lead to a higher curtailment 

since it is better from an economic point of view. The first and second optimization indicates 

that more solar PVs are needed without any wind turbines, and it is influenced by the 

renewable penetration. The curtailment increases in the first case with higher renewable 

penetration, but decreases when adding the wind turbines. If the renewable penetration was 

set to 100 %, it would probably lead to greater nominal capacities of both solar PV and wind 

turbines, nonetheless more energy loss because the system would be less flexible. Both the 

NPC and LCOE are lower after adding a wind turbine, but that does not have to be the case 

with an even higher renewable penetration since adding more solar PV or wind turbines could 

increase the price. The usage and capacity of the battery would probably also increase, in 

contrary, no diesel genset would be needed with a 100 % renewable penetration. 

 

In Figure 17 and 18, representing the hybrid system’s energy dispatch during the Bolivian 

winter and summer season, several differences can be distinguished. For instance, the battery 

is used more during winter (Figure 17), partially because the high-energy surplus during 

midday goes to charging the battery, which is then used to cover part of the evening demand. 
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The major difference is the wind energy in Figure 18, which results in a greater lost load. 

That can be explained by looking at Figure 10 and 12, where it is clear that November had 

one of the lowest average wind speeds of all months and the average wind speed during the 

evening in November only reached a bit more than 6 m/s at its highest peak. August on the 

other hand, was the month with the highest average wind speed and an average evening peak 

over 9 m/s.  

5.1 Renewable energy and sustainability 

Reducing conventional use of fossil fuels has made different types of renewable energy 

sources to a hot topic among researchers. Two types that were studied in this report was wind 

and solar energy. The technologies for both sources have their benefits and limitations, and 

are suitable components in hybrid systems in a rural context. The main benefit they both 

share, is the fact that they are powered by an unlimited renewable source of wind and sun, 

they do not contribute to greenhouse gas emissions or other types of air pollution, and the 

environmental impact during operation is close to zero. On the other hand, harmful chemicals 

are used in the manufacturing process, and since both solar radiation and wind are not 

constant, it can be difficult to predict the power output. The inherent intermittency could 

cause problems to the village if, for example a natural disaster would occur and the weather 

would change drastically, leaving the people without electricity.   

 

The climate conditions and placement of the components can have a big impact on the 

efficiency, and thus the power output. Solar panels might require a big area of land, and need 

to be placed where direct beams of sunlight, diffuse and reflected radiation can reach them. 

This could be unethical if the area was taken from someone’s property. Clouds and shadows 

caused by other objects will lower the energy output, as well as the efficiency, which can also 

be affected by a high temperature. Same goes for wind turbines, where these have to be 

placed in an open area, on a high altitude. The sound and shadows created by the turbines 

could also affect the society in a negative way, making it less pleasant to live there. Concerns 

for the animals, such as birds, should also be taken into account, since they might get hurt 

from the rotating blades. Therefore, it is important to consider the village’s needs and 

preferences before introducing new technologies, from an ethical and sustainable point of 

view. Moreover, it would be unethical if the incitement to introduce more renewable energy 

to the village was to reach the goal to reach 183 MW of renewable power generation, set by 
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to government of Bolivia, without considering the social and cultural aspects of the 

community. Although, this report has revealed that the wind and solar energy are suitable 

complements to each other, since the peak of power output are at different times for the 

different energy technologies. The solar PV generates most electricity during the day, when 

the radiations is the strongest, and wind energy peaks at 7 PM, when the energy demand is 

the highest. Since the electricity is directly converted from solar and wind energy, a battery 

bank would work as a good storage system for the microgrid. 

 

There are different types of solar cells, and many types of batteries and wind turbines, which 

is important to consider, because the different features might have a big impact of the results. 

So far, polycrystalline solar cells dominate the market, although monocrystalline cells have a 

higher efficiency, giving them a competitive advantage over other types of solar cells. One 

aspect to keep in mind is that the efficiencies are based on optimal conditions. Polycrystalline 

cells are better at withstanding external influences such as shadows and high temperatures. 

Many improvements in the technology are being made for all types of solar cells 

(Nimmermark, 2014). This results in driving the price down, as for now, polycrystalline cells 

are cheaper than mono, but if manufacturers start to invest more in monocrystalline cells, it 

could lead to the opposite. From an economic point of view, it is important to consider the 

lifespan, because it is cheaper to invest in polycrystalline cells, but in the long run it could be 

more expensive due to lower efficiency and a shorter life time. A longer lifetime could also 

be better from an environmental point of view, however polycrystalline cells have a lower 

impact on the environment during the manufacturing process as a result of less silicon waste. 

