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Abstract

Simulation and Optimization of a Hybrid Renewable
Energy System for application on a Cuban farm

Malin Frisk

This paper presents an analysis of the feasibility of utilizing a hybrid renewable energy
system to supply the energy demand of a milk and meat farm in Cuba. The study
performs simulation and optimization to obtain a system design of a hybrid renewable
energy system for application on the farm Desembarco del Granma in the Villa Clara
province in the central part of Cuba, for three different cases of biomass availability.
The energy resources considered are solar PV, biogas, and wind. A field study is
carried out to evaluate the energy load and the biomass resource available for biogas
production of the farm Desembarco del Granma, and the feasibility of biogas
electrification is evaluated for the three different scenarios of biomass availability. The
field study methodology includes semi structured interviews and participant
observation for information collection.

The farm Desembrero del Granma is estimated to have a scaled annual average
electrical load of 264 kWh/day with peak load 26.34 kW, while the scaled annual
average deferrable load of the farm was estimated to be 76 kWh/day with a peak load
16 kW. The thermal load was find to consist primarily of energy for water heating and
cooking. The thermal demand for cooking was estimate to be 4.5 kWh per day, while
the thermal load for water heating was not estimated. The thermal energy need for
water heating is assumed to be provided for by solar thermal energy, and is not
included in the energy system models of this study. For the modeling, the thermal
demand for cooking is assumed to be provided by combustion of biogas.

System simulation and optimization in regard to energy efficiency, economic viability
and environmental impact is carried out by applying the Hybrid Optimization Model
for Electric Renewables (HOMER) simulation and optimization software tool. For two
of the biomass scenarios, the optimized energy systems received in HOMER were
identical; hence only two biomass scenarios were analyzed. The first one represents
the current biomass collected and the biogas production capacity of the farm
(including the one not yet utilized), and the second one represents the amount of
biomass available if the animals would be gathered in the same place all of the time. A
PV-wind hybrid energy system with 100 kW PV installed capacity, 30 kW wind power
installed capacity consisting of 10 wind turbines of the size 3 kW, a battery bank of
100 batteries (83.4 Ah/24 V), and a 100 kW inverter is considered the most feasible
solution for the current biomass scenario. For the increased biomass scenario, a
PV-biogas hybrid energy system configuration of 5 kW PV installed capacity, a 60 kW
biogas generator, and an inverter of the size 10 kW is considered the most feasible
option. Biogas electrification is shown to not be economically feasible for the current
biomass scenario during the conditions modeled in this study, but for the increased
biomass scenario biogas electrification was shown to be a feasible option. If the farm
would build more biodigestors, biogas electrification could thereby be effective from a
financial point of view.
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Populärvetenskaplig Sammanfattning  

Denna rapport presenterar en studie med syfte att modellera, simulera och optimera ett 

hybrid-energisystem med produktion av förnybar energi för att tillgodose energibehovet 

för en mjölk- och köttproducerande bondgård i närheten av staden Santa Clara i centrala 

Kuba.  

Utveckling och tillämpning av teknik för hållbar utveckling av landsbygdsområden i 

utvecklingsländer är nödvändig för att öka graden av mänsklig utveckling samt minska 

den brist på energi och livsmedel som många av dessa områden i världen står inför idag. 

Kuba är ett land med en jordbrukssektor som levererar långt under sin potential och 

matsäkerhet är en strategisk prioritering för landets regering. Så är även en ökad 

användning av förnybar energi som ett sätt att öka tillgången på elektricitet för 

landsbygden, öka effektiviteten i landets matproduktion samt minska energisektorns 

stora beroende av importerade fossila bränslen. Ett sätt för Kuba att åstadkomma en 

integrerad lösning på dessa problem är att nyttja mer av den stora potential för 

energiproduktion från sol, vind och biomassa som finns tillgänglig i landet.  

Hybrid-energisystem är ett sätt att tillämpa teknik för att öka försörjningstryggheten och 

förmågan att möta energibehov med produktion av förnybar energi. Hybrid-

energisystem innebär en kombinerad användning av två eller flera energiformer för att 

erhålla ett mer effektivt och tillförlitligt system. Systemformen är känd för att kunna 

minska den totala energianvändningen och miljöpåverkan från systemet samt ge en mer 

tillförlitlig energiförsörjning än ett system baserat på bara en energikälla. Att använda 

biomassa som en av resurserna i ett hybrid-energisystem ger även en 

energilagringsmöjlighet. Tillämpning av hybrid-energisystem bestående av olika 

kombinationer av sol, vind och biomassa har i flertalet tidigare studier visat sig vara 

framgångsrik för elektrifiering av  landsbygdsområden i många olika delar av världen. 

Det finns starka indikationer för att detta skulle passa även på Kuba.   

Denna studie utför simulering och optimering för att erhålla en design av ett hybrid-

energisystem för applikation på bondgården Desembarco del Granma i provinsen Villa 

Clara i centrala Kuba, för tre olika scenarior avseende tillgänglighet av biomassa. De 

energikällor som övervägs i studien är sol, vind och biogas. En fältstudie har 

genomförts för att utvärdera energibehovet samt tillgången på biomassa för 

biogasproduktion på bondgården, samt lämpligheten för att använda biogas för 

elektrifiering för tre olika scenarior av tillgänglig mängd biomassa. Fallstudiemetoden 

inkluderar semistrukturerade intervjuer och deltagande observation för datainsamling. 

Simulering och optimering av systemet med avseende på energieffektivitet, ekonomiska 

bärkraft samt miljöpåverkan genomförs genom tillämpning av simulering- och 

optimeringsverktyget Hybrid Optimization Model for Electric Renewables (HOMER). 

För två av scenarierna avseende tillgänglig mängd biomassa är de optimerade systemet 

erhållna av HOMER identiska, varför bara två scenarior för tillgänglighet av biomassa 

analyseras. Det första representerar den nuvarande tillgängligheten av biomassa för 
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biogasproduktion medan det senare representerar den mängd biomassa som finns 

tillgänglig om gårdens djurhållning skulle ske på ett optimalt sätt med avseende på 

möjliggörande av insamling av biomassa. För scenariet med nuvarande tillgång av 

biomassa föreslås ett PV-vind hybrid-energisystem bestående av 100 kW solceller, 30 

kW vindkraft, en batteribank med 100 batterier (83.4 Ah/24 V) och 100 kW invertering. 

För scenariet med ökad tillgång av biomassa föreslås ett PV-biogas hybrid-energisystem 

bestående av 60 kW biogas generator, 5 kW solceller och 10 kW invertering. Studien 

visar att användande av biogas för elektrifiering inte är ekonomiskt bärkraftigt scenariet 

med nuvarande tillgång av biomassa men att det är ett passande alternativ scenariet med 

ökad tillgång av biomassa. Studiens resultat indikerar att de föreslagna hybrid-

energisystemen kan bidra till att öka användingen av förnybar energi i Kubas energimix, 

öka produktiviteten inom jordbruket samt minska energisektorns importberoende.  
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PV Photovoltaic 

TOE Tonnes of Oil Equivalent 

UCLV Universidad Central de las Villas  

WPD Wind Power Density  

  



5 
 

1. Introduction 

Access to energy (thermal and electrical) is central for the fulfillment of basic human 

needs such as access to clean water, sanitation, and healthcare (International Energy 

Agency, 2011). United Nations Development Progamme has brought to attention the 

relationship between a country’s electricity usage and its human development, showing 

that the more electricity a country consumes per capita, the higher human development 

index it has (UNDP, 2012). Yet 1.2 billion people lack access to electricity today, and 

more than 2.7 billion people lack access to clean cooking facilities, a majority of whom 

are living in rural areas of developing countries, according to the International Energy 

Agency (IEA) (2016d).  

A major issue in regard to energy poverty is the consequence of insufficient access to 

food, since energy is a central element of food production. Increased access to energy in 

rural areas can contribute to agricultural development and a secure access to food, by 

increasing productivity in the food sector. The Food and Agriculture Organization of the 

United Nations (FAO, 2012) suggest that introduction of renewable energy-smart 

agrifood systems can move rural areas out of energy poverty and help achieving goals 

related to national food security, climate change and sustainable development. It is 

obvious that development of affordable energy technologies for application in rural 

regions with energy poverty is a very important step in enabling fulfillment of basic 

human needs, secure access to food, and sustainable economic and social development 

world wide.  

Cuba, which is in focus of this study, has an agricultural sector operating way below its 

potential, and food security is a strategic priority for the government, according to the 

International Fund for Agfricultural Development (IFAD, 2016). Approximately 19 % 

of the Cuban labor force is employed in the agricultural sector and even so, the country 

is importing around 80 % of the food for the basic consumption of the population (Rural 

poverty portal, 2014). There is a significant need of increasing the energy input in the 

rural sector to enable the efficiency of the food production to increase and result in 

improved living standards for the people in Cuba. There is as well a need to increase the 

proportion of renewable energy in the electricity generation mix of Cuba, since it is to 

95 % dependent on use of fossil fuels, a majority of which are imported (IEA, 2016c).  

Due to the well known drawbacks of fossil fuels, such as limited access, ending deposits 

and negative impacts on the climate and the environment, renewable energy 

technologies are proposed as more feasible for fulfilling the electricity and thermal 

energy needs of rural areas that are not yet electrified. Renewable energy sources are 

attractive for many applications due to their advantages of being continuous, pollution 

free, and some of them globally available (such as solar and wind). Solar insolation, 

wind energy, and biomass from livestock are three renewable energy resources available 

in large quantities in most rural areas of developing countries (Rahman et al, 2014), so 

also in Cuba (Suarez et al, 2016). Solar Photovoltaic (PV) have become a successful 
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growing source of energy in rural areas world wide (Eziyi and Krothapalli, 2014), and 

the use of biomass energy is suggested as a way to better integrate food and energy 

production in order to disconnect food prices from the variable prices of oil (FAO, 

2012). Wind power is the renewable energy resource growing the most in the world 

today, and it is shown to be favorable to use in rural areas for off grid application (IEA, 

2015; IEA 2013). A problem with the solar and wind energy resource is that the 

available energy is intermittent, meaning it is not continuously available due to factors 

outside direct control. Using these renewable energy resources to separately meet 

electricity and thermal energy demands of rural areas is therefore not feasible (Rahman 

et al 2014), and proposed is instead the use of hybrid renewable energy systems, 

combining the resources to meet the energy demand.  

Hybrid renewable energy systems consist of multiple conversion devices and are known 

to have great potential to provide a more reliable power supply than a system based on a 

single source, since problems of the individual energy sources can be mitigated when 

combined (Fahmy et al, 2014; Eziyi and Krothapalli, 2014). The use of hybrid energy 

systems has been shown to have great potential to optimize the power supply, especially 

in rural areas (Sinha and Chandel, 2014). Hybrid energy system combining solar or 

wind energy with biomass energy by integrating a PV-system or wind generics with a 

biogas production system has shown to be effective in regard to energy efficiency, 

financial viability, and environmental impact (Misha et al, 2016; Bhatti et al, 2015; 

Sigarchian et al, 2015; Singh et al, 2015; Eziyi and Krothapalli, 2014; Fahmy et al, 

2014; Khare et al, 2014; Kumaravel and Ashok, 2012; Balamurugan et al, 2009).  

To obtain a sustainable way for Cuba to improve efficiency in the agricultural sector 

and to integrate more renewable energy in the electricity generation mix, small-scale 

hybrid energy systems combining solar PV, biogas, and wind for application on rural 

farms might be a suitable solution. The main purpose of this study is to simulate and 

optimize such a system for application on the Cuban farm Desembarco del Granma, 

situated in the province of Villa Clara in the central part of Cuba, to find the best suited 

hybrid system configuration to overcome the constraints of system reliability, economy 

and environmental issues related to decentralized electrification. Since 2,406 cows and 

70 pigs produce manure at the farm, potential for biogas production exist. The potential 

for solar power production in Villa Clara is significant, and the province has wind 

potential classified as moderate to excellent (Käkönen et al, 2014). Evaluating the 

potential of different combinations of solar, biogas- and wind energy production on the 

farm would be an important step in finding sustainable energy strategies to fulfill the 

gap between the farm’s demand and supply of energy. When making such an 

evaluation, energy efficiency and economic viability is essential perspectives for the 

analysis, to meet the energy need at a cost as low as possible. Since it is also important 

to avoid environmental problems related to the production and use of energy in order 

for a local, national, and global sustainable development to be obtained, an 

environmental perspective also needs to be applied to minimize the environmental 

impact of the system.  
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In this study, a numerous of different system configurations consisting of the energy 

resources of solar PV, biogas, and wind are simulated and optimized in terms of system 

component sizing. The system optimizations are carried out by applying the Hybrid 

Optimization Model for Electric Renewables (HOMER) simulation and optimization 

software tool, which takes in consideration the energy efficiency, economic viability 

and environmental impact.  

1.1 Research Objectives 

The main purpose of this study is to simulate and optimize a system design of a hybrid 

renewable energy system for application on the Cuban farm Desembarco del Granma, 

considering the resources of solar PV, biogas, and wind. A case study is performed to 

evaluate the potential of energy systems for all the possible combinations of these 

resources to meet the energy load of the farm. To evaluate the systems performance for 

different combinations of the resources, different configurations are modeled and 

optimized.   

The main objectives of the study are: 

 To evaluate the energy load of the farm Desembarco del Granma 

 To evaluate the biomass resource available for biogas production on the farm 

 To model and optimize a hybrid renewable energy system’s performance in 

supplying the energy need of the farm in regard to energy efficiency, financial 

feasibility, and environmental impact, for three different scenarios of biomass 

resource availability and use 

 To evaluate whether biogas electrification is feasible for three scenarios of 

biomass availability  

The selection of the energy resources used in the systems is based primarily on their 

high availability on the studied location, and their feasibility to be use in a hybrid 

energy system. Solar, biomass, and wind are recognized to have the highest social, 

economic, and environmental benefits of the renewable energy sources existing (Zhao et 

al, 2015), and also to be the most feasible to combine to use in a renewable hybrid 

energy system for electricity generation (Baredar et al, 2010). Also, a hybrid energy 

system usually combines resources that can counteract each others weaknesses 

(Gonzalez et al, 2015), and since biogas is a controllable energy source which can 

compensate for the intermittence of the solar and wind energy, using it for 

electrification can reduce the installed storage capacity requirements of the system.  

1.2 Limitations and system boundaries  

The system investigated in this study is defined by the facilities of the farm Desembarco 

del Granma and the energy use and production associated with the activities taken place 

within the geographical area of the farm, by the people working there. The study 

focuses on establishing a so called stand-alone system for the farm to become self 
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sufficient in regard to energy. The hybrid energy system is modeled to serve the 

electrical load and is combined with a suitable way of supplying the thermal demand. 

The system includes is a grid connection only used for selling excess electricity 

produced by the farm. In the modeled scenario, the farm does not use any electricity 

from the grid, since it has a goal set on being self sufficient in regard to energy.  

The hybrid renewable energy system’s resources consist only of biogas (from 

agricultural manure waste), solar electricity (PV), and wind, since these are considered 

to have the biggest potential to provide energy within the studied area. Other renewable 

energy sources like hydro energy and other use of biomass for energy production could 

be of interest for other locations or types of farms. For example for a crop producing 

farm which is not holding cattle, the conversion of biomass into other biofuels could be 

of interest. No other substrate than agricultural manure waste is included in the biomass 

resource considered in the study, since it is the primary biomass resource available at 

the farm. There are some animal food residues at the farm that might be utilized for 

biogas production as well, but the potential is estimated to be much smaller than for the 

manure. Investigating the potential for secondary sources of biomass would be of 

interest for estimations closer to the system implementation.  

The electrical load of the farm accounts for the demand of all electronic equipment 

utilized at the farm, as well as for the demand of an electrical milking machine not yet 

in place but planned for. It also includes the electricity needed to substitute the diesel 

used for water pumping and irrigation. The thermal demand includes the energy 

required for cooking for the farm workers. Since the farm has a need to find a 

sustainable use of the biogas produced from managing the animal manure, and since 

combustion of biogas is its most energy efficient application, biogas burning for 

cooking application is selected. If it shows to be very economically feasible to use the 

biogas for electrification, investigating other ways of supplying the cooking thermal 

energy demand would be a good idea. In all biomass availability scenarios, the supply 

of the thermal load for cooking by biogas combustion is accounted for in the step before 

the simulation and thereby incorporated in the system model, without being represented 

in the HOMER analysis. The modeling is set up this way because of limitations of the 

HOMER software regarding simulation of thermal energy supplied by biogas. What is 

not accounted for in this study in terms of energy load is the energy required to heat up 

water for sanitary purposes and production of artificial milk. The reasons for this is that 

the most suitable way of supplying the energy demand for water heating is assumed to 

be by solar thermal energy (very commonly used for this purpose in Cuba), not possible 

to model with the HOMER tool. Since the solar thermal energy is not part of the hybrid 

energy system for electricity generation, this does not affect the modeling or simulation 

results. In the hybrid energy system model, the energy resources are only applied for 

electricity production and not for providing thermal or mechanical energy.  

Since the focus of the study is to combine electricity generating technologies using 

renewable energy sources to meet the overall energy demand, isolated small scale 
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technology solutions will not be evaluated in this study, even though they might be of 

interest for other scenarios of energy supply solutions of the farm. There are for 

example other technical solutions existing for using renewable energy for water 

pumping, such as solar PV pumps or pumps driven by a wind turbine or a wind mill. 

Since this study focuses on establishing a micro grid for the electricity production of the 

farm, this kind of solutions are not considered.     

Since this is a study focusing on energy systems, the agricultural production systems of 

the farm are not included. Discussions about approaches to keep animals are not 

incorporated in the study, hence the only aspect of how animals are kept of interest is 

the time spent gathered together in the same place in order for the available biomass to 

be maximized. The logistic system of biomass collection if not researched either. 

Collection of biomass for biogas production is a logistic process and the biomass-to-

energy supply chain can be set up in diverse ways that can result in different costs, 

energy use and emissions of greenhouse gases (Na Liu, 2016). For the increased 

collection of biomass set up as a scenatio in this study, it is likely that logistics has to be 

changed at the farm which could possibly lead to increased energy use. This is not 

accounted for in the calculations of the study, since it is considered to be outside the 

area of research.  

Regarding utilization of animal manure for biogas production, a cooperatively owned or 

centralized system for collection of biomass to a bigger biogas production unit might be 

a more economical and energy efficient solution than the case of each farm having its 

own small scale biodigester. This scenario is however not included in this research, 

since the scope of the study is limited to the one specific farm only, providing self 

sufficiency of energy regardless of circumstances outside the farm. A cooperative or 

central system would be relying on factors regarding organization of actors that is not 

investigated in this case study. Evaluating the prerequisites, design and efficiency of a 

larger system consisting of paired farms as units of energy production would be a 

subject for future studies.  

The environmental analysis of this study considers the emissions of the greenhouse gas 

carbon dioxide CO2 of each energy system configuration, as well as a discussion about 

their local environmental impact. A lifecycle perspective is not included in the 

environmental analysis, which means that if an analysis of the environmental impact of 

each energy system component from a “from cradle to grave” perspective would be 

added, the statements of which system is the most preferable from an environmental 

point of view might bee different from the ones made in this study.   

1.3 Disposition  

This report consists of 6 main parts, excluded the introduction chapter. An overview of 

structure and disposition of the thesis is presented in Figure 1.  
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Figure 1. Disposition of the report and content of the different chapters 

The background chapter provides the context of development of energy 

technology in Cuba, to provide an understanding of the problem 

formulation and the context of the study. A countryprofile and historical 

overview of Cuba is presented, as well as information about Cuban 

production and use of electricity, and the utilization and development of 

renewable energy technology.  

The theory chapter provides the technological theory relevant to the 

sturyby presenting the renewable energy technology applied. Previous 

research in the field of hybrid renewable energy system and PV-biogas-

wind hybrid renewable energy systems are summarized, and the 

technology and utilization of PV, biogas and wind energy technology is 

described. 

 

Background: 

The context of 

energy in Cuba 

 

The methodology capter presents the research methodology of the 

study. A modeling methodology overview, with a presentation of the 

case study methodology and means of data collection is carried out. The 

studied area is presented with estimation of the available biomass.The 

system simulations and optimization and of the HOMER software and 

its simulation algorithm is described. Last, a description of the system 

modeling, simulation, and optimization and the data used is carried out.  

In the modeling chapter, the system architecture, the input resource data 

and component data used are presented. The HOMER simulations and 

optimizations of the system scenarios are carried out. The results are 

illustrated and the proposed optimal system designs for each biomass 

availability scenario are presented and discussed.  

In the discussion chapter, the study results are viewed from the broader 

perspective. First the feasibility of the system from the perspective of 

the farm is discussed, and then the results are put in the context of 

energy and food in Cuba. A methodology discussion is held and 

suggestions for future studies are made.  

 

Theory: 

Renewable 

energy system 

technology 

 

 

Research 

methodology and 

data 

 

 

Results and 

analysis 

 

 

Discussion 

 

In the final chapter, conclusions are drawn from the obtained results as 

well as from the experiences of the study as a whole.  

 

 

Conclusions 
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2. Background 

This chapter provides a summary of the Cuban energy context, as the background of the 

problem formulation. Understanding the possibilities, obsticles, and development of the 

Cuban energy sector related to the problem formulation of this study requires 

knowledge about the historical energy context of the country, as well as the current 

situation in regard to imports, exports, international relations, energy production, and 

renewable energy use and development.  

2.1 Country profile  

Cuba is a 110 000 square kilometer big island, situated between the Caribbean Sea and 

the North Atlantic Ocean (Central Intelligence Agency, 2016). The neighboring 

countries are the United States in the north, Haiti in the east, Jamaica in the south, and 

the Yucatan Peninsula in the west. The land is mainly plain, but there are a few 

mountains in the east, west, and centre of the island. The climate is subtropical humid, 

with an annual average temperature of 25 degrees Celsius in the summer and 20 degrees 

Celsius in the winter, and an annual avergage relative humidity of 78% (Suárez et al, 

2012). In figure 2, the location of Cuba is illustrated.  

 

 Figure 2. The location of Cuba (Wikimedia Commons, 2016) 

Cuba is a nation with 11.3 million inhabitants (IEA, 2016b). More than one third of the 

population is rural, since 77.1% of the population is considered urban according to the 

Central Intelligence Agency (CIA, 2016). The proportion of the urban population has 

increased as a result from processes of transformations within healthcare, education, 

employment policy, and the participation of women in the economic arena (Suárez et al, 

2012). 18.6% of the employed workforce in Cuba works in the agricultural sector, 

17.2% within industry and 64.2% within services and others, according to the United 

Nations (UNdata, 2016).  

http://www.sciencedirect.com.ezproxy.its.uu.se/science/article/pii/S1364032112001177
http://www.sciencedirect.com.ezproxy.its.uu.se/science/article/pii/S1364032112001177
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Cuba's major exports are raw suger, refined petroleum, rolled tobacco, hard liquor, and 

raw nickel, and the top export destinations are China, Netherlands, Spain, Senegal, and 

UK, according to Organisation for Economic Co-operation and Development (OECD, 

2014). Cuba's major imports consist of nonagricultural products (79% of the total 

import), where crude oil stands for the majority, and refined petroleum, motor vehicle 

parts, and chemicals are other large import groups. Cuba is heavily dependent on food 

import, since 80 % of all food consumed in the country is imported. The major food 

imports are wheat, concentrated milk, corn, and poultry meat. The primary import 

suppliers are Venezuela, the European Union, and China, together accounting for 69 % 

of total Cuban imports in 2014, according to United States Internaitonal Trade 

Commission (USTIC, 2016). Cuba also import from Brazil, Canada, and Mexico, 

according to Observatory of Economic Complexity (OEC, 2014).  

Agricultural land in Cuba is 60.3% of the island, of which 33.8% is arable land, 3.6% is 

permanent crops, and 22.9% is permanent pasture. 27.3% of the island is forest and 

12.4% is categorized as other, all numbers according to 2011 estimates (CIA, 2016). 

Agricultural activities in Cuba are classified as sugarcane production and non-sugarcane 

production, where the non-sugarcane includes vegetables (legumes and cereals), fruits 

(citrus and others), coffee, and tobacco (Oficina Nacional de Estadísiticas, 2015).  

2.2 Cuban energy context and history 

The history of today’s Cuba starts with the communist revolution in 1959, from which 

Fidel Castro became president (CIA, 2016). Efter the revolution, Cuba was trading 

sugar for subzidised oil with the Soviet Union on very advantageous terms (Käkönen et 

al, 2014). Before the revolution in 1959, the electric power industry was under foreign 

capital control. Electricity was accessable only in big cities and tourism resorts and only 

56% of the population had access to electricity (Suraes et al, 2012). After the 

independency, measures were taken to increase annual generation and the electricity 

access has been significantly raised, from about half of the households in 1959, to 95 % 

in 1989, and 97% in 2009 (Käkönen et al, 2014). Since the introduction of the Energy 

Revolution, 90% of the national grid has been rehabilitated (Käkönen et al, 2014). 

In 1991, the Sovijet Union collapsed and Cuba lost its most significant trading partner 

and major provider of oil, fertilizers, animal feed, machinery parts, and technology. This 

caused a profound economic crisis for Cuba, which experienced a reduction of GDP by 

35% from 1989 to 1993 (Käkönen et al, 2014). The situation was exacerbated by the 

United State’s economic blockade and oil, gas and food became scarce (Ibid). Since 

1991, the lack of access to fossil fuels (as well as to international credit) has led to 

constant widespread energy shortages and food scarcity in Cuba (Concha et al, 2016). 

From this followed a dramatic reduction of efficiency of the industry, most noticeable 

within the agro-industrial sector (Altieri and Funes-Monzote, 2012). Not only the 

blockade, but also factors such as devastating weather events, and inefficiencies in the 

public sector has been pointed out as factors inhibiting Cuba’s attempts to improve self-



13 
 

sufficiency in regard to energy and food (Sánchez Egozcue, 2012). Cuba’s productive 

base is still trying to recover from the period after 1991 (Concha et al, 2016).   

The dependence on imported, subsidized oil, first from the Soviet Union and recently 

from Venezuela, has made Cuba vulnerable for changes of the international political 

landscape (Käkönen et al, 2014). This is a strong motivation for the government to 

strive for an increased use of domestic energy sources, where much of the potential lays 

within renewable energy. Also energy saving measures are highly prioritized. In July 

2005, a program called The Energy Revolution was initiated by the Cuban government 

to improve energy efficiency, complement the large central power plants with 

distributed generation, improve the transmission and distribution networks, develop 

renewable energy sources, increase exploration and production of own fossil deposits, 

increase international cooperation, and raise public awareness (Siefried, 2015). As a 

result of the Energy Revolution Program, the energy saving measures have decreased 

the domestic energy use (Käkönen et al, 2014), and distributed power plants have been 

put in place as a compliment to the central power plants (Seifride, 2015).  

Even though Cuba has sufficient natural resources and qualified experts and 

government support to use more renewable energy, the pace of the conversion from the 

oil dependency is slow. Cuba faces difficulties in obtaining renewable energy 

technologies from abroad, due to the US embargo together with limited access to 

international credits, and difficulties in attracting foreign investments. Shortages of 

basic materials and sufficient financial means are hindering the development of local 

manufacturing of equipment for energy technology. According to Käkönen et al (2014), 

addotional challenges lie within overcoming the gaps in the current governance 

structure, putting new financial mechanism in place, and increase the role of local 

governments.   

In 2011, the Cuban government approved a plan for extensive economic changes, and 

has incrementally implemented limited economic reforms, loosening the socialist 

economy system, which has led to the rise of some self-employed entrepreneurs in 

certain areas of the economy (CIA, 2016). The reforms also include laws of permitting 

some private ownership, and allowance of more foreign investments than before to 

occur in Cuba (CIA, 2016). In December 2014 the President of the United States, 

Barack Obama initiated a reestablishment of diplomatic relations with the government 

of Cuba, which is likely to eventually improve the Cuban access to technology. What 

the future of energy in Cuba will look like is dependent on what will happen within 

international relations, in particular the relation to the United States, as well as within 

the economic policies of Cuba itself.  

2.3 Cuban energy matrix and electricity profile  

The domestic electricity generation of Cuba is to 96.5% relying on fossil fuels, where 

the rest is generated from primary biofuels (3%), hydro (1%), solar PV (0.1%), and 
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wind (less than 0,1%), (IEA, 2016a).  In Figure 3, the Cuban energy matrix in regard to 

electricicity generation for the year 2014 is presented.  

 
Figure 3. Energy sources for Cuban electricity generation  

From what figure 3 shows, it is obvious that most of the electricity produced in Cuba is 

made from fossil fuels, and a very small share from renewables. Since the proportions 

of electricity produced from hydro and solar PV are very small, they are not presented 

in the diagram. The energy sources used for other purposes than electrification in Cuba 

mostly consist of fossil fuels and biomass (Suárez et al, 2012). The role of renewable 

energy in electricity production is consentrated to off-grid systems in remote areas 

(Käkönen et al, 2014).  

Of the total 19,366 GWh that was produced in Cuba in 2014, 15% transformed into 

energy losses, and 5% was consumed by the own use of the energy industry, which 

includes the use by plant and electricity used for pumped storage. The final 

consumption of the electricity is divided between residents (65%), industry (30%), 

transport (3%), and agriculture and forestry (2%). (IEA, 2016a) The distribution of the 

final electricity used in Cuba is presented in Figure 4.  

82%

14%

3% 1%

Cuban electricity generation by source

Oil, 15794 GWh

Natural Gas, 2794 GWh

Biofuels, 637 GWh

Hydro, 104 GWh

http://www.sciencedirect.com.ezproxy.its.uu.se/science/article/pii/S1364032112001177
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Figure 4. Final use of electricity in Cuba  

As can be seen in Figure 4, the proportion of energy used in the agricultural sector is 

very small, indicating a low degree of development/industrialization of the agricultural 

technology and production systems.  

In Cuba, 97.3% of the population has access to electricity. Providing electricity to the 

138,000 households that currently lack access is difficult, since many of them are 

remote and isolated, meaning they lack sufficient transportation facilities and are 

situated far from the national power grid (Suarez et al, 2016). The energy use of the 

rural communities in Cuba is mainly focused on cooking and lightning. Other basic 

energy requirements beyond cooking include space cooling, home-appliances for 

leisure, and cellphone charging. Because of the climate conditions of Cuba’s location, 

space and water heating needs are relatively small.  

Cuba’s energy matrix is largely dependent on imported energy, where 53% of the 

energy used is supplied by imported fuels (Suarez et al, 2016). The main part of the 

imported fuels consists of oil supplied by Venezuela, which brings high costs and has 

lead to an up-driven public debt of nearly 40 % of the Cuban GDP (CIA, 2016). Except 

for hight costs, the widespread use of fossil fuels results in carbon emissions, causing 

negative impact on the climate, the local environment, and people’s health (Benjamin-

Alvarado, 2010). An energy sector with such dependency on oil import also poses a 

considerable risk concerning the security of supply (Belt, 2010).  

The widespread depletion of fossil fuels and the emerging realization about climatic 

change advocate that the part of Cuban energy supply that comes from renewable 

sources has to increase (Suarez et al, 2016). The advantages of using renewable energy 

resources would include protecting of the environment, reducing greenhouse gas 

emissions, reducing local emissions, and increasing self-sufficiency. Increased use of 

renewable energy would as well contribute significantly to reducing the electricity 

65%

30%

2% 3%

Final use of electricity

Residents, 8006 GWh

Industry, 3678 GWh

Agriculture and foresty, 316
GWh

Transport, 302 GWh
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generation cost in off-grid remote places, which would be the case especially on Cuban 

islands surrounding the main land (Ibid).  

2.4 Electricity Generation System  

Cuba is an island nation with an isolated power sector (Wright et al, 2009). The energy 

system of Cuba has been shaped by unique circumstances, identified by Wright at al 

(2009) as low participation in the global economy and high dependency on external 

support, especially of subsidized oil.  

Up until recently, the electricity in Cuba was primarily produced from a set of heavy 

power plants, mainly fueled by oil. Some of them have though been supplemented by 

natural gas, partly due to financing of some natural gas fueled grid-connected power 

plants made by international joint ventures, (Wright et al, 2009) and partly as a result of 

the Energy Revolution program (Käkönen et al, 2014). Since 2006, the energy system in 

Cuba has been shifted from the centralized structure to a more distributed one (Käkönen 

et al, 2014). The Energy Revoluiton program targeted the complementation of the large 

central power plants with distributed generation, partly because of the high exposure to 

extreme weather conditions such as hurricanes, causing a risk of damages to the system. 

As a result of this, the Cuban energy sector now has a relatively high share of 

distributed energy production (around 40%) (Käkönen et al, 2014). Most of these 

distributed units are generators and motors fueled by diesel and oil, and they are 

generally of the size of 3 to 10 MW (Ibid). The change of the power producing system 

means better possibilities for use of renewable energy sources, which had small chances 

of being implemented within a centrally planned energy system (Seifried, 2015). The 

electrical supply system of Cuba will likely experience  more change within the years to 

come, since the useable lifetimes of the power plants have been exeeded and renewal 

investments has to bee made in the power system, as well as in the transmission- and 

distribution network (Wright et al, 2009).  

Cuba experience power outages on a regular basis due to needs of more capacity than 

the 17 GW installed electric generating capacity of the Caribbean’s, and this problem 

might come to be worse since Cuba’s electricity demand is expected to grow 

considerably in the decade to come (Global Energy Network Institute, 2016). The 

electricity demand in Cuba is increasing at a faster pace than the supply capabilities of 

the aging systems (Wright et al, 2009).  

There are many uncertainties regarding the electricity generation system of Cuba. Some 

of them are the uncertainties that all countries face, like uncertainties regarding the 

global prices of fuel, the rate of economic growth, and that the quality of the 

transmission- and distribution system decrease over time. Specific for Cuba is 

uncertainties regarding market liberalization rate and nature of foreign investments, as 

well as changes in the energy demand structure due to changes within the economy. 

(Wright et al, 2009). 
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2.4.1 Electricity price 

Electricity in Cuba is heavely subsediced by the government, and there are different 

prices for different amounts of electricity usage. In Table 1, the price per kWh for the 

different ranges of consumed electricity is presented.  

 Table 1. Price of electricity in Cuba   

Range of electricity 

consumption (kWh/month) 

Price per kWh (Cuban 

Pesos) 

Price per kWh (US$) 

0-100 0.09 0.003 

101-150 0.30 0.011 

151-200 0.40 0.015 

201-250 0.60 0.023 

301-350 0.80 0.030 

351-500 1.50 0.057 

501-1000 2.00 0.075 

1000-5000 3.00 0.113 

More than 5000 5.00 0.189 

  

The electricity prices in Table 1 are fetched from a household electricity bill from 

October 2016, (Aviso de Consumo, Union Eléctrica). The conversion to US$ is 

calculated by the conversion rate of 2016-12-05 (XE Currency Converter, 2016). As can 

be seen, the price of electricity is increasing along with larger amounts of consumption, 

providing incentive to electricity savings, without making electricity non-affordable for 

the poorest households (Käkönen et al, 2014). Selling an electricity surplus from 

domestic production to the grid is possible but very rarely occurring in Cuba. No 

standard price or legislation exists but when this happens an agreement is formed 

between the government and the selling actor. The sugar industry has a deal with the 

government about selling electricity from cogeneration for 0.15$ (US) per kWh (Rubio 

2016, Personal Interview, December 9). Similar deals between other industries and the 

government is likely to decide the price to be around 0.1 and 0.15$ per kWh (Ibid). 

 

Economic and electricity demand growth, foreign investment, increase in domestic fuel 

production, and a transition to market pricing of electricity are causes that could 

possibly affect the price of electricity in Cuba.  

2.5 Utilization and potential of renewable energy 

Cuba has a significant renewable energy potential that can be deployed for electricity 

generation, mainly of biomass, solar, wind, and hydroelectric (Suarez et al, 2016). The 

hydroelectric potential is concentrated to the six deep sea areas surrounding Cuba, thus 

for inland farms in the central Cuba, the most sustainable sources to use for 

electrification are solar, biomass, and wind.  
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As part of the Energy Revolution program, a Renewable Energy Development Plan 

2010 to 2030 was formulated in 2009. The plan aims to encourage the use of renewable 

energy, reduce greenhouse gas emissions, and to guarantee economic growth and 

development in Cuba. The Cuban government now has the ambition to reach 2,075 MW 

installed capacity from renewable energy by 2030, accounted to cover 24% of the 

national electrical energy production (Suarez et al, 2016). The government and the main 

NGO’s of the country promote and enable the adaption of renewable energy technology, 

but the work on increasing the use of renewable energy in the Cuban energy mix has 

though been slow and has not yet provided results that are statistically evident (Käkönen 

et al, 2014). 