This study lack the evidence of which type of solar cell that is the most suitable for the 

microgrid, nevertheless which is better for the environment in a longer perspective.  

 

As for the batteries, a study of Balderrama et. al (2019) compared using lithium batteries 

instead of lead-acid in the hybrid system. The initial cost of lead-acid batteries is lower, but in 

a longer perspective it is more sustainable to invest in lithium batteries. Compared to its 

competition, lithium batteries are newer on the market and because of its popularity and 

beneficial features, the technology is developing at a rapid pace, and initial costs are 

reducing. Although, it might be more harmful to extract lithium and the metals needed for 

those batteries compared to lead acid. Also, it might be more environmentally friendly and 

cheaper to recycle lead acid batteries due to its longer establishment on the market (Diouf & 

Pode, 2015). 
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Introducing wind turbines to the hybrid system is a single case study and it rises concerns 

about reliability, replicability and objectiveness of the research. A limitation of this study is 

that the costs are calculated with respect to new products, when operating is optimal. 

Nonetheless, all technical appliances will lose efficiency over time. The lifetime will be 

lowered when the DOD of lead-acid batteries are too deep, as well as them not getting fully 

charged. But it is not taken into account if the different components will lose efficiency over 

time or that they have different life expectancies.  

 

Bolivia's development mainly focuses on social and economic development but in recent pilot 

project, such as the project in El Espino, the environmental aspect has also been considered 

by integrating renewable energy in the energy system. Sustainable development is almost 

always seen in terms of these three dimensions and often these three factors need to be weight 

against each other (Kuhlman & Farrington, 2010). Since electrification has a significant 

impact on the social factor that has been the fundamental factor in this study. Furthermore, 

the environmental and economic aspects has been weight against each other, and it was 

proven that it does not always have to be a trade-off between them. In this study, the hybrid 

system with a more diversified renewable penetration was proven to be more economical 

than the hybrid system with only one renewable source (solar PV’s and a diesel genset). That 

implicates that, even though sustainability often includes trade-offs between these factors, it 

could also include synergies that could reinforce sustainable development. 

 

This study has focused on a microgrid in a rural village in Bolivia. However, many of the 

lessons learned could be applied in other off grid systems. As mentioned in the literature 

review, the number of renewable energy systems are increasing in the country. Other 

microgrids in rural areas and projects in the future, could benefit from the MicroGridsPy 

model and conclusions in this report. It could also broaden the knowledge base of working 

with renewable energy technology in Bolivia, and develop the ability to analyze appropriate 

solutions for energy systems in order to achieve a sustainable development. 

5.2 Sensitivity 

Various techno-economic inputs were used in the optimization model MicroGridsPy. After 

running the program, it was discovered that many factors would change the results 
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considerably. For example, the diesel price is one of the variables that contributes to the 

sensitivity of the system. The price is more subsidized for rural microgrids under certain 

conditions, as mentioned in 2.2.2, but using that price could have increased the use of diesel 

in the system as it would appear to be more economical beneficial which is why the general 

subsidized price of 0.54 USD/l were used. If the government would stop to subsidize the 

diesel in general the results would be affected, which is important to consider in future 

scenarios. It was also discovered that changing the smaller wind turbine’s (5 kW) investment 

cost to the same as for the bigger turbine (10 kW), the optimal hybrid system would include 

one of each turbine instead of just one big. It is known that bigger wind turbines are more 

cost effective than smaller (Earthwiseradio, 2019), but this indicates that the program is 

sensitive to costs, and chooses the option that has a lower cost. The investment costs of the 

components do also affect the energy mix. Moreover, it should be noted that some of the 

economic inputs used, where estimated from literature sources e.g. maintenance and 

operational costs which could lead to a misleading result. To avoid any results of bias, those 

costs were set to the same percentage for all of the renewable energy sources. Other 

parameters that has an impact on the results are the curtailment cost, the lost load condition 

and the renewable penetration condition. As can be seen in the right column in Table 2 and 3, 

the nominal capacities of the components differ with and without a renewable penetration 

constraint.  
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6. Conclusions and future work 

The main aim of this study was to evaluate the impact of adding wind turbines to the 

microgrid installed in El Espino. The wind speed was studied and it can be concluded that the 

lowest wind speed is during the months of November to April, and the highest is from May to 

October. The same conclusion applies to the wind power output, since it is proportional to the 

wind speed. In contrary, the highest irradiance is from September to February, and the lowest 

is during the months of March to August. The wind power output, peaks in the evening, when 

the energy demand is high, while it is relatively low during the morning and day, when the 

irradiance is higher. 