2.5.1 Solar energy in Cuba 

Considering Cuba’s geographical location, the potential for solar energy generation is 

extensive. Cuba is situated between 20º 12´- 23º 17´ N latitudes (Suarez et al, 2016), 

and every square meter of land receives an amount of daily solar energy equivalent to 

one pound of oil, representing about 1800 kWh/m2 per year (Carbonell Morales, 

2013). These are conditions sufficient to provide adequate energy for solar PV and 

thermal applications (Suarez et al, 2016). The Cuban government and the non-

governmental organization Cubasolar have developed a photovoltaic electrification 

program to bring electricity to the rural population of the country. The program has 

implemented several installations including PV systems for lighting and water pumps. 

Approximately 1,000 households, 2,360 rural schools, 460 medical clinics and 1,860 

cultural houses have benefited from the program (Arrastia, 2009a, acc to Suarez 

2016). The total installed capacity of solar PV in Cuba is 1.8 MW. PV systems are used 

for off-grid power generation, partly because of the combination of highly subsidized 

electricity prices and the lack of feed-in remuneration for solar electricity (Seifried, 

2012). There are goals to expand the installed PV capacity to 100 MW by year 2030, of 

which 90 MW are planned to be connected to the national grid (Suarez et al, 2016). 

Solar thermal energy has been used for heating of water for domestic applications in 

Cuba since the 1950s. In 2009, there where about 8000 solar water heaters with a total 

capacity of 3.9 MW in use in Cuba, installed in private residents and institutions like 

schools, hospitals, and hotels. Solar energy is also applied for drying timber and 

agricultural corps (Suarez et al, 2016).  

2.5.2 Biomass energy and biogas in Cuba 

A great part of Cuba’s total renewable energy sources consist of biomass, and it is likely 

that biomass will dominate the renewable energy use in Cuba in the forseeable future. 

The large amounts of biomass are residues from the sugar industry, the sawmill 

industry, and the coffe industry. Fuel wood and charcoal are other main biomass 

resources in Cuba. It is not yet possible to use all generated biomass for energy 

production, and what is utilized for energy today is sugar cane bagasse, fuel wood, 

charcoal and biogas, with a total energy produced corresponds to 2 Mtoe (Suárez et al, 

http://www.sciencedirect.com.ezproxy.its.uu.se/science/article/pii/S1364032112001177
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2016). Most of the households and industries in rural zones are dependent on fuel wood 

as an energy sources, used by combustion directly in stoves and open fires. Cuba has a 

program for the use of forest biomass that includes the installation of gasification plants 

connected to the internal combustion engine to produce electricity in selected 

communities (Morales et al, 2014).  

There are considerable possibilities to extract energy from biogas produced from pig 

farms, agricultural waste and food processing facilities in Cuba. Biogas has a potential 

of approximately 370 million m3 annually, being provided through dung gas, mainly 

from bovine cattle (75%), pig cattle (15%), and poultry cattle (10%) (Suárez et al, 

2016). The biogas produced can be used as fuel for electrification or combined heat and 

power systems in agroindustry, supplying heat and electricity to the processes. It can as 

well be used as fuel for domestic use like cooking and lighting (Suárez et al, 2012).  

The Cuban government has implemented programs in order to construct biodigesters at 

farms, dating back to the 1970’s. Most of these old systems have been deserted due to 

maintenance problems or lack of materials, but the biodigesters remain in place. The 

number of biogas plants has increased since the 1990’s, but there is still a need of 

increasing the level of knowledge about how to operate and maintain them (Hanke and 

Hoffmann, 2008). Cuba has 198 biogas digesters and 11 biogas plants, being exploited 

in households and public institutions for cooking food and the production of hot water 

and steam (Suárez et al, 2012). If the many biodigesters in Cuba that are now out of 

service would be in use, they could be directed to the farms’ economic and energy 

sustainability in order to rise productivity. Biogas production has the potential to 

contribute to the energy supply as well as to decontamination of waste and wastewater 

in Cuba (Hanke and Hoffmann, 2008). Cuban researchers are working on gasification 

research and technology development, and gasification technology has been 

successfully utulized for small-scale application.  

2.5.3 Wind energy in Cuba 

Cuba has a considerably large potential for wind energy, which is up until this point 

almost completely unused (Käkönen et al, 2004). The use of wind energy for electricity 

production is starting to spread in Cuba, and there is a national program of wind energy 

aiming to install 500 MW wind farms by the year 2020. There are 32 locations 

identified as suitable for wind parks, calculated to have the capacity of 2,000 MW of 

wind energy potential distributed in an area of 4.5% of Cuba’s land, mostly on the north 

coast. Three wind power plants have been installed in Cuba so far, with a total capacity 

of 7.2 MW, and an average annual electrical energy production of 3.0 GWh. A fourth 

wind park is under construction and is calculated to have a total capacity of 4.5 MW. 

Small scale wind turbines for electricity production is not yet implemented, but 

mechanical water pumps using wind energy is common in Cuba. More than 4,850 

windmills are installed in the country, contributing with approximately the same amount 

of energy as the installed wind power plants. All of them is not in operation though, due 

to lack of maintenance. (Suarez et al, 2016)  

http://www.sciencedirect.com.ezproxy.its.uu.se/science/article/pii/S1364032112001177
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3. Theory  

This chapter presents the theory relevant for the study, starting with a chapter defining 

what an energy system is. Then follows a presentation about hybrid renewable energy 

system in general, and a literature review of previous research of hybrid energy systems 

with the resource combinations relevant for this study. This is followed by a chapter 

each for the technologies of PV, biogas, and wind energy.  

3.1 Energy system definition 

Since this study focuses on an energy system, an introduction to what an energy system 

is is in place. The concept “system” was defined in 1968 (by Churchman), in the way 

system is commonly understood today. Churchman’s defininition (1968) of a system is 

that it is as any group of objects working in concert to produce a result. Ingelstam 

(2002) defines a system as something that consists of components and the connections 

between the components. Further, Inglestam (2002) states that there should also be a 

reason for that a particular quantity of components and connections is selected to be a 

system, and that the system must have system boundaries that makes it possible to 

differentiate it from the rest of the world (which does not at all mean that the system has 

to be isolated). Inglestam (2002) then calls the rest of the world that does not belong to 

the system, but is in some way significant to it, the system’s surroundings.  

The definition of an energy system is by the Cambridge dictionary: “a group of things 

that are used together to produce energy” (Cambridge dictionary, 2016), which is a 

definition well in line with the system definition of Churchman (1968), where the 

produced result in the case of energy systems is energy. To draw connections to 

Inglestam (2002), the group of things is then components and connections. According to 

Karlsson et al, (no date), an energy system consists of facilities for transforming, 

distributing and using energy. The facilities work in concert to meet a particular type of 

demand within a particular operational area.  

According to Karlsson et al (no date), it is important that energy systems are analyzed 

with regard to their technical and social function, which including actors, organizations 

and institutions. Further Karlsson et al (no date), specifies two consistent elements that 

should characterize all system approaches: The study object should be the system as a 

whole, and what is interesting is almost always the evolution of the system over time, 

since system research is dynamic by nature. Karlsson et al (no date) further states that 

the aim of energy system research is to generate knowledge about energy system that 

are sustainable and resource efficient, where resources refers to energy, materials, labor, 

capital and the environment (Karlsson et al, no date).  
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3.2 Hybrid energy systems 

To solve energy shortage problems at the same time as green house gas emissions are 

being reduced, an increased use of renewable energy is essential. Many renewable 

energy technologies, such as wind power, solar power, biomass energy, and geothermal 

energy, are being developed and applied all over the world. A fundamental difference 

between renewable energy and non-renewable energy is that non-renewable energy 

systems generally have low capital costs and high life-cycle costs, while renewable 

energy systems have low life-cycle costs and high capital costs for the initial investment 

(Mishra et al, 2016). Another difference is that many renewable energy sources have a 

higher rate of intermittence than non-renewable energy sources. The sustainability of 

renewable energy cannot be globally defined since it is largely dependent on the in situ 

conditions and possibilities, thus location specific studies need to be performed in order 

to find the best suitable renewable energy sources and applications.  

Hybrid energy systems are becoming popular as an efficient way of handling the 

intermittence of solar and wind resources. The use of hybrid energy systems can 

optimize the power supply especially for remote community applications where 

extension of grid supply is expensive, e.g. in rural areas (Sinha and Chandel, 2014). A 

hybrid energy system consists of two or more energy sources and storage components 

combined to provide increased system efficiency and a more balanced energy supply 

(Fhamy et al, 2014). A hybrid energy system usually combines resources that can 

counteract each others weaknesses (Gonzalez et al, 2015). Most frequently used hybrid 

renewable energy systems for rural electrification are PV-wind-diesel, PV-wind, PV-

diesel, PV-wind-diesel (Eziyi & Krothapalli, 2014). The energy source combinations 

mentioned above are frequently occurring as stand-alone systems for energy production 

in the research literature (i.e. Balamurugan et al, 2009; Adaramola et al, 2014; Khare et 

al, 2014; Mokheimer, et al, 2014; Sigarchian et al, 2015; Bhatt et al, 2016; Misha et al, 

2016). To avoid the environmental issues related to fossil energy, biogas can be used in 

a combustion engine for power production, instead of diesel. A stand-alone system for 

energy production is to be considered as a micro-grid, since it has its own loads and 

generation sources (Kumaravel and Ashok 2012). Such a system needs to have 

sufficient storage capacity to manage the renewable energy generation, which is why 

hybrid energy systems often contain batteries.  

3.2.1 Previous research on hybrid energy systems with PV, biogas, and 
wind  

Solar energy is considered a popular renewable energy source globally, and has been 

widely accepted for a long time because of its widespread availability (Balamurugan et 

al, 2009), and application of small-scale biodigesters have shown to be appropriate in 

rural settings such as China, India, and Cuba (Hanke and Hoffman, 2008; Cheng et al, 

2014). Until very recently, PV-biomass hybrid energy systems with electrical 

generation from biomass did not seem to occurring in the literature, but in the last 

couple of years, electrical generation based on PV-biogas has started to appear among 
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research proposed as a suitable solution for rural areas of developing countries (Borges 

Neto et al, 2010; Kumaravel and Ashok, 2012; Eziyi and Krothapalli, 2014; Fahmy et 

al, 2014; González-González et al, 2014; Rahman et al, 2014; Bhatti et al, 2015; Singh 

et al, 2015; Nimmo et al, 2015; Bhatt et al, 2016; Reddy et al, 2016). There are also 

research on hybrid energy systems where biogas and solar are combined with the wind 

power production as a hybrid energy system (Mishra et al, 2016; Gonzalez et al, 2015; 

Sigarchian et al, 2015; Suresh et al, 2013; Baredar et al, 2010; Liu et al, 2011; Yang et 

al, 2009; Diaf et al, 2008; Balamurugan et al, 2009). A third popular combination for 

rural electrficiation, where biomass availability might not be sufficient for effective 

power production, is hybrid energy systems consisting of solar and wind resources 

(Plaza Castillo et al, 2015; Khare et al, 2014; Boonbumroong et al, 2011; Kaabeche et 

al, 2011; Kalantar et al, 2010; Tina et al, 2011; Khatod et al, 2010; Yang et al, 2009).  

Techno-economical analysis of hybrid systems is vital for the efficient utilization of 

renewable energy resources (Sinha and Chandel, 2014). The renewable hybrid energy 

systems modeling that have been carried out in the last years have mainly been 

performed using the energy system configuration software HOMER. Misha et al (2016) 

have modeled and compared a PV-biomass and a wind-biomass hybrid system for 

electricity generation for a remote area in India using HOMER. They found the PV-

biomass hybrid system to be more reliable, economical and environmental friendly than 

the wind-biomass hybrid system (Mishra et al, 2016). Singh et al (2015) have simulated 

and optimized a hybrid energy system consisting of a biomass gasifier set, a solar and 

fuel cell, and battery storage, using HOMER for designing the system to meet the needs 

of energy center in India. Since the biomass used for power generation is taken from the 

rural village, employment opportunities are created for the people living there. 

Kumaravel and Ashok (2012) have proposed a hybrid system consisting of a biomass 

gasifier generator, solar PV, hydroelectric power generation, and a number of batteries, 

to meet a primary load demand of a remote village in India. By using HOMER, the 

system performance and optimum for meeting the energy demand with minimum cost 

was determined. Fahmy et al (2014) have presented an optimal configuration of a 

hybrid PV-biomass gasifier system to supply the electricity needs of a poultry house 

located in Egypt, using HOMER to obtain the minimized cost of energy generation, and 

the results show that the obtained system is sustainable and techno economically viable. 

Bhatt et al (2016) have used HOMER for studying the techno-economic feasibility of 

hybrid energy systems for electrification of 5 villages in Uttarakhand state, India. Four 

types of models where studied, where the sources of energy was micro hydro-PV-

biomass, PV-diesel, only diesel, and only PV, and the sensitivity analysis showed the 

micro-hydro-PV-biomass system to be the most favorable in regards to economical and 

environmental perspectives. Sigarchian et al (2015) have modeled a hybrid energy 

system consisting of PV panels, a wind turbine and a biogas generator to supply the 

electricity demand of a village in Kenya, with 49% power generation by PV, 19% by 

wind, and 32% by biogas. The analysis shows that using a biogas engine as backup 

instead of a diesel engine saves 17 tons of CO2 per year.  Khare et al (2014) have used 

HOMER to model a PV-wind hybrid energy system for a police control room in central 
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India, coming to the conclusion that replacing conventional energy sources by the 

proposed system is a feasible solution for the distribution of electric power as a stand-

alone application, which is more environmentally friendly and more economically 

efficient than using a conventional diesel generator (with a cost reduction of 70–80% 

more than that of the diesel generator).  

There are also research on hybrid renewable energy systems that has used other 

methodologies than simulation with the HOMER software for the design and 

optimization of the system. For example, González-González et al, (2014) have used a 

calculation procedure based on data from anaerobic digestion experiments and 

assumptions, designing a hybrid system of biogas and photovoltaic energy for a pig 

slaughterhouse in Badajoz, Spain. The system is presented as a solution to both the 

energy supply problem and the environmental problem of companies that generate wet 

waste biomas. The study demonstrates that it is possible to achieve an environmental 

friendly management of wet organic waste through anaerobic digestion, and 

implementation of renewable energy systems in the agrifood industry should be 

encouraged. Borges Neto et al (2010) who have modeled a PV-biogas hybrid energy 

system for a rural community of the Northeast Region of Brazil, where biogas is 

produced from goat manure, stresses the importance of a sustainable alternative for 

firewood as a thermal source as a priority for sustainable development. They also point 

out that hybrid renewable energy systems can promote the development of a whole 

chain of production creating jobs and thereby improve household income in rural areas.  

3.3 Photovoltaic energy  

3.3.1 Photovoltaic cells and modules 

A photovoltaic (PV) cell converts energy from the sun to DC electricity.When sunlight 

is shining on the PV cell, a current and a voltage is produced to generate electric power. 

For this to happen, a material in which the absorption of light raises an electron to a 

higher energy state is required. Then the higher energy electron needs to move from the 

solar cell into an external circuit. In the external circuit, the electron releases its energy 

and then goes back to the solar cell. Almost all PV energy conversion uses 

semiconductor materials in the form of p-n junction. The current in the solar cell that is 

generated from light then involves two key processes. First there is the process of 

absorption of incident photons to create electron-hole pairs, and then there is the 

collection of these energy carriers by the p-n junction, where the electron and the hole is 

spatially separated. In order for the colar cell to generate power, a voltage and a current 

also have to be generated. The voltage is generated by the photovoltaiv effect, and the 

voltage then generates the current. (PVeducation, 2016) 

PV cells are put together as modules, which are further put together as arrays, to obtain 

an applicable amount of electricity. The construction of PV arrays from modules and 

cells are illustrated in Figure 5.  
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Figure 5. A PV cell, a PV module, and a PV array  

The PV module’s main properties provided by the manufacturer are the nominal 

efficiency, the nominal power peak (corresponding to the current at maximum power 

point and the voltage at maximum power point), the open circuit voltage, and the short 

circuit current. These properties are determined during Standard Test Conditions (STC), 

meaning a cell temperature of 25°C and an irradiance of 1000 W/m2 with an air mass 

1.5 spectrum (Sinovoltaics, 2016). The manufacturer also provide the Nominal 

Operating Cell Temperature, defined as the temperature reached by cells of open 

circuits in a PV module under nominal conditions (irradiance on cell surface = 800 

W/m, temperature of air = 20°C, wind velocity = 1 m/s), which is used to calculate 

temperature losses.  

The PV derating factor accounts for the discrepancy between the module’s rated 

performance and actual performance. This discrepancy occurs due to i.e. high 

temperature, dust, shading, wiring losses, and aging. The derating factor is typically 

around 90%, but can be around 70-80% in hot climates. (PVeducation, 2016) 

3.3.2 Photovoltaic power systems 

There are different types of basic PV-system design. Components involved in the 

different system configurations are PV-arrays, controllers, inverters, and batteries. The 

simplest system design is having the PV array connected directly to the electrical load 

using DC, which requires that the current- and voltage demands of the load is matching 

with the system. A DC inverter can be used to make sure that they match. With this 

design, the load is only able to operate when electricity is produced in the PV array, i.e. 

during daytime. Energy storage is therefore required if the system is intended for off 

grid application, so that continuous electricity access can be obtained aslo during the 

night. The most common choice for energy storage is batteries, using either one battery, 

or many batteries together forming a battery bank. Using a storage unit also requires the 

use of a charge controller, which has a built in DC-DC inverter. An inverter is also 
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required if the load needs AC, but is not needed if the load uses DC. In Figure 6, a PV 

system with a PV array, charge controller, battery, and load is illustrated.  