 

During the course of this work, it was proven that wind energy is a feasible technology for 

rural electrification. It was found that it is both economically and environmentally beneficial 

to add wind turbines to the studied hybrid system in El Espino. A higher capacity of solar PV 

and genset is needed without wind turbines, as well as more battery usage, which would 

result in a more expensive system. With the wind turbines, the values of NPC and LCOE of 

the system are lower, and the diversified renewable penetration is higher. Furthermore, it was 

concluded that wind and solar energy are suitable complements to each other in the specific 

study area, since they complement each other both season wise and daily, which could also 

contribute to increase the reliability of the renewable technologies in the system.  

 

The optimization showed that the optimal wind turbine for the hybrid system, between the 

compared ones, would be a 10 kW turbine. Moreover, it was concluded that it could be worth 

to investigate even smaller wind turbines to increase the flexibility of the system. Another 

conclusion from this study is that the used software MicroGridsPy is sensitive to the 

economical parameters. Also, the NPC and LCOE obtained in this study were concluded to 

be acceptable values compared to real life situations and other studies. 

 

For future work, it could be interesting to evaluate other configurations of the microgrid, 

change other components such as, mono-crystalline cells instead of polycrystalline, and 

optimize the system with a higher renewable penetration. Other renewable technologies could 

also be added to the system, and a study of the demand evolution and how it affects the sizing 

methodologies for the energy systems would be meaningful. There are many rural areas in 

developing countries, and many areas that struggles with an unreliable power supply. This is 
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an important topic that requires more attention in future research, hopefully Bolivia will reach 

universal electricity access in the country by 2025. 
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Appendix 1 

 

Parameter in data.dat Value Unit Source 

Periods 8760 

Time 

steps  

Start Date 21/03/2016   

Project life time 20 Years (Balderrama et al., 2019) 

Battery investment 

cost 0.44 USD/Wh (Balderrama et al., 2019) 

Battery electronic 

investment cost 0.222 USD/Wh (Balderrama et al., 2019) 

Maintenance and op 

cost battery 0.015  (Balderrama et al., 2019) 

Discount rate 0.12 % (Balderrama et al., 2019) 

Discharge battery 

efficiency 0.95 % (Balderrama et al., 2019) 

Charge battery 

efficiency 0.95 % (Balderrama et al., 2019) 

Depth of discharge 0.5 % (Balderrama et al., 2019) 

Value of loss load 0.0003 % (Balderrama et al., 2019) 

Maximum battery 

discharge time 4 % (Balderrama et al., 2019) 

Maximum battery 

charge time 4 % (Balderrama et al., 2019) 

Battery cycles 1200 

this is 

related 

to SOC. (Balderrama et al., 2019) 

Battery initial SOC 0.691 % (Balderrama et al., 2019) 

Scenarios 1   
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Renewable sources 3   

Renewable nominal 

capacity solar 250 W (Balderrama et al., 2019) 

Renewable nominal 

capacity wind 5 5000 W  

Renewable nominal 

capacity wind 10 10000 W  

Renewable solar 

investment cost 1.5 USD/W (Balderrama et al., 2019) 

Renewable wind 

investment cost 5 2.7 USD/W 

Calculated from the price from the data 

sheet (13588 USD/5000 W) 

Renewable wind 

investment cost 10 2.35 USD/W 

Calculated from the price from the data 

sheet (23527 USD/10000 W) 

Inverter efficiency 

solar 1  

Since the power output is measured 

after the inverter 

Inverter efficiency 5 

kW 1  

Since the power output is calculated 

from the power curve 

Inverter efficiency 

solar 10 kW 1  

Since the power output is calculated 

from the power curve 

Maintenance and op 

cost solar 0.015  (Balderrama et al., 2019) 

Maintenance and op 

cost 5 kW 0.015  (Manwell et al., 2009) 

Maintenance and op 

cost 10 kW 0.015  (Manwell et al., 2009) 

Nr of generator 1   

Generator inv cost 1.48 USD/W (Balderrama et al., 2019) 

Maintenance cost 

generator 0.045  (Balderrama et al., 2019) 
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Fuel cost 0.68 USD/l 

(0.14 for transport + 0.54 subsidized 

price, Balderrama et al., 2019) 

Generator efficiency 0.314 % (Balderrama et al., 2019) 

LHV 9890 kWh/l (Balderrama et al., 2019) 

Scenario weight 100 % Only one demand scenario 

    

Parameter in Python Value Unit  

Renewable 

penetration 0 and 0.70 %  

Battery 

independency 1 Days  

LLP 5 %  

Curtailment unitary 

cost 0.0001 USD/W  
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