 

Figure 6. Main components of PV system  

Most of the electrical equipment that constitutes the load of rural areas most commonly 

uses AC, and a battery storage is required for the system to provide electricity also 

during the night. The best option for stand alone application in rural areas, in regards to 

the minimizing of losses, is therefore to apply an AC distribution system as shown in 

Figure 6.  

The lifetime and physical dimensions of a PV system are important features to consider 

when it comes to its sizing and installation. Also the surrounding is important to 

deliberate, since objects that causes shading affects the performance of the PV modules. 

It is also crucial to know the system load profile and the possible energy production. 

The required area of the PV array depends on average daily energy load and average 

energy production per square meter after accounting for system losses. When the 

required area is known, the number of modules and the system’s total installed power 

capacity can be calculated. Since the solar irradiance often varies by season and time of 

the day, the possible energy production is not constant.  

3.3.3 Batteries 

The most important property of a battery to consider is its rated capacity, the maximum 

storage, which is often given as Ah-rating. The nominal battery capacity is given with a 

nominal charge current, since the battery capacity depends on the discharge current. 

Another important property to consider is the operating voltage of the battery. If these 

two properties are known, the storage capacity can be calculated as kWh. The efficiency 

of the battery might vary depending on the technology, but it usually is about 90 %. 

Another important parameter is the depth of which the battery can be discharged 

(minimum state-of-charge). This property varies between different battery technologies. 

(Battery University, 2016)  

The lifetime of a battery is given in number of charge cycles, meaning that a battery 

should be replaced when the total energy flow through the battery equals the rated 

capacity multiplied with the lifetime in charge cycles. The lifetime and performance of a 
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battery depend on many different factors and is rather complex to calculate. The main 

factors affecting the lifetime and performance of the battery are:  

 The cyclic life, i.e. the use cycles of the battery 

 The depth of discharge, where a high capacity withdrawal reduces the life cycle 

 The battery temperature 

 The recharge voltage and rate  

 The number of times the battery is decharged to the minimum state-of-charge  

In a PV module application, batteries can be put together into a battery bank. What has 

to be taken into account when sizing this bank is the energy demand and the required 

days of autonomy, meaning how long the system must be able to operate on the 

batteries (the maximum number of uninterruptedly cloudy days). There are numerous 

battery technologies to choose from when designing an energy system. The most 

common type of battery used in PV-systems is the lead-acid battery, and it is suitable 

since it has a high reliability, maturity, and relatively low cost. (Battery University, 

2016)  

3.3.4 Charge Controller  

A charge controller regulates the current and voltage to protect the batteries and PV 

modules. A battery can be fully discharged, charging, fully charged, or discharging, and 

the controller monitors which state the battery or batteries (if a battery bank is used) are 

in. By monitoring the battery state, the charge controller helps to ensure adequate 

performance and lifetime of the batteries by protecting them from overload and deep 

discharges. The controller also prevents unwanted discharging from happening, for 

example by the PV module array at nighttime (Mertens, 2013). The charge controller 

needs to be selected to match the voltage of the system. It also needs to be able to 

handle the variation in voltage of the PV cell, which is changing with the temperature. 

Thus, one must consider the configuration of the PV modules when selecting and sizing 

the charge controller.  

3.3.5 Inverter   

An inverter, also called converter, solar inverter or PV inverter, is a device that converts 

the DC output of a PV module into AC. The inverter is a critical component for 

balancing the solar PV system, which makes the use of AC-powered equipment 

possible. As the power produced in the PV module is DC, an inverter is needed if the 

system load operates in AC. Since AC appliances for household use are much more 

commonly accessible than appliances running on DC, most small scale PV systems 

needs an inverter. The inverter must match with the system current and the voltage of 

the system’s input side, and with the grid voltage and frequency on the output side. The 

inverter must also be able to supply the power required to meet the peak power demand, 

preferably with a safety margin. The size of inverters varies from a couple of hundred 

watts to hundreds of kilo watts. For larger systems, or for systems that have solar panels 



27 
 

installed with a far distance from one another (i.e. on different roofs), several inverters 

may be needed. The conversion efficiency of an inverter is usually about 98%. 

(PVeducation, 2016)  

3.4 Biogas technology  

3.4.1 Biogas properties  

Biogas refers to the gas generated when organic material go through decomposition in 

the absence of oxygen, and it consists primarily of methane (CH4) (40-70%), and carbon 

dioxide (CO2). The gas can as well contain small amounts of hydrogen sulfide (H2S), 

moisture and siloxanes. Methane has a density of 0.75 kg/m3 (at normal temperature and 

pressure), while biogas has a density of 1.15 kg/m3, because carbon dioxide is a bit 

heavier than methane (Jørgensen, 2009). 

Biogas burns cleanly, without smell or soot, similar to liquified petroleum gas or 

compressed natural gas. A major difference between these gas fuels is though that 

biogas is a renewable energy source that generally generates a very small carbon 

footprint, since the emissons generated when biogas is combusted is already part of the 

carbon cycle of the athmosphere.   

3.4.2 Biogas production  

Biogas can be produced in any place where organic materials are decomposed in an 

environment free from oxygen. The production of biogas can be performed by 

anaerobic digestion with anaerobic organisms digesting materials inside a closed 

system, or by fermentation of biodegradable materials. When humans produce biogas 

intentionally under controlled forms, the production takes place in a biodigester, which 

is a system where organic materials are broken down through anaerobic digestion. In the 

process of anaerobic digestion, fermentation breaks down biodegradable organics in a 

process of four stages (Abbasi et al, 2012): 

1. Trough hydrolysis, large protein macromolecules, fats, and carbohydrate 

polymers are broken down to amino acids, long-chain fatty acids, and sugars.   

2. During acidogenesis, the products from stage 1 are fermented to form volatile 

fatty acids, principally lactic, propionic, butyric, and valeric acid.  

3. In acetogenesis, bacteria consume the fermentation products from stage 2 and 

generate acetic acid, carbon dioxide, and hydrogen.   

4. Methane is produced when methanogenic organisms consume the acetate, 

hydrogen, and some of the carbon dioxide.  

The organic materials supplied to the biodigester are often organic waste such as 

compost, livestock manure, digestible crop residuals, household greywater, and waste 

https://en.wikipedia.org/wiki/Methane
https://en.wikipedia.org/wiki/Carbon_dioxide
https://en.wikipedia.org/wiki/Carbon_dioxide
https://en.wikipedia.org/wiki/Hydrogen_sulfide
https://en.wikipedia.org/wiki/Siloxane
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from coffee pounding. All sorts of biomass can be used as substrates for biogas 

production as long as the main components of the material are carbohydrates, proteins, 

fats, cellulose, and hemicelluloses. The ideal animal manure feed for biogas production 

is manure from cows or buffalos (Abbasi et al, 2012). Since organic waste is a desireble 

input in the biogas production, a biodigester functions as a waste management facility 

as well as an energy production plant. Dagnall et al, (2010) suggests that an integrated 

waste treatment and energy reuse system is a suitable solution for farmers dealing with 

problems of energy shortage and pollution.  

The composition of the biogas and the methane yield depends on the feedstock type, the 

digestion system, and the retention time (Weiland, 2010). The retention time is defined 

as the time it takes for a solute to pass through a chromatography column, and is 

measured from the injection to the detection. There are also other factors influencing the 

anaerobic digestion of organic substrate, such as the quantities of nitrogen, micro-

nutrients, and water available for the process. The slurry needs to be neither too thick 

nor too thin, which is why water should be added if necessary (Abbasi et al, 2012). The 

anaerobic digestion process and thereby the rate of biogas production are depending on 

the slurry temperature (Weiland, 2010), the relative proportions of carbon and nitrogen 

of the organic substrate (the C/N ratio), and the pH of the substrate (Abbasi et al, 2012). 

The optimum C/N ratio for anaerobic digestion is within the range of 20-30, where 

animal waste has an average C/N ratio of 24, and the optimum pH for biogas production 

is within the range 6-7 (Ibid).  

Mixing of the organic substrate fed into the biodigester is required to maintain the 

homogeneity of the fluid in the digester. The loading rate is another important process 

control parameter, since overloading can result in system failure (Abbasi et al, 2012). 

To ensure homogeneity of the gas, the substrate feeded into the biodigester needs to be 

constantly stirred and heated. There are different techniques of pretreatment of the 

organic slurry, used to make it a better suited resource for biogas production. In the case 

of a small scale farm in Cuba, only natural drying of the material is utilized, which 

occurs naturally when the manure is stored for waiting to be put into the biodigester.   

To make the biogas a more energy efficient fuel, washing techniques can be used to get 

rid of the water, hydrogen sulfide, nitrogen, oxygen, ammonia, siloxanes and other 

particles. The first step is a cleaning process to remove the trace components, where 

removal of the hydrogen sulfide (H2S) is the most important, and the second is an 

upgrading process to adjust the calorific value. Different H2S filtration techniques have 

been successfully incorporated in biogas plants. Trace components like siloxanes, 

hydrocarbons, ammonia, oxygen, carbon monoxide and nitrogen can require extra 

removal steps, if not sufficiently removed by other treatment steps (Ryckebosch et al, 

2011). The upgrading that transforms biogas into biomethane is generally performed for 

the biomethane to meet the standards for use as vehicle fuel or for injection in the 

natural gas grid, and is not relevant when the biogas is used for small scale production 

of electricity or thermal energy on a farm like in the case of this study.  
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3.4.3 Biodigester design  

A biodigester, also called biogas plant, is a system where organic materials are broken 

down through anaerobic digestion. Simple digester technology classify in two 

fundamental types in regard to the loading rate (the pace of which the organic material 

is fed into the biodigester). The first type is biogas plants which manage a continuous 

flow or charging rate, mostly used for producing large volumes of gas. The second type 

is plants which manages a discontinuous flow for producing small volumes of biogas.  

Low rate biodigesters usually consist of a mixing tank, an inlet pupe/tank, a digester 

tank, a gas holder, an outlet pipe, a gas pipeline, and an outlet tank (Abbasi et al, 2012; 

Rahman et al, 2014). Figure 7 illustrates the composition of a general biodigester.  

 

 

Figure 7. Illustration of the main components of a low rate biodigester 

In figure 7, the main components of a biodigester are presented. The production process 

starts with the feeding of organic material (which for this type of biodigester is 

biodigester is animal manure), into the mixing tank. Water is added and the material is 

mixed until it forms homogeneous slurry. Through the inlet pipe/tank, the slurry is then 

discharged into the digester. In the digestor, the slurry undergoes the fermentation 

process and biogas is produced through bacterial action (see chapter 3.2.1). The biogas 

is then collected and kept in the gas holder until the time of consumption, and the 

digested slurry is discharged into the outlet tank either through the outlet pipe or the 

opening provided in the digester. The gas pipeline carries the gas to the point of 

utilization. (Abbasi et al, 2012) 

For application in rural settings, low-rate digesters are most suited, since they do not 

require a lot of technical knowledge to operate and maintain. A low rate digestor is a 

biodigester used for biogas production by digestion of animal manure, with a digestion 

period of about 40-45 days. More sophisticated biodigesters are applied for large dairy 

or meat-production units in developed countries. These digestors have a tank reactor 
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with continuous stirring or plug flow reactor models. These types of digestos is utilized 

for processing of both manure and many other kind of organic material, while the low-

rate biodigesters only function well to feed with animal manure (Abbasi et al, 2012). 

Developing countries use three major types of domestic biogas digestors namely, the 

fixed dome digester, the floating dome digester, and the plug flow digester (Ibid).  

The fixed dome digestors have the gas stored on the top superior due to the gaseous 

displacement (Guardado Chacón, 2007). The fixed dome digestors are characterized by 

a low initial cost, a long lifetime, no moving or rusting parts involved, compact basic 

design, low maintenance, requires high technical skills for gas-tight construction, 

difficult to repair in case of leakage, requires heavy construction materials, amount of 

gas produced in not immediately visible (Cheng et al, 2014). The fixed dome digestors 

can be built underground and thereby require less land (Ibid.). A fixed dome type of 

plant can be built cheaply when constructed entirely of bricks and local materials, which 

is applied i.e. in Cuba (Perera et al, 2013).   

The floating dome digesters have a gasometer that float on the organic material in the 

fermentation (Guardado Chacón, 2007). They are relatively easy to construct and 

operate, but the material costs are high because the need of an extra steel drum, the 

lifetime is short because of steel drum corrosion, and the maintenance requirements are 

high because the need of regularly painting the drum (Cheng et al, 2014). Bag digestors 

(or ballon digestors) are characterized by having a low initial cost due to a low degree of 

construction sophistication, but a relatively short lifetime, a high susceptibility to 

damage, and a high impact on environment (Ibid.).  

3.4.4 Digester gas engine system  

A digester gas engine system consists of a biodigester and a biogas engine, where the 

gas engine is connected to the gas pipeline and is provided biogas from the gas tank of 

the biodigester, generating electricity by using the biogas as fuel. The biogas engine 

converts biogas into electricity with a built-in generator, similar to a conventional diesel 

engine. The digester tank is fed with the mixed organic material, and the outlet of the 

biogas pipe is connected to the gasburner and gas engine. A digester gas engine 

system’s capacity is represented by the amount of biogas (m3) that that it can produce in 

24 hours. Large-scale applications of biogas plant are rare in developing countries, but 

thousands of small-scale digester systems (1.5 m3 - 80 m3) are in use in rural areas of 

Asian countries (Rahman et al, 2014).   

3.4.5 Use of biogas  

The methane content of the biogas can be combusted or oxidized with oxygen, which 

releases energy. This allows biogas to be used as a fuel to burn for heating purposes or 

to use in a gas engine where the energy in the gas is converted into electricity and heat. 

Cow dung can be used as fuel by being combusted directly after it is dried, but the 

conversion efficiency to heat is only 8 %, while the energy efficiency in the conversion 

https://en.wikipedia.org/wiki/Methane
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of biogas to electricity is 25 %, and the efficiency in heat via combustion of biogas is 55 

% (Abbasi et al, 2012). The Lower heatin value (LHV) is a value for the energy 

available to a gas engine, and is what the conversion efficiency is calculated from.  

Biogas can be upgraded through a cleaning process to increase the methane content by 

removing carbon dioxide content, and used as vehicle fuel for transportation purposes. 

The most common methods of doing this are water scrubbing or scrubbing with organic 

solvents, or pressure swing adsorption using activated carbon or molecular sieves 

(Weiland, 2010). Biogas can also be injected into a natural gas grid and be used for the 

same purposes as the natural gas. It is also possible to liquefy biogas to transport and 

use it in the same was as liquified natural gas.  

The use of biogas for cooking and lighting in rural areas result in saving large quantities 

of fossil fuels and wood that have a finite supply and are causes of air pollution and 

global warming (Bhatti et al, 2015). Production and use of biogas is not causing any 

major pollution or health hazards. The CO2 emissions caused by combustion of biogas 

comes from organic matter above the ground already existing in the carbon cycles, 

which makes biogas a carbon-neutral fuel that does not affect the green house effect. 

Using biogas instead of oil in an internal combustion engine for power production can 

solve emissions and environmental issues, including soil and water degradation from oil 

spill. Although the use of biomass in rural communities has been mainly subjected to 

cooking, it could also serve as a source of electrical power production when gasified in 

a downdraft or updraft gasifier (Eziyi and Krothapalli, 2014).  

3.4.6 Use of digestate produced in the process 

Anaerobic digestion produces not only biogas, but also slurry digestate that can be 

applied straight into soil as biofertilizer (Thien Thu et al, 2012). It can also be separated 

into a liquid and a solid fraction. The liquid fraction can be introduced to an aquaponic 

system, obtaining products such as fish, vegetables, or other hydroponic plants. The 

solid fraction can be used to grow alternative crops such as mushrooms. The solid 

digestate can be used as soil amendment, either in the form of compost or as spent 

growth medium, outweighting use of fertilizer, reduce erosion, and help moisture 

retention. (Adams and Ghaly, 2007) 

The digestate produced in biogas production is an excellent organic fertilizer for crops 

and it can also be used as fodder for pig and fish, as well as for algae production (Bhatti 

et al, 2015; Álvarez et al, 2000). Due to the mineral and organic composition of the 

digestate, it has the ability to act on the plants and cultivations raising the productivity. 

The chemical composition in the digestet is improved when it undergoes the biogas 

production process, and the produced digestate present the following advantages unlike 

the organic waste matter fed into the biodigester (Álvarez et al, 2000): It does not have 

disagreeable smell, the relation carbon – niterogen is smaller, it can destroy bad grass 

seed, and it does not give rice to flies and another insects do not originate. The same 

amount of macro and microcomputer nutrients are preserved, but with chemical changes 
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which makes them more stable and elks the incidences of the environment and it 

become easier for the plants to assimilate the digestate (Álvarez et al, 2000). Digestate 

obtained from the anaerobic digestion goes into the category of organic fertilizer of 

good quality, and it increases the power of the plants to bear adverse conditions, such 

like droughts, diseases, attacks of plagues (Ibid). The purity of the material fed into the 

system dictates the quality of the slurry that is produced.       

3.5 Wind energy technology 

3.5.1 Wind energy  

Wind is created as the sun unevenly heat up the surface of the earth. Patterns of wind 

flow vary by the terrain of the earth, the bodies of water, and vegetative cover. Wind 

energy or wind power is the kinetic energy of this wind flow exploited for generation of 

electricity by wind turbines. The kinetic energy of the wind is converted into 

mechanical energy by the wind turbine, which is then being converted into electricity by 

a generator. The wind energy can as well be used directly as mechanical energy for 

tasks like grinding grain or pumping water. The power produced from wind is 

proportional to the area swept by the rotor.  

The amount of air entering and leaving a wind turbine must be equal (according to 

conservation of mass), and the maximal achievable extraction of wind power by a wind 

turbine is 16/27 (59.3%) of the total kinetic energy of the air flowing through the 

turbine (according to Beltz law) (Manwell et al, 2002). The maximum theoretical power 

output of a wind turbine is therefore 0.59 times the kinetic energy of the air that passes 

through turbine’s effective disk area. The wind’s energy content is proportional to the 

cube of the wind velocity (IEA, 2013), which means that a small increase of the average 

speed yields a significantly greater energy output. The wind velocity is thereby an 

important parameter and significantly influences the power per unit available in the 

wind. Wind power turbine production depends on the interaction between the rotor and 

the wind, and the wind may be considered to be a combination of the mean wind and 

turbulent fluctuations about that mean flow. The actual power production of a wind 

turbine must take into account the fluid mechanics of the flow passing through a power-

producing rotor, and the aerodynamics and efficiency of the rotor/generator 

combination. In practice, maximum 45 % of the available wind power can be gathered 

by the most efficient horizontal axis wind turbines. (Manwell et al, 2002) 

Wind energy is quantified by measurement of the Wind Power Density (WPD), 

calculated as the mean annual power available per square meter of the swept area of a 

turbine, which varies for different heights above ground. WPD calculations include the 

air density and the effect of wind velocity. The WPD is proportional to the density of 

the air for standard conditions (sea level, 15 degrees Celsius, air density 1.225 kg/m3). If 

annual average wind speeds, or hourly average wind speed are known for a region, 

maps for the average WPD can be developed. (Manwell et al, 2002) 
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Wind power production can be divided into the two categories of on shore wind and off 

shore wind energy production. On shore wind, or land-based wind (if the installations 

that are located inland, and not on the shore), refers to energy generated by wind 

turbines set up on the mainland. Land-based wind is a mature technology with an 

extensive global supply chain, that has evolved over the last years to maximize 

electricity produced per megawatt capacity installed (IEA, 2015). It is the second largest 

renewable source for electricity generation in the world, and it leads the global 

renewable growth, accounting for over one-third of the capacity and generation increase 

of renewable energy in 2015 (Ibid).  

3.5.2 Wind turbines 

A wind turbine is a device that converts the kinetic energy of the wind into electrical 

power, and its primary part is a rotor with blades. When the wind spins the blades of the 

wind turbine, the kinetic energy of the wind is captured by a rotor which converts it into 

rotary motion to drive a generator. The amount of energy produced by a wind turbine is 

dependent primarily on the rotor diameter, which define the “swept area” of the rotor 

and theby determines the wind captured by the turbine. The design of wind turbines 

focuses on the ability to exploit the wind energy available at the location where the 

turbine will be placed. To determine the optimum blade shape, number of blades, tower 

height, and control systems for this purpose, aerodynamic modeling is usually utilized.  

There are two types of modern wind turbines, the horizontal-axis model, and the 

vertical-axis model. Horizontal-axis wind turbines are upwind machines with two or 

three blades, usually made of composite materials such as fiberglass. They work like the 

old wind mills, and the horizontal axis turbines are the oldest design. Most of the big 

wind turbines that are manufactured today are of this model. A horizontal-axis turbine 

consists of a rotor with blades, a drive train (which usually includes a gearbox and a 

generator), and a tower to gain improved access to the wind. Since the wind speed 

increases with height, the higher the tower, the more power can be produced by the 

turbine. The application of the wind turbine decides which balancing components are 

needed for the system, as well as if the system is grid-connected, stand alone, or part of 

a hybrid system. The gearbox, which most horizontal-axis wind turbines have, turns the 

slow rotation of the blades into a quicker rotation that more appropriately can drive an 

electrical generator. Many wind turbines have an automatic overspeed-governing 

system to keep the rotor from spinning out of control when the winds are strong.  

On the vertical-axis turbines, the rotor shaft is set up vertically. One advantage of this is 

that the turbine does not need to be pointed into the wind to be effective, which 

advantage on sites where the wind direction is changing a lot, or when the turbine is 

integrated into a building. The vertical-axis turbines can have blades or be bladeless. 

Vertical turbines generally have a much lower efficiency than horizontal turbines.  

There exist a wide variety of sizes and power ratings of wind turbines, where the 

turbines of utility scale has the size of 50 to 750 kW, a rotor diameter from 50 m to 125 

https://en.wikipedia.org/wiki/Wind_turbine_aerodynamics
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m, generators of 1.5 MW to 3.5 MW (though the largest existing single on-land wind 

turbine has a generator capacity of 7.5 MW) and hub heights from 90 m to 150 m (IEA, 

2015). There are also manufacturers that now offer turbines of 4-5 MW (Ibid). Small 

wind turbines are defined as wind turbines with a capacity smaller or equal to 100 kW 

(American Wind Energy Association, 2013) The small wind turbines for domestic use 

have rotors of 8-25 meters in diameter, with a tower of 30 feet. These turbines can 

supply the power demand of 1,400 homes. Smaller turbines are used as single turbines 

for homes, water pumping etc. They are utilized for a variety of applications such as on- 

or off-grid residences, telecom towers, offshore platforms, rural schools and clinics, 

remote monitoring and purposes that require energy where the electric grid is non-

existing or unstable. There are turbines as small as 50 W, used for applications such as 

battery charging for auxiliary power for boats or caravans or to power traffic warning 

signs. Wind turbines of slightly larger sizes can be used for domestic power supply and 

sell unused electricity to the utility supplier via the electric grid. Large wind turbines 

can be grouped together as one big wind power plant, a so called wind farm that 

produces electricity fed into an electrical grid and distributed to consumers.Wind farms 

are becoming of increasingly important as a source of intermittent renewable energy and 

many countries use them as part of a strategy to reduce fossil fuels reliance.  

3.5.3 Application of wind energy  

Wind turbines have the highest effective intensity of power-harvesting surface of all 

renewable energy systems wind, since windturbine blades not only harvest wind power 

but also concentrate it (Jamieson, 2011). Wind energy is widely available throughout 

the world poses no fuel price risk or constraints, it also improves security of supply, 

generates no direct greenhouse gas emissions and does not emit other pollutants (such 

as oxides of sulfur and nitrogen), and it consumes no water (IEA, 2015). The greatest 

advantage of using wind energy technology is that wind is a renewable and non-

polluting resource for electricity generation. The disadvantages of wind power 

technologies are that the rotor blades produces noise, that the visual landscape is 

changed, and that birds are being killed by flying into the rotor blades. These problems 

have though been distinguishly reduced technological development or suitable 

placement of the turbines. The major challenge concerning wind power is that it is not 

intermittent, which has been discussed earlier in the report, and that wind energy cannot 

be stored. Another complication is that wind power production requires land use, which 

might in some cases compete with other types of land use. (Wind EIS, 2016)  

In recent years, wind power technology has become cheaper, and during the year 2014 

to 2015, the estimated price of wind turbines decreased with 3 to 5 %. Even though the 

cost of wind power technology has increased, the initial investments are higher than for 

fossil-fuel generators (Wind EIS, 2016). About 80 % of the cost of wind turbines is for 

the machinery, where the rest is the cost of site preparation and installation (Wind EIS, 

2016). However, compared on a life-cycle cost basis, the cost of wind energy are much 

https://en.wikipedia.org/wiki/Travel_trailer
https://en.wikipedia.org/wiki/Wind_farm
https://en.wikipedia.org/wiki/Renewable_energy
https://en.wikipedia.org/wiki/Fossil_fuel
https://en.wikipedia.org/wiki/Intensity_(physics)
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more competitive with other power, since there are no fuel expenses, and the operating 

expenses are really low (Wind EIS, 2016).  

  



36 
 

4. Research methodology and data 

In this chapter presents the research methodology and the data collected and used in the 

modeling. First, an overview of the methodology is presented including a motivation for 

the choise of the the modeling methodology for the purpose of the study, as well as a 

presentation of the case study methodology and the techniques of data collection 

applied in the study. Then the area in focus of the case study is presented, with 

information about the province of Villa Clara, the studied farm Desembarco del 

Granma, its biogas production, energy use pattern, and biomass availability. Next, there 

is a description about the methodology of system simulation and optimization, and a 

description about the HOMER software and its simulation algorithm. In the last section, 

a description about the modeling, simulation, and optimization procedure is carried out, 

the system architecture is presented, as well as all the input data used.  

4.1 Methodology overview 

The purpose of this study is to configurate an optimal system design of a hybrid 

renewable energy system, and a modeling is carried out to fulfill this purpose. A model 

is in general terms a representation of a real system, and is chosen so that aspects such 

as elements and relations of the real system is captured by the model, so that the model 

will behave in the same way as the real system. Within energy system analysis, models 

are frequently applied to many sorts and sizes of systems, from small systems of 

technical components, to big systems of energy transmission and distribution (Karlsson 

et al, no date). The main reason for creating a model is to study the model instead of the 

real system. According to Gustafsson et al (1982) this is motivated when a study of the 

real system is too costly, when the system systems surroundings cannot be controlled, or 

when a real-world system does not exist because the analysis concern a future system or 

a system with essential changes made to it. In the case of this study, all these three 

criterias are considered to be fulfilled.  

In this study, a model design of a renewable hybrid energy system for a farm in the 

Cuban province Villa Clara is configurated and optimized using the HOMER software. 

The farm model accounts for flows of energy and material based on empirical data and 

published data for input and output parameters. Alternative system configurations based 

on there sources of biomass, solar, and wind are modeled and compared. The different 

system configurations are evaluated in regard to energy efficiency, financial viability, 

and environmental impact. To allow the modeling of the system, a case study for 

collection of information has been carried out. A literature study has first been 

performed to provide an overview of the context of energy in Cuba, and a summary of 

previous research regarding hybrid energy systems with combinations of PV, biogas, 

and wind resources. To obtain the data required to model the different scenarios, 

empirical information has been collected during the case study in Santa Clara, Cuba. 

The case study has contained the methodology of several semi structured interviews and 

one occurence of participant observations.  
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4.1.1 The case study methodology 

Case study research is a frequently used methodology concept, meaning that the 

research is focused on one single case. The case study methodology has been widely 

utilized for energy system research from various perspectives, and is advantageous 

when studying complex phenomenas involving the question when how or why are 

asked about a set of events (Thollander and Rhodin, no date).  

The first thing to make sure when designing a case study is that the maximization of 

construct validity, internal validity, external validity, and reliability is achieved when 

only one case is studied, apart from the choice of studying multiple cases (Yin, 2003). 

The construct validity means the establishment of accurate operational measures for the 

studied concepts. Internal validity means the establishment of casual relationships 

where certain conditions are shown to be correlated with each other, distinguished from 

false relationships. The internal validity is in this study is ensured by the simulations 

performed by HOMER, since the relationships between the modeled components are 

established within the software and its simulation algorithms. External validity means 

the outlining of system boundaries to which the findings can be generalized. The 

external validity of the study is thereby specified within the chapter of limitations and 

system boundaries. Reliability means that the operations of a study may be repeated 

with the same results. The reliability can be increased by transparency of choices 

affecting the outcome, the theories used, and the basis for selecting respondents 

(Merriam, 1998). To increase the reliability of the study, there is an effort to be as 

transparent as possible in the presentation of the methodology and the results.  

 

The six main sources of information used in a case study are documentation, archival 

records, interviews (including questionnaries), direct observations, participant 

observations, and physical artefacts (Yin, 2003). According to Mirriam (1998), 

interviews are the important source of information when conducting case studies. Using 

interviews as the source of information was in this study considered to be the most 

efficient way of obtaining accurate and extensive information needed.   

An important feature about case studies mentioned by Thollander and Rhodin (no date), 

is that it can state a theoretical proposal that can then be tested in additional case studies 

and thereby reinforced or rejected. When analyzing case study results the researcher 

should aim for analytic generalization, meaning that theories obtained from case studies 

should be of a general nature and not the actual results. The results of this case study are 

meant to be generalizable to be valid for all farms with the same features and conditions 

as the studied farm.  

4.1.2 Literature study 

A literature study, or literature review, has been performed to collect information about 

the Cuban energy context within which the study is performed. The purpose of the 

literature study is to provide a background to the problem formulation of the study. A 
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literature study is designed to provide an overview of sources explored during the 

research of a particular topic, and to demonstrate how the performed study is relevant in 

the research field (USC Libraries, 2016). A literature study reviews books, scholarly 

articles, and other sources relevant to the issue in focus of the study, and thereby 

provides a descriptive and critical summary of previous works within the area of study, 

and how the research question of the study relates to previous research (USC Libraries, 

2016). A literature study also has the function to help the writer to understand the 

subject of study and to be able to develop interesting research questions. An 

understanding of Cuba’s situation in regard to energy is essential for understanding the 

possibilities, challenges and limitations of the Cuban energy system, as well as small 

scale energy system in Cuba like the one designed in the study. A review of previous 

research within the area of hybrid renewable energy systems has been providing input 

for the selection of system configurations as well as for the performance of the 

modeling.   

4.1.3 Semi structured interviews and participant observations 

Semi-structured interviews mean that interviews are held with prepared questions and 

themes, but with the freedom of the interviewer to adapt the questions to the informant. 

The interviewer creates rough topics with suggested questions and during the interview 

is trying to follow these themes and also adapt the questions to topics of the informant 

for the moment (Kvale, 1996). This form of interview is flexible and gives the 

informant a chance to talk about what he or she finds important. Semi structured 

interviews have been chosen as the source of information in this study since the 

informants have all have longer experience and more knowledge about the topics of the 

interviews than the researcher, and have also been much more familiar with the cultural 

context and modes of utilizing technology. Since some things of importance for the 

study has been assumed to be partly unknown for the researcher, questions to cover all 

areas of importance have been difficult to formulate beforehand. Since the semi 

structured form of the interviews allows the researcher to pick up on these things and 

formulate relevant questions during the course of the interview, semi structured 

interviews have been considered a suitable methodology to gather the information 

required.  

Five semi structured interviews have been held in this study, where one of them has 

been combined with the methodology of participant observation. Participant observation 

is an observation methodology used in a variety of disciplines as a tool for collecting 

data about people, processes, and cultures in qualitative research, and it enables the 

researcher to learn about the activities of the people under study in the natural setting 

through observing and participating in those activities (Kawulich, 2005). It also 

provides the opportunity for the researcher to check definitions of terms used by 

participants in interview, and observe events or processes that informants may not be 

sharing in an interview (Ibid). The data obtained from participant observations normally 

consist of detailed field notes, and sometimes some kind of quantifications later used for 
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production of numerical data (Mack et al, 2005). According to Kawulich, (2005) 

participant observation can be performed as descriptive observation, focused 

observation, or selective observation. Focused observation is the one used in this study. 

The focused observation is observations supported by interviews, in which the insights 

of the participant guide the researcher decisions about what to observe. This is useful 

when participants are much more familiar with the processes that are being observed, 

and this is why the observation technique was used to study the production processes of 

a Cuban farm.  

The initial setup for the case study methodology was to at repeated occasions perform 

semi structured interviews together with participant observations at the farm 

Desembarco del Granma. Unfortunately, it was not possible to obtain the permit needed 

for visiting the farm, due to special circumstances at the farm during the time of the case 

study. As an alternative plan, an interview where held with a specialist of science and 

technology working at Desembarco del Granma Cooperative, and complementary 

interviews where held with professors of UCLV with knowledge about agricultural 

production systems of the Villa Clara province. One of these interviews where 

conducted together with participant observations at the University farm of UCLV, 

which is a small scale farm with a production system very similar to the Desembarco 

del Granma farm. The research center of agriculture and lifestock at UCLV is part of a 

farming project, which includes the operation of the University farm.   

Prewritten questionnaires were designed and used in order to cover all questions 

necessary, and semi structured interwievs were performed on the basis of the prepared 

questions. The interviews were held partly in English and partly in Spanish. For the 

Spanish parts, interpretation to English has been performed by Manuel Rubio, Director 

of Energy and Environmental Technology Assessments at UCLV. In interview number 

3 and 4, Pedro Morel, teacher in fluid dynamics at UCLV was translating. The details of 

the interviews held are summarized in table 2. All interviews have been taken place at 

Universidad Central de las Villas.  
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Table 2. Summary of the interviews held in the study  

Interview 

number 

Informant Interview type Main topics Date 

1 Mario Reinoso 

and Silvino 

Vargas, 

Professors at 

Research center 

of agriculture and 

lifestock, UCLV 

 

Semi structured 

interview 

Cuban 

agriculture, 

livestock 

farming, 

production 

systems, energy 

use pattern 

2016-11-14 

2 Mario Reinoso, 

Professor at 

Research center 

of agriculture and 

lifestock, UCLV 

Semi structured 

interview and 

focused 

observation at 

the University 

farm 

Production, 

collection, and 

use of animal 

feases; Inversion 

of energy 

consuming 

equipment  

2016-11-18 

3 Iosvani López 

Díaz, Professor in 

Mechanical 

Engineering, 

Environmental 

Engineering, 

Chemical 

Engineering at 

UCLV 

Semi structured 

interview 

Existing systems 

and equipment 

for biogas 

production on 

Cuban farms; 

Biogas engines 

and burners 

available in Cuba 

2016-12-07 

4 Jorge Pacheco 

Moreno, 

specialist of 

science and 

technology at 

Desembarco del 

Granma 

Cooperative 

 

Semi structured 

interview 

Biomass 

availability and 

load profile of 

Desembarco del 

Granma 

2016-12-08 
 
 
 

5 Manuel Rubio, 

Director of 

Energy and 

Environmental 

Technology 

Assessments at 

UCLV  

Semi structured 

interview 

Regulations and 

PV equipment 

available in 

Cuba; Bioimass 

availability and 

biogas 

electrification in 

Cuba  

2016-12-09 

 

https://www.researchgate.net/profile/Iosvani_Lopez_Diaz
https://www.researchgate.net/profile/Iosvani_Lopez_Diaz


41 
 

The informants presented in table 2 have been selected according to DiCicco-Bloom & 

Crabtree’s (2006) recommendation of choosing persons to interview for their 

knowledge, as well as willingness and ability to serve as translators, mentors and 

commentators for the researcher. The informants are all connected to the University 

Central de Las Villas, and either to agricultural development within the University farm 

or at the farm Desembarco del Granma. They are considered the people who know most 

about the topics of the interviews and they all have an interest in a successful energy 

system design for the Desembarco del Granma farm. These factors indicate that these 

persons both have the ability and motivation to provide correct information in this case, 

which allow them to be considered as reliable sources.  

4.2 The studied area  

4.2.1 The province of Villa Clara  

The island of Cuba is divided into 14 provinces. Villa Clara is situated in the noth west 

part of central Cuba. Capital of Villa Clara is Santa Clara. In figure 8, the province of 

Villa Clara and its capital Santa Clara are marked out.  

 

Figure 8. Map of Cuban provinces and the position of Santa Clara  

The land of Villa Clara is characterized by the heights of the north of Central Cuba and 

Santa Clara, and the plains of Manacas (La Oficina Nacional de Información y 

Estadísticas, 2016). The province of Villa Clara contains a lot of farms, especially pig 

farms in an area called Placetas. The farms of Villa Clara mainly use manpower as 

energy resource in the production, and some diesel for tractors. There are 356 

biodigesters in place in Villa Clara in 2016, of which 346 are functioning. There are as 

well 2252 solar heaters installed (of which 2235 are functioning), and 575 solar panels, 

(of which 512 is functioning) (González Satorre, 2015). The province of Villa Clara is 

estimated to have 1,480 MW moderate to excellent wind energy potential (assuming an 

installed capacity of 5 MW per km2) (Käkönen, 2014).  
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In the province of Villa Clara, some government agencies and enterprises have enabled 

access to modern rural energy resources. These are the National Institute of Hydraulic 

Resources, the Biogas Group Villa Clara, the Technical Department of Energy in Villa 

Clara, and Cuba Solar (Cherni, 2009). González Satorre (2015) estimates that it is 

possible to increase the use of renewable energy sources for electricity generation in the 

province of Villa Clara from 3.1% in 2015 to 20% in 2030.  

4.2.2 The studied farm Desembarco del Granma 

Farm activities  

The Desembarco del Granma farm is situated 2 km west of the city Santa Clara. The 

farm is owned and operated by the cooperative Unidad Basica de Production 

Cooperativa (UBPC) Desembarco del Granma, consisting of 153 persons. The 

cooperative is organized into different units working as logistic planners, activity 

organizers, enterprise managers, specialist, agronomic professionals, technicians, 

machinery maintainers, layers, economics, cooking staff, and service staff. The number 

of people with work in the farm is 120.  

Milk is the main production of the farm, and there are 1,106 cows for milk production. 

The farm also contains 353 cows for meat production, 70 pigs for meat production, 880 

calves, 66 working animals, and 200 sheep. The milk yield is 8.5 liter per cow per day, 

which is a high yield in Cuba. During the winter, the milk yield per cow decrease to 7 

liters per cows. The cows are milked two times per day, in 9 different inside milking 

places. The milking is performed manually, since there is no automated milking 

machine at the farm. According to Pacheco Moreno (2016, Personal Interview, 

December 8) utilizing milking machines powered by electricity would be preferable, to 

improve both the production efficiency and the hygiene of the production facility. Due 

to Cuban regulations, the slaughter of the cows and pigs that are held for meet 

production takes place in a slaughter house elsewhere, and slaughter occurs on the farm 

only for sanitary purposes and do not happen often.   

The farm has 1305 ha total agricultural area, which is divided into squares, surrounded 

by fences. This allows regulation of where the cows are feeding and where the grass is 

resting, which generates a high quality of the food for the cows. The farm contains 

several separate buildings where the animals are held. The buildings all have a floor and 

a roof, but do not have proper walls so there is no temperature regulation. The pigs are 

kept in a house with boxes, where they stay 24 hours a day. They are fed in the boxes 2 

times a day by waste from kitchen containing morera, and other food like corn produced 

on the farm. The cows are only kept inside while they are being milked, and they are fed 

by eating the grass outside.  

Energy use 

Human labor is the main energy input in the production on the farm, since there are not 

that many automized production systems. In October 2016, the electrical bill of the farm 

showed a use of 7,280 kWh, as total electricity use for all the farm units, which includes 
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the electricity consumption of electrical fences, 10 electrical forage grinders used for the 

cutting and preparation of food for the animals, refrigeration of produced milk, welding 

of machines for maintenance purposes, and electrical equipment of the offices 

belonging to the farm such as fans, and lightning etc. There are 17 fence squares, where 

each one counts for 10 km fence. Some of the fences are electrical fences. Two fences 

are electrical fences powered by solar power from solar panels connected to the fences. 

There is a great demand of water at the farm, since both the animals and the grass 

requires water to live. For the water consumption of the cows, an average of 24,000 liter 

water is required per day. Water is also needed for the other animals, as well as for 

irrigation of the grass on the farm, and for the production of artificial milk for the calves 

born by the milking cows. The farm has irrigation systems to supply water to plants at 

regular intervals to assist the growing of the crops and the maintenance of the 

landscape. Irrigation system for in total 5.18 ha is installed, partly driven by electricity 

and partly fueled by diesel. The water is pumped up from wells at the farm by eight 

electrical pumps and three diesel pumps motors. Now 2,500 litre diesel is used for the 

provision of water per year, including both irrigation and pumping. The electricity bill 

includes the electricity consumption of water pumps and irrigation systems of the farm. 

There are already 13 wind mills on the farm utilized for water pumping, of which 11 are 

in use. There is also one pump driven by solar power.  

 

There are three diesel fuels tractors in the farm, used for the production of food for the 

cows, i e grass in the fields. Application of organic materials on the land for fertilizing 

purposes occurs to some extent. The maintenance of the machinery of the farm includes 

reparing tractors and food grinding machines, which requires welding powered by 

electricity.  

 

The thermal energy demand of the farm is mainly constituted by the cooking of food for 

the farm workers, and heating of water for production of artificial milk for calves as 

well as for sanitary purposes. The biogas produced at the farm covers part of the thermal 

demand for cooking, while the remaining need is supplied by the combustion of wood. 

To shift the use of fuel wood to biogas would be preferable for the health of the persons 

cooking, as well as a contribution to the decrease of tree cutting in Cuba.  

Biogas production and utilization  

There are three biodigestors on the farm, placed in a triangle with the distances of 2 km, 

5 km, and 5 km between each other. All biodigesters are of the fixed dome type. One of 

the three biodigesters is in use and the other two are out of service, due to lack of 

maintenance and the lack of suitable and efficient ways of using the biogas. The 

functioning biodigester produces 80 m3 biogas per day, which is the maximal capacity. 

The capacity of the two other biodigesters is 80 m3 per biodigester as well, which means 

that the total biogas production capacity of the whole farm would be 240 m3 per day if 

al the biodigesters would be in use.  
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Only 70% of the biogas produced in the one working biodigester is utilized at the 

moment.  It is transported through a 300-meter-long pipe from the biodigesters, to the 

two houses where workers live and use the gas for cooking. A gas storage exists, with a 

capacity of 4 m3.  

The biogas is produced from cow manure, collected from the floor of one of the nine 

milking facilities. The solid parts are collected with a spade, and the rest of the feases 

(more wet) is washed away. No pretreatment of the manure occures. The gas is not 

cleaned (not even from sulfur). The rest product from the biogas production is not used 

in any way.  

Biomass available for biogas production 

The biogas production capacity of the farm is dependent on how much organic material 

there is to use as feed. The biomass availability depends on the types and numbers of 

animals at the farm, as well as the logistic handling of the animals. The manure can only 

be collected when the animals are kept inside at a fixed place, because when they are 

out in the grass the manure end up anywhere and it is not effective to collect it. The 

biomass availability on the farm is calculated for two different scenarios, where the first 

scenario is for the current way of keeping the animals, and the second scenario is for 

keeping the animals in an optimal way according to biomass availability. A discussion 

about what would be the best conditions of keeping from the perspective of the animal’s 

well-being is not included in this work. 

The biomass used in the biodigester is constituted by cow manure and pig manure 

produced on the farm. In table 3, the cuantity of animals at the farm divided into animal 

type categories are presented.  

Table 3. Cuantity of animals divided by animal categories   

Animal categories Number of animals 

Cows for milk production 1,106 

Cows for meat production 353 

Pigs 70 

Calves 880 

 

For the pigs on the farm, 100% of the produced manure can be collected and used for 

biogas production, since the pigs spend 24 hours of the day in their boxes. Since the 

cows are not always in the same place, calculating the fraction of their manure available 

for collection is more complicated.  

There are 1106 milking cows at the farm, which can be divided into milking cows and 

dry cows, depending on where in the cycle of having a calf they find themselves. The 

interval between having a calf is 400-450 days in the tropic climate of Cuba (Pacheco 

Moreno 2016, Personal Interview, December 8). The lactation period last for about 310 

days after the cow has had a calf, and the rest of the time the cow is considered dry 
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since it is not providing any milk (Ibid). Since the cows are then categorized as milking 

cows for 310 days and as dry cows for 115 days, the fraction of the time the cows 

belong to the category milking cows are then 72.9 % and the fraction of time the cows 

belong to the category dry cow is 27.1 %. This means, in average 806 cows are milking 

cows and 300 cows are dry cows.  

The first milking starts at 2:00 AM and finishes at 5:30 AM and milking takes 30 

minutes per cow, but the cows are all kept inside in the milking place until the milking 

period is over. After being in the milking place, the cows are let out in the grass to feed. 

They stay there untlil it is time for the next milking that starts at 2:00 PM and ends at 

5:30 PM. Efter the second milking they are let out in the grass again and stay there until 

the first milking starts again next morning, and so it continues day after day. The time 

schedule of the milking cows is presented in Table 4.  

Table 4. Time schedule of the milking cows 

2:00 AM – 

5:30 AM 

5:30 AM - 

2:00 PM 

   
 

2:00 PM - 

5:30 PM 

 

5:30 PM 

- 2:00 

AM 

Milking 

number 1 

Cows are 

outside 

 

Milking 

number 2 

Cows are 

outside 

 

3.5 h 8.5 h 3.5 h 8.5 h 

 

Since the milking cows spend in average 7 hours a day in the milking facility where the 

manure can be collected, it means that 7h/24h = 0.292 = 29.2 % of the manure are 

available for collecting for biogas production. The time the milking cows are kept inside 

can be increased to up to 24 hours per day. Dry cows, meat cows, and calves spend no 

time in the milking facility, and are either out on the grass or in the outside enclosure to 

sleep. If also the dry cows, the meat cows, and the calves were kept inside, their manure 

could be collected. The range of percent of collected manure for milking cows is 

thereby 29.2 to 100, and for dry cows, meets cows and calves it is 0 to 100. The first 

number constitutes the current conditions and the second number the optimal 

conditions.  

The humid excrete availability per cow per day is 10 kg, for calves the availability is 5 

kg, and for pigs with the weight of 50 kg the Guardado humid excrete availability is 

2.25 kg, for the type of animals and environmental conditions of Cuba (Guardado 

Chacón, 2007). In table 5 and 6, the dung availability is presented, for the current way 

of holding the animal as well as for the optimal way in regard to maximize the dung 

availability. The interval of when the manure is produced during a day is assumed to be 

uniform.  
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Table 5. Volume of available biodigestate per animal during current conditions 

Type of cattle Number 

of cattles 

Humid excrete 

availability 

(kg/animal/day) 

Total humid 

excrete availability 

(kg/day) 

Milking Cow 806 2.92 2353.5 

Dry Cow 300 0 0 

Meet Cow 353 0 0 

Calf  880 0 0 

Pig 

 

70 2.25 157.5 

Total   2511.0 

 

From table 5, it follows that the average biomass availability at the farm for the current 

retention means is 2.51 tonnes per day.  

Table 6. Volume of available biodigestate per animal during optimal conditions 

Type of cattle Number 

of 

cattles 

Humid excrete 

availability 

(kg/animal/day) 

Total humid 

excrete 

availability 

(kg/day) 

Milking Cow 806 10 8060 

Dry Cow 

 

300 10 3000 

Meat Cow 

 

353 10 3530 

Calf 

  

880 5 4400 

Pig 

 

70 2.25 157.5 

Total   19147.5 

 

From table 6, it follows that the average biomass availability at the farm if the animals 

would always be gathered in the same place would be 19.15 tonnes per day. It is 

important to note that this scenario would require investments in animal housing 

facilities at the farm, which is associated with a cost that is not included in the study.  
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4.3 The methodology of system simulation and optimization  

A modeled system can be practically studied by performing experiments like the ones 

that would be carried out on the real system. Experiments are carried out on a modeled 

system are called simulations, and performing such is a good way of study a real world 

phenomenon in a controlled environment (Karlsson et al, no date). In system 

simulations, the input or the parameters of the model can be varied while the model 

response is studied in order to determine the effect on the output.  

A methodology related to simulations is optimization, which is a model based analysis 

with an objective representing the performance of the model. The analysis aims to 

minimize or maximize the objective function by finding the model parameters to do so.  

The modeling and simulation of this study follows the steps defined by Karlsson et al, 

(no date), as follows:  

1. Studied system is analyzed to ensure that a suitable model is chosen 

2. The model is constructed, representing the real system 

3. Model is validated, means making sure it performs as it should 

4. System is simulated to answer the intended research question 

5. Results are analyzed 

4.3.1 Selection of HOMER Pro Software 

Hybrid system analysis is quite complex due to multiple generation systems, requiring a 

software tools for the design, analysis, optimization, and economic viability of the 

systems (Sinha and Chandel, 2014). For modeling and optimizing the hybrid renewable 

energy system for each scenario in this study, the Hybrid Optimization of Multiple 

Energy Resources (HOMER) software is utilized. HOMER is a microgrid software that 

navigates the complexities of building cost effective and reliable microgrids combining 

traditionally generated and renewable power, storage, and load management (HOMER 

Energy, 2015). The edition of the software used is HOMER Pro Microgrid Analysis 

Tool version 3.4.3.  

Hybrid system analysis software tools have been utilized by a number of researchers 

worldwide, where HOMER has shown to be the one most frequently used (Sinha & 

Chandel, 2014). Other softwares for hybrid energy systems are HYBRID2, HYBRIDS, 

RET Screen, TRNSYS, HOGA. Turcotte et al (2001) classifies the software tools 

related to hybrid systems in the four categories: pre-feasibility, sizing, simulation and 

open architecture research tools, where HOMER is assigned to the sizing category. 

HOMER is a sizing tool mainly used for determination of optimal size of each system 

component, as well as detailed information about energy flows among various 
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components (Sinha and Chandel, 2014). The HOMER software obtains an optimized 

architecture of an electricity generating system in terms of cost-effectiveness. 

Misha et al, (2016), Singh et al, (2015); Bhatti et al, (2015); Fahmy et al, (2014); Eziyi 

and Krothapalli, (2014); Nimmo et al, (2015); and Sigarchian et al (2015) have 

successfully applied HOMER for the design and optimization of hybrid energy systems 

consisting of combinations of PV, solar, and wind - and from an overview of previous 

research it appears that HOMER is the most common software used for simulating 

systems of this combination of energy sources. Zahraee et al, (2016) discusses various 

softwares for hybrid energy system application. According to them, HOMER quickly 

searches for the optimal sizing of the energy system, and is useful to analyze sensitivity 

and to study the influence of changing or uncertain factors. Sinha and Chandel (2014), 

who presents 19 softwares suitable for hybrid energy system analysis, states that 

HOMER aprops well for advanced users. Since HOMER can handle a much denser 

simulation than many other types of software, it is one of the most widely used hybrid 

system optimization tools. HOMER can be used for on-grid applications, as well as for 

off-grid PV applications and include stand-alone, hybrid and water pumping systems as 

well (Sinha and Chandel, 2014). Mishra et al (2016) states that HOMER is useful for 

configuration of a system in advance of its installation, and is useful for rural 

applications since it works for grid connected as well as and stand alone systems.  

Since a suitable system configuration and sizing of the compinents of the hybrid energy 

system is required to perform techno-economic evaluation of the scenarios, an 

optimization tool is considered suitable for this study. Beacuse of HOMER’s particular 

capability to handle small-scale renewable-based energy systems, and capability to 

incorporate effects of uncertainties of different input variables, HOMER stands out as 

suitable for this study. 

4.3.2 HOMER Simulation algorithm 

HOMER simulates, optimizes, and performs a sensitivity analysis on micropower 

systems as follows:  

Simulation  

In the simulation process, the system configuration is decided. The HOMER system 

design contains different components, resources, electrical and thermal loads, and 

system constrains. The combination and sizing of the system components are choosen, 

as well as the operating strategy that defines how the components work together in a 

given setting over the lifetime of the project (Lambert et al, 2006). The performance of 

a massive number of system configurations are simulated by calculating the energy 

balance for each hour. HOMER compares the electricicity and thermal energy demand 

per hour to the energy the system can provide in that hour and calculates the energy 

flow from and two all the elements in the system, and consider the system 

configurations to be feasible if it sufficiently meet the electric and thermal load 

demands and satisfy all technical constrains of the system. The total cost of installing 
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and operating the system over the project lifetime is then estimated (PIRE, 2014). To 

simulate the long-term operation of the system is the fundamental capability of 

HOMER, and what the optimcization and sensitivity rely on (Lambert et al, 2006).  

Optimization 

In the optimization, the best possible system configuration is choosen, based on the 

economic feasibility, defined as a low Net Present Cost (NPC). The NPC is calculated 

from all costs and revenues of the life-cycle of the system by including initial capital, 

component replacement, maintenance, and fuel cost, using the discount rate for 

calculation of future cash-flows. The NPC is calculated as follows: 

                   𝑁𝑃𝐶 =  ∑ Cct + Com, t + Cr, t + Cf, t  −  Rs, t
𝑇
𝑡=0                                     (1) 

T is the lifetime of the project, Cc,t   represents the capital cost for the system in year t, 

Com,t  represents the cost of operation and maintenance in year t, Crep,t  represents the 

cost for replacement in tear t, Cf,t  represents the cost of fuels in year t, and Rs,t  

represents the salvage price in year t.  

HOMER performs an hourly time series simulation, carried out for every possible 

system configuration, and finds the optimal solution where the system meets the total 

energy demand and achieves the least possible NPC.  

The optimization also generates a list of configurations sorted by the Cost of Electricity 

(COE) (or the Levelized Cost of Electricity, LCOE) for each of the optimized systems 

and offers the opportunity to prioritize the system on COE for evaluating the financial 

feasibility (PIRE, 2014). The COE represents the average the production cost of each 

kWh useful ectrical energy produced by the system. The calculation of the COE 

accounts for all costs over the lifetime of the system, which are the initial investment, 

operation and maintenance, fuel and replacement costs, and salvage price. To calculate 

COE, HOMER divides the annualized cost of producing electricity by the total useful 

electric energy production. The COE is calculated as follows: 

  𝐶𝑂𝐸 =  
𝐶𝑡𝑜𝑡  

𝐸𝑝𝐴𝐶+ 𝐸𝑝𝐷𝐶 + 𝐸𝑑 + 𝐸𝑔
                                              (2) 

 

Ctot represents the total cost of investing, installing, operating, and maintaining the 

energy system, EpAC represents the AC electricity demand of the primary load, EpDC 

represents the DC electricity demand of the primary load, Ed represents the electricity 

demand of the deferrable load, and Eg represents the electricity sold to the grid.  

Sensitivity Analysis 

In the seneitivity analysis, an optimization process is performed to define ranges for 

sensitivity variables, determining the potential impact of uncertain factors over time 

(PIRE, 2014). The key variables in the design of a micro power system are often 

uncertain, and this is one of the major problems to be considered in the modeling. To 
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overcome the constraints this poses, HOMER performs a sensitivity analysis on the 

basis of scaling variables and hourly data. In the sensitivity analysis, HOMER 

accomplishes multiple optimizations on the basis of input variables to explore the 

effects of uncertainties or changes of input parameters. The model user enters a range of 

values for a single variable and HOMER shows the effect of changing each value. This 

analysis considers uncertainties concerning primary load and sustainable energy 

sources, and thereby helps with configuration of a practical model. In the HOMER 

sensitivity analysis, the complete system is simulated for each of the uncertain 

variables, resulting in different parameters for technical carachteristics and cost. For 

each value of the sensitivity variable, the complete system is simulated with the 

resulting technical and cost parameters, and the optical solution is found where the 

system is able to meet the entire demand.  

HOMER requires input data to perform the simulation, optimization, and sensitivity 

analysis. The inputs and outputs for HOMER are listed in Figure 9.  

 

Figure 9. Schematic of HOMER inputs and outputs 

The environmental impact is evaluated with calculations and analysis of CO2 emissions 

for the different scenarios. When grid-connected systems are simulated, HOMER 

calculates the emissions of each pollutant associated with the net grid purchases (the 

total grid purchases minus the total grid sales), by multiplying the net grid purchases by 

the emission factor for the pollutant (g emissions per kWh used). If more electricity is 

sold to the grid than purchased, and if the electricity generated by the system causes less 

CO2 emissions than the corresponding amount of grid electricity, there is a net reduction 

of CO2 emissions which HOMER simulates by negative CO2 emissions.  

The economical analysis, the electrical feasibility analysis and the environmental impact 

analysis is weighted in order to identify the most favourable scenario for the overall 

system.  
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4.4 Modeling, simulation, and optimization  

4.4.1 System architecture  

To simulate the system, the components modeled by HOMER are a wind turbine, a PV 

Module (modeled in HOMER as a PV array), a controller (modeled in HOMER as part 

of the PV Array), a converter, a battery, a generator fueled with biogas, and a grid. 

Intermittent energy from the PV Module and/or the wind turbine is integrated in a DC 

line through AC/DC converter with a controller. The converter converts the DC power 

into AC at 50 Hz, to be used by the loads. If the system output is not sufficient to meet 

the demand of the load, the battery is used as the source to power the DC, or to power 

the AC through a discharged inverter. If there is more power available after the battery 

is fully charged, it will be sold to the grid for the price of 0.15 USD/W. The thermal 

energy load is supplied by combustion of biogas. The energy demand for cooking could 

as well be supplied by electricity, but since there is already a pipe installed for 

transportation of biogas to the cooking facility, the farm prefers to use the biogas for 

this purpose (Pacheco Moreno 2016, Personal Interview, December 8).  

Different system configurations scenarios, with respect to the combination of energy 

resources, are evaluated and compared. Figure 10 provides a schematic of all 

components modeled in HOMER. The components below the dotted line is part of the 

proposed energy system, but is not modeled in HOMER. They are accounted for before 

the modeling and are thereby incorporated in the analysis of the systems even though 

they are not a part of the HOMER model.  
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Figure 10: Schematic of the hybrid energy system architecture 

In figure 10, the green cells represent the energy resources, while, the peach colored 

cells represent the loads. The blue cell represent the electricity storage, the yellow cell 

represents the grid, and the white cells represents the energy system components 

modeled. The resources and components are all used as inputs in HOMER, which 

models systems for all the different combinations of resources that can meet the load. 

The systems are then optimized in regar to system components quantity and size. This 

means not all the resources and components in figure 10 are part of all the energy 

systems modeled.  

4.4.2 Load profile of the studied area 

The load profile of a system represents the pattern of electricity usage. A load profile 

input for HOMER gives the hourly pattern of electricity usage during a day, and the 

pattern over a year presented as hourly load average for each month, providing an 

understanding of the seasonal demand profile. The HOMER load input is thereby 

designed to meet the electrical need for a specific time, consisting of a monthly 

averaged with 12 sets of load data. The load is classified into two primary electrical 

loads and one primary thermal load. The primary load is an electric demand that have to 

be served according to a particular time table, while the deferrable load is an electrical 

demand that requires power at non-critical intervals and therefore can be served at any 
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time within a given time span (Lambert et al, 2006). The thermal load is the demand for 

heat. 

Primary electrical load 

Both the electrical loads demands AC. The first primary electrical load includes the day-

to-day electric applications like lightning, fans, and the technology essential for the 

production at the farm, such as the machines used for the preparation of food for the 

animals. It also includes hypothetical future electrical milking machines. In October 

2016, the electrical bill of the farm showed a use of 7,280 kWh (which equals 7,280 

kWh/month), as total electricity consumption for all the farm units. An electrical 

milking machine does not yet exist and its electricity consumption is therefore not 

included in the bill. The expected electricity used by the milking machine required for 

the quantity of milk produced at the farm is 8,800 kWh/year, which equals 733 

kWh/month. Hence, the primary electrical load is considered to be 8,013 kWh/month. 

In figure 11, the electrical load profile is illustrated as diagram made by HOMER.  

Figure 11: Hourly electrical load profile for a typical day 

 

The variation over the hours of the day presented in figure 11 is estimated from the 

interviews with Pacheco Moreno (12/06/2016) and Reinoso (18/11/2016).  

To make the load profile of the farm more realistic, randomness is incorporated into the 

load profile by the appliance of a 10% daily input noise. In figure 12, the yearly primary 

electrical load profile is presented monthly.  
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Figure 12: Yearly electrical load profile 

 

Scaled annual average electrical load of the system is 264 kWh/day, the peak load is 

26.34 kW, and the load factor is 0.42.  

Deferable load  

The second primary electrical load is the electricity required by the part of the water 

pumping and irrigation system that is now running on diesel. Now 2,500 litre diesel is 

used for the provision of water per year, including both irrigation and pumping. This is 

estimated to correspond to an energy demand of 27,750 kWh (since 1 litre of diesel fuel 

= 11.1kWh, according to Packer, 2011). Changing the diesel fueled irrigation system to 

electricity and the diesel pumps to electrical pump would require 27,750 kWh/year, 

which equals 76 kWh/day. Unfortunately, the division of diesel fuel amongst the 

irrigation system and the pumps is not known, and the electricity consumption for the 

electrical pumps and the electrical irrigation systems is not known. The electricity 

consumed by the part of the water providing system that is already electrified is 

therefore part of the primary electrical load 1, while the electrical consumption 

replacing the consumption of diesel (which constitutes the majority of energy use of the 

pumping and irrigation system) is categorized as electrical load 2.  

The storage capacity (kWh) of the pump is the electricity demanded to fill up the water 

storage tank because the electricity will be supplied for other activities during the time 

of no pump operation. This study assumes a water storage corresponding to a storage 

capacity of 76 kW with a peak load of 16 kW. In figure 13, the yearly deferrable load is 

presented.  

Thermal load 

The thermal energy demand of the farm is mainly constituted by the cooking of food for 

the farm workers, and heating of water for production of artificial milk for calves as 

well as for sanitary purposes. The energy demand for cooking for the 120 farm workers 

two times a day is calculated from that an average household of four persons in the 

typical village consumes 0.15 kW in heat for cooking per day (Jiminez et al, 2012; 

ONE, 2008). Multiplying this with 120/4 for the number of peoples gives 4.5 kWh per 

day. The thermal energy need for water heating is assumed to be provided for by solar 

thermal energy, and is not included in the energy system models of this study. The 
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thermal demand for cooking is supplied by combustion of biogas and biomass in the 

form of fire wood. In the modeled scenarios, the whole thermal demand for cooking is 

assumed to be supplied by the combustin of biogas, since this is the future scenario 

preferred by the farm workers (Pacheco Moreno 2016, Personal Interview, December 

8).  

The thermal load is not modeled in HOMER, but accounted for by subtracting the 

amount of biomass needed for the production of the biogas required for supplying the 

thermal demand from the total amount of biomass available.  

4.4.3 Resource data of the studied area 

Solar resource data 

Solar resource input data for HOMER is made up of monthly averaged daily insolation 

incidents on a horizontal surface (kWh/m2/day) from the NASA Surface Meteorology 

and Solar Energy (SSE) website. NASA gives monthly averaged values from 22 years 

of data. Due to the close distance, the location data of the city Santa Clara is used as 

location data of the farm Desembarco del Granma in the study. The following location 

data is used to find the solar radiation data:  

Latitude: 22.406919  

Longitude: -79.964939   

Time Zone: Eastern Time Zone UTC-05:00 

In Table 7, the obtained solar radiation data for the farm Desembarco del Granma is 

presented.   

Table 7. Monthly average solar radiations availability at study area for a year 

Month Clearness Index Daily Radiation 

(kWh/m2/day) 

January 0.575 4.099 

February 0.581 4.748 

March 0.594 5.615 

April 0.621 6.503 

May 0.578 6.350 

June 0.569 6.316 

July 0.564 6.209 

August 0.583 6.191 

September 0.582 5.685 

October 0.554 4.725 

November 0.534 3.918 

December 0.523 3.540 
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HOMER evaluates PV array power for the year on an hourly basis, and uses latitude 

value to calculate the average daily radiation from the clearness index and vice versa.  

The annual averaged daily solar insolation in this area was found to be 5.33 

kWh/m2/day.  

The efficiency of the PV array is not a HOMER input, because the software does not 

designate the PV array size in terms of m2, but in kW of rated capacity. The rated 

capacity is the amount of power the PV module procures under STC and accounts for 

the panel efficiency. By managing rated capacity, HOMER has no need to deal with the 

efficiency, since two modules with different efficiencies (and the same area) would be 

set to different sizes.  

Wind resource data 

The wind resource input data for HOMER is made up of monthly averaged daily wind 

speed (m/s) and HOMER downloads it based on the coordinate input of the project. The 

wind resource speed data found by HOMER is presented in table 8.  

Table 8. Wind speed in m/s month wise 

Month Average wind speed 

(m/s) 

January 5.550 

February 5.560 

March 5.520 

April 4.780 

May 4.590 

June 4.190 

July 4.560 

August 4.160 

September 4.290 

October 5.060 

November 5.910 

December 5.960 

 

Biomass resource 

The biomass resources input data for HOMER is the resource used to produce biogas as 

generator fuel. The biomass resource of the farm consists of cow and pig manure 

produced at the farm.  

Since the biogas needed to supply 1 kWh of electrical energy for the conditions of the 

study area is 0.565 kg (Rubio 2016, Personal Interview, December 9), the biogas needed 

for producing the biogas required for supplying the thermal demand for cooking (4.5 

kWh/day) is 2.54 kg. Since the gasification ratio is known to be 0.05, this corresponds 

to a required amount of biomass of 50.8 kg/day, rounded to 0.05 tonnes/day. Hereby, 
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the biomass needed for producing the biogas required for supplying the thermal demand 

for cooking is estimated to be 0.05 tonnes/day.  

Three different cases of biomass availability are accounted for in this study. The first 

case accounts for the amount of biomass available (possible to collect) during the 

present approach of keeping the animals. The second case accounts for the biomass 

required for the utilization of the whole biogas producing capacity of the farm. The third 

case accounts for the biomass resource available for the optimal way of keeping the 

animals (according to biomass availability). In all cases investigated, the thermal 

demand for cooking is supplied by biogas, hence the biomass required to supply the 

thermal demand is subtracted from the available biomass in each case. The scenarios are 

presented in table 9.  

Table 9. Modeled biomass scenarios 

Scenario nr. Total biomass 

availability 

Biomass available when 

thermal load supplied 

1 2.51 2.46 

2 5.52 5.47 

3 19.15 19.10 

 

The total biomass availability value for scenario 1 and 3 are acquired from chapter 

4.2.2, where Desembarco del Granma’s biomass availability is calculated. The total 

biomass availability for scenario 2, which is not calculated in chapter 4.2.2, is calculated 

from knowing that the total biogas producing capacity is 240 m3/day (Moreno Pacheco 

2016, Personal Interview, December 6) corresponding to an amount of required biomass 

of 5.52 tonnes/day (knowing that the biogas density is 1.15kg/m3, and that the 

gasification ratio is 0.05). This is more than double the biomass available today, but 

from chapter 4.2.2, it is known that the animals of the farm produce way more biomass 

than that, and that keeping them gathered together for a couple of hours per day would 

yield the amount of biomass needed. It is important to note that scenario 3 requires 

keeping the animals gathered in the same place for 24 hours of the day. It also requires 

the biogas producing capacity of the farm to be extensively expanded. The fact that 

biomass feedstock might be abundant throughout the year is not considered in this 

study.   

Raw biomass can generally not be used in a generator to generate electricity, but is first 

converted to biogas through the gasification process. For this process, there are some 

values HOMER requires as inputs. First there is the lower heating value (LHV), which 

is the energy in the biogas available to the gas engine and it is that which conversion 

efficiency is calculated. In this case, it is known that the LHV is 5.5. The gasification 

ratio pecifies how much biogas each unit of biomass yields. From the gasification ratio, 

HOMER can calculate the resulting quantity of biomass feedstock consumed to produce 
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electricity. In this case, it is known that the gasification ratio is 0.05. The cost of 

biomass is set to 0$, since all the biomass used is obtained for free from the farm itself.   

4.4.4 System component inputs and variables 

The properties of the modeled components as input into HOMER are the Capital Cost, 

Replacement Cost, O&M cost, Efficiency, and component lifetime. There are as well 

some component specific variables to consider in the simulation.  

PV Array inputs 

Variables for PV is the array size in the unit kW. Since HOMER does not model a 

charge controller component, the cost of the charge controller is included in the cost 

input of the PV array. The PV derating factor is reduced to account for the efficiency of 

the charge controller. In this case the efficiency of the charge controller is 95%, and the 

derating factor accounting for losses in the PV array is 90%, the derating factor is 

changed to 90% times 95%, which equals 85.5%. The PV panel is assumed not to have 

a tracking device.  

The cost of PV electricity per watt is set to 0, since the sunshine is free and the cost of 

the module and associated components has their own expenses specified. The initial 

capital cost of PV arrays usually varies from $1000 to $2800/kW (with shipping and 

installation included), and the replacement cost is usually the same or slightly lower 

than the capital investment cost (Khare et al, 2015; Eziyi and Krothapalli, 2014; 

Sigarchian et al, 2015). In this case the capital cost and the replacement cost are both set 

to 1000 $/kW. The O&M for PV modules is usually low and is in this case assumed to 

be 10 $/kW/year. In table 10, the economic inputs of the PV array are presented.  

Table 10. PV Array cost inputs 

Capacity (kW) Capital ($) Replacement ($) O&M ($/year) Lifetime 

(years) 

1 1000 1000 30 25 

 

Battery inputs 

As HOMER battery inputs, the type and size of the battery is required. The battery 

choosen for the energy system model is a Generic 1 kWh Lead Acid battery, with 

nominal voltage 12. Its maximum capacity 83,4 Ah, Round Trip Efficiency of 80%, 

Float Life 10 years, Suggested Life Throughput 800 kWh, capacity ratio 0,403c, Rate 

Constant 0,827k, Maximum Charge Rate 1 A/Ah, Maximal Charge Current 16,7 A, 

Maximum Discharge Current 24,3 A. The characteristics of the selected battery were 

obtained from the HOMER tool. Since the DC bus is assumed to be 24 volt, two 

batteries per string is needed. In table 11, the battery cost inputs, (provided by HOMER) 

used in the simulation are presented.  
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Table 11. Battery cost inputs 

Component Capital 

cost ($) 

Replacement 

cost ($) 

O&M cost 

($/year) 

Lifetime 

Battery bank 300 300 10 10 

 

Wind turbine inputs  

The SW Whisper 500 model is considered which has a rated capacity of 3 kW and a 

rotor diameter of 4.5 m. Hub height is 25 m and lifetime of 15 year is considered in this 

analysis. The cost of one unit is considered to be $12,900 and the cost of replacing a 

component at the end of its lifetime is $11,000. The wind turbine cost inputs are 

presented in table 12.  

Table 12. Wind generic cost inputs 

Component Capital 

cost ($) 

Replacement 

cost ($) 

O&M cost 

($/year) 

Efficiency Lifetime 

Wind generic 12900 11000   15 years 

 

The power curve of the wind turbine is presented in figure 14. The values for the curve 

are provided by the manufacturer (Whisper, no date) and describe the real power 

transferred from the wind generator to the DC bus.  

 

Figure 14. Wind Turbine power Curve  

Inverter inputs 

For the inverter, the cost of 1 kW unit is considered to be $200 and the cost of replacing 

a component at the end of its lifetime is $160. In table 13, the inverter cost inputs are 

presented.  
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Table 13. Inverter cost inputs 

Capacity (kW) Capital 

cost ($) 

Replacement 

cost ($) 

O&M cost 

($/year) 

Efficiency Lifetime 

1 200 160  0 96.5 15 years 

 

Biogas generator inputs 

A biogas generator variable to consider in HOMER modeling is the generator size. 

Biogas generators available in Cuba has the different sizes of 1 kW, 2 kW, 2.5 kW, 3 

kW, 4 kW, and 10 kW, which all has the gas consumption of 0.65 m3/kWh) (Perera et 

al, 2013). From HOMER, the default inputs for minimum load ratio (25%), and lifetime 

(10 000 hours) are used. The capital cost and the replacement cost of a generator 

component are both considered to be $500, while the O&M cost per year is set to almost 

0. In table 14, the biogas generator cost inputs are presented. 

Table 14. Biogas generator cost inputs 

Capacity (kW) Capital 

cost ($) 

Replacement 

cost ($) 

O&M cost 

($/year) 

Lifetime 

1 500 500  0,03 10 000 

hours  

 

Another parameter to consider in the generator modeling is the fuel curve, based on the 

power output per unit consumed fuel. In figure 15, the fuel curve of the generator fueled 

by biogas is presented.  

 

Figure 15. Fuel curve of the biogas generator 

Grid inputs 

Since an eventual surplus of produced electricity at the farm can be sold to the grid, a 

grid is modeled in HOMER. The profit for sold electricity is 0.15 $. Using electricity 

from the grid is not an option for the farm, so the annual purchase capacity, which is the 

maximal amount of electricity that the system can purchase from the utility grid, is set 
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to zero. The sale capacity, which is the maximal power amount the system can sell to 

the grid, is set to 100 kW. The emission factor for the electricity of the Cuban utility 

grid used in the modeling is 1037.620796 g CO2/kWh (Brander et al, 2011).  

 

Sensitivity variables 

The sensitivity cases for the study are constituted by the different scenarios of biomass 

availability, hence the different values of average biomass availability per day is 2.46, 

5.47, and 19.10 tonnes.  

System constraints 

Allowed yearly capacity shortage is set to 10%.  
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5. Results and analysis 

This chapter presents the results of the HOMER simulations and optimizations, and 

discussions regarding the results are held. In all simulations, the results for the scenarios 

with bioimass availability 2.46 tonnes and 5.47 tonnes are identical. Therefore, only the 

two scenatios of 19.10 tonnes biomass/day and 2.46 to 5.47 tonnes biomass/day, 

referred to as “the current scenario” and “the increased biomass scenario” are analyzed. 

Optimal system configurations for the different types of system architectures are 

presented, and cost analysis, electrical analysis and environmental analysis are 

performed.    

5.1.1 Analysis of the current biomass scenario  

HOMER found four different optimized system architectures possible to meet the loads 

for the current biomass scenario. The system configurations are summarized in table 15.  

Table 15. Optimized system architectures for the current biomass scenario 

System cofig. Size of PV 

(kW) 

Size of 

wind 

turbine (3 

kW) 

 

Size of 

biogas 

generator 

(kW) 

Numer of 

batteries  

(83.4 Ah/24 V) 

Size of 

inverter 

(kW) 

PV-wind (battery) 100 10  100 100 

PV-wind-biogas 

(battery) 

100 10 60 100 100 

PV (battery) 200   200 200 

PV-biogas (battery) 200  60 200 200 

PV-wind 200 50   100 

PV-wind-biogas 200 50 60  100 

Wind (battery)  50  800 50 

Wind-biogas (battery)  50 60 800 50 

 

In summary of the optimized systems in table 15, six hybrid energy systems and two 

systems with only one energy resource are presented (the PV system with battery and 

the wind system with battery). Table 15 thereby shows that the there is enough PV 

potential and wind potential to supply the electricity demand of the farm with only PV 

or only wind, but since there is no system representation with only biogas, there is not 

enough biogas to supply the demand in the current biogas scenario. The systems with 

only one resource requires a large energy storage capacity, 800 respectively 200 

batteries (83.4 Ah/24 V), while the there are two hybrid energy systems that require 

only 100 batteries (83.4 Ah/24 V). Thise two systems are the PV-wind and the PV-

wind-biogas configurations, and they also require a smaller installed capacity than the 

other systems.  
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The cash flow summary generated by HOMER illustrates the cost involved in the 

energy system, as well as the Cost of Energy (COE) and the Net Present Cost (NPC). In 

table 16, the cost analysis is presented.  

Table 16. Cost analysis of the current biomass scenario 

System  COE ($) NPC ($) Initial capital ($) O&M ($) 

PV-wind (battery) 0.193 384,870 419,000 -9,693 

PV-wind-biogas (battery) 0.204 408,376 449,000 -9,693 

PV (battery) 0.158 457,165 580,000 -21,738 

PV-biogas (battery) 0.166 480,671 6100,00 -21,738 

PV-wind 0.191 830,269 1145,000 -39,516 

PV-wind-biogas 0.196 853,776 1175,000 -39,516 

Wind (battery) 0.527 1112,321 895,000 696 

Wind-biogas (battery) 0.538 1135,827 925,000 696 

 

From the cost analysis it can be seen that the PV-wind system with battery storage has 

the lowest net present cost and the lowest initial capital. From the negative operation 

and maintenance costs, it is clear that all the systems except the wind or wind-biogas 

configurations make a considerable profit from being operated. This profit pays for the 

maintenance and far exceeds those costs, which can be seen from the negative costs of 

O&M. As can be seen in table 16, the O&M costs of the PV-wind-biogas and the PV-

biogas systems are identical to the PV-wind and the PV systems, which indicate that 

adding the biogas does not affect the operation and mainanance of the system. The 

reason for this will be investigated further down in this chapter. The most feasible 

system from the financial point of view would in this case be the PV-wind system, since 

it has the lowest NPC and the lowest initial capital.  

In table 17 and 18, the results of the electrical analysis performed by HOMER are 

presented.  
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Table 17. Electrical analysis of the current biomass scenario 

System config. Total 

fuel 

(liters) 

Capacity 

shortage 

(kWh/year) 

Electricity 

generation 

(kWh/year) 

Excess 

electricity 

(kWh/year) 

Unmet load 

(kWh/year) 

PV-wind (battery) 0 10,893 222,374 0 10,893 

PV-wind-biogas 

(battery) 

0 10,893 222,374 0 10,893 

PV (battery) 0 3,729 349,388 16,830 3,729 

PV-biogas (battery) 0 3,729 349,388 16,830 3,729 

PV-wind 0 12,167 587,791 125,515 12,167 

PV-wind-biogas 0 12,167 587,791 125,515 12,167 

Wind (battery) 0 10,443 238,403 7,637 10,443 

Wind-biogas (battery) 0 10,443 238,403 7,637 10,443 

 

Table 18. Detailed electrical analysis of the current biomass scenario 

System config. Electricity 

production 

by PV 

(kWh/year) 

Electricity 

production 

by biogas 

generator 

(kWh/year) 

Electricity 

production 

by wind 

generic 

(kWh/year) 

Energy sold 

to the grid 

(kWh/year) 

PV-wind (battery) 174,694     47,681   87,951 

PV-wind-biogas 

(battery) 

174,694 

 

0   47,681   87,951 

PV (battery) 349,388        171,589 

PV-biogas (battery) 349,388 0       171,589 

PV-wind 349,388     238,403      326,771 

PV-wind-biogas 349,388 0    238,403      326,771 

Wind (battery)      238,403       98,695 

Wind-biogas (battery)  0    238,403 98,695 

 

From the electrical analysis table 17, it can be seen that for the system configurations 

including biogas, the total fuel is 0 litres, meaning that no biogas is consumed by the 

system, i.e. no biogas electrification occurs. This is also indicated in table 18, where the 

biogas consumption for energy production is 0 for all the year. This means that the cost 

of the generator is for nothing, and that the PV-wind-biogas and the PV-biogas systems 

are identical to the PV-wind and the PV systems respectively, except for the cost of the 

generator. This explains why the operation and maintenance costs for those systems 

(table 16) are identical. The electrical analysis thereby shows that biogas electrification 

is not a feasible option with the current biomass scenario, meaning the current 

biodigester capacity of the farm.  
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The PV-wind system and the PV-wind-biogas system has a higher amount of capacity 

shortage and unmet load than the other systems, and no excess electricity at all.  

The PV-wind system has a much lower amount of excess electricity than the systems 

consisting of only the PV or wind resource, which is an indication of that the systems 

with only one source are less flexible than the hybrid PV-wind system, which goes in 

line with the theory that hybrid renewable energy systems are more flexible and more fit 

to meet a load than systems with only one renewable energy source. The PV-wind 

though has a higher amount of unmet load.  

The focus of the environmental analysis is the CO2 emissions related to the operation of 

the energy systems. The results from the emission analysis performed by HOMER is 

presented in figure 16.  

 

Figure16. CO2 emissions related to each system configuration 

The result of the HOMER emission analysis presented in figure 16 shows that all the 

system configurations generate negative CO2 emissions, meaning operating the system 

prevents emissions that would otherwise be caused. The negative CO2 emissions are 

related to the amount of electricity the systems sell to the grid. Since the Cuban 

electricity is manly produced from fossil fuels, replacing it with electricity produced 

from clean energy sources like solar and wind reduces the CO2 emissions. From the 

perspective of emissions, all system configurations cause the same negative 

environmental impact, (none), but the PV-wind hybrid energy system prevents more 

CO2 emissions than the other systems (note that the systems with biogas is not any 

different from the same system configuration without biogas, since the biogas is in fact 

not used). The local environmental impact of the systems is to some extent dependent 

on the placement of the energy technology. The discussion about where to place the PV 

arrays and wind turbines is outside of the limits of this study, and the total local 

environmental impact can therefore not be evaluated here.  
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Weighting the perspectives together, the economical aspects stand out, since the 

differences between the systems are considerable, while the environmental impact is 

considered positive for all the system configurations. The PV-wind system is though the 

most feasible from the point of view from all the perspectives, namely the economical 

analysis, the electrical analysis, and the emission analysis. Also this is the only hybrid 

energy system feasible according to the HOMER analysis, since the biogas resource is 

not used in any of the systems. The PV-wind hybrid energy system with 100 kW PV 

installed capacity, 30 kW wind power installed capacity consisting of 10 wind turbines 

of the size 3 kW, a battery bank of 100 batteries (83.4 Ah/24 V), and a 100 kW inverter 

is therefore considered the most feasible solution for the current biomass.  

For the recommended PV-wind system configuration, the NPC of each component is 

presented in figure 17.  

 

Figure 17. The NPC of each component for the recomended PV-wind system 

In figure 17, it can be seen that the highest component NPC is for the PV panels, and 

that the batteries constitutes a considerable cost as well. In figure 18, the monthly 

average electricity production from each energy source is presented for the 

recommended PV-wind system configuration.  

 

Figure 18. Montly average electricity production  

Figure 18 shows that most of the electricity produced by the system comes from the PV 

panels, while only a small part is produced by the wind turbines. This corresponds to the 

respective amounts of installed capacity, as well as component NPC.  

Finally, figure 19 presents how the electricity usage is divided by the system loads.  
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Figure 19. Electricity use by type of load 

From figure 19 it can be seen that 40% of the electricity produced by the system is used 

by the system loads, while 60% is sold to the grid. This means that the system could be 

self sufficient by producing much less energy, if a higher extent of unmet load would be 

acceptable. It also indicates that the economical analysis is very dependent on the price 

to which electricity can be sold, and that a lower price might make it less feasible to 

invest in such a large system that is now proposed.  

5.1.2 Analysis of the increased biomass scenario  

The HOMER analysis of the increased biomass scenario provides 12 possible optimal 

system configurations, presented in table 19.  

Table 19. Optimized system architectures for the increased biomass scenario 

System config. PV size 

(kW) 

Wind turbine 

size (3 kW) 

 

Generator 

size (kW) 

Numer of 

batteries  

(83.4 Ah/24 V) 

Inverter 

size 

(kW) 

Biogas   60   

Pv-biogas 5  60  10 

Wind-biogas  2 60   

Pv-wind-biogas 5 2 60  10 

Biogas (battery)   60 100 10 

PV-biogas (battery) 5  60 100 10 

Wind-biogas (battery)  2 60 100 10 

PV-wind-biogas 

(battery) 5 2 60 100 10 

PV-wind (battery) 100 10  100 100 

PV (battery) 200   200 200 

PV-wind 200 50   100 

Wind (battery)   50  800 50 

31%

9%

60%

Electricity use by load

AC Primary Deferable Grid
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In table 19, it can be seen that all possible combinations of the three energy sources are 

suggested as feasible energy systems. It can also be seen that the battery storage is not 

necessary for any of the system configurations, except for the ones consisting of only 

the PV or the wind energy source. This is likely due to that the biogas can be used as 

energy storage for the systems where biogas is used, and that the PV and wind energy is 

combined to overcome intermittence. The biogas produced can be stored until it needs 

to be used, unlike the resources of solar and wind which are only momentary 

excessable. The system configurations with biogas all have the installed generator 

capacity of 60 kW, and capacity amounts of PV and/or wind of 5 kW respective 6 kW, 

while the PV-wind system configuration has an installed PV capacity of 100 kW. This 

shows that the systems without biogas requires a larger installed capacity and bigger 

systems which are likely to come with higher costs. Table 20 provides the cost analysis 

of the system configurations for the increased biomass scenario.  

Table 20. Cost analysis of the increased biomass scenario 

System config.  

COE 

($/kWh) NPC ($) Initial capital ($) O&M ($) 

Biogas -0.03 -158,532 30,000 -44,457 

Pv-biogas -0.029 -156,000 44,000 -45,586 

Wind-biogas -0.026 -140,113 55,800 -45,587 

Pv-wind-biogas -0.026 -137,580 69,800 -46,717 

Biogas (battery) -0.02 -102,219 62,000 -43,457 

PV-biogas (battery) -0.019 -101,967 74,000 -44,586 

Wind-biogas (battery) -0.016 -83,800 87,800 -44,587 

PV-wind-biogas (battery) -0.015 -83,547 99,800 -45,717 

PV-wind (battery) 0.193 384,870 419,000 -9,693 

PV (battery) 0.158 457,165 580,000 -21,738 

PV-wind 0.191 830,269 1 145,000 -39,516 

Wind (battery) 0.527 1 112,321 895,000 696 

 

In table 20, it can be seen that the cost of electricity is negative in all cases exept for the 

PV-wind configuration. It can also be seen that all the system configurations including 

biogas is to prefered before the ones without biogas, since their NPCs and initial costs 

are lower. Also, the system configurations without batteries are to prefer before the 

system configurations with batteries, since systems with batteries have higher NPC and 

initial costs. It can be seen from table 20 that the COE is very low for all the systems 

which include biogas. This is offcourse the result from having a 100 percent renewable 

energy supply, with the free resources of solar and wind, as well as own supply of 

biomass. However, the cost for the increased biogas production capacity is not included 

in the analysis, hence the final costs of producing the energy from biogas will be more 

expensive in this scenario than shown in the analysis.  



69 
 

In this scenario, the amount of biogas produced can clearly cover all the electricity 

supply. The system configuration that only uses biogas as energy resource is the system 

associated with the lowest costs in all categories. The system even makes a financial 

profit by selling electricity to the grid, which can be seen on the negative NPC. Since 

the objective of the study is to find a suitable hybrid energy system, the system 

configuration with only biogas combustion is not relevant. The analysis shows that the 

most suitable hybrid energy system for this scenario is the PV-biogas system, from a 

financial point of view. It is the one with the lowest initial cost, and the lowest NPC. It 

is important to remember that the extremely low NPCs are not accurate for the real 

system, since this extent of biomass utilization requires large investments in biogas 

production potential at the farm (as well as a high grid capacity for recieveing 

electricity). Since the NPC for the system configuration with only biogas is -158,532$, 

and the NPC for the only hybrid renewable system without biogas (which is PV-wind) 

is 384,870$ (which is the price for the system configuration with batteries, choosen 

because it is the least expensive one), an initial cost of the biodigesters for the necessary 

increase of biogas producing capacity of -158,532$ plus 384,870$, which equals 

543,402$, would make the systems equal in NPC. The difference in NPC is even 

smaller comparing the hybrid systems with biogas and the ones without biogas. If the 

initial cost of an increased biogas producing capacity would exceed the difference in 

NPC between a system with biogas and one without biogas, the system without biogas 

is to prefer from an economical perspective. What can be further seen from table 20 is 

that the PV-biogas system is associated with lower NPC and initial capital than the 

wind-biogas system. The PV-wind system comes in third place in regard to costs, and a 

consideration about wheter the increased costs of having three energy sources is worth 

the increased security of supply it is associated with. The least favourable hybrid energy 

system from an economic point of view is the PV-biogas-wind system, suggested for 

the current biomass scenario.  
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In table 21, the electrical analysis of the increased biomass scenario is presented.  

Table 21. Electrical analysis of the increased biomass scenario 

System config.  Total fuel 

(L) 

Capacity 

shortage 

(kWh/year) 

Electricity 

production 

(kWh/year) 

Excess 

electricity 

(kWh/year) 

Unmet load 

(kWh/year) 

Biogas 5383 0 525600 0 0 

Pv-biogas 5383 0 534335 0 0 

Wind-biogas 5383 0 535136 0 0 

Pv-wind-biogas 5383 0 543871 0 0 

Biogas (battery) 5383 0 525600 0 0 

PV-biogas (battery) 5383 0 534335 0 0 

Wind-biogas (battery) 5383 0 535136 0 0 

PV-wind-biogas (battery) 5383 0 543871 0 0 

PV-wind (battery) 0 10893 222374 0 10893 

PV (battery) 0 3729 349388 16830 3729 

PV-wind 0 12167 587791 125515 12167 

Wind (battery)  0 10443 238403 7637 10443 

 

What can be seen from table 21 is that the system configurations without biogas are 

associated with capacity shortages, while the systems including biogas have no capacity 

shortage at all. The unmet load for the systems including biogas is none, while the 

systems without biogas have some unmet load. What can also be seen is that the the 

excess electriricy for all system configurations with biogas are much lower than the one 

without biogas. This would probably be the effect of having the possibility to store the 

energy and use the biogas when there is a load to meet. The possible hybrid energy 

system configurations of PV-biogas, Wind-biogas, and PV-wind-biogas are very much 

the same in the electrical analysis, using the same amount of fuel, having almost the 

same yearly electricity production, and no excess electricity or unmet load. From an 

electrical perspective, these system configurations are considered equally feasible.  
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In table 22, a detailed analysis of the increased biomass scenario is presented.  

Table 22. Detailed electrical analysis of the increased biomass scenario 

System config.  Electricity 

production 

by PV 

(kWh/year) 

Electricity 

production 

by biogas 

generator 

(kWh/year) 

Electricity 

production 

by wind 

generic 

(kWh/year) 

Energy sold to the 

grid (kWh/year) 

Biogas  525,600  401,500 

Pv-biogas 8,735 525,600  409,361 

Wind-biogas  525,600 9,536 411,036 

Pv-wind-biogas 8,735 525,600 9,536 418,897 

Biogas (battery)  525,600  401,500 

PV-biogas (battery) 8,735 525,600  409,361 

Wind-biogas (battery)  525,600 9,536 411,036 

PV-wind-biogas 

(battery) 

8,735 525,600 9,536 418,897 

PV-wind (battery) 174,694  47,681 87,951 

PV (battery) 349,388   171,589 

PV-wind 349,388  238403 326,771 

Wind (battery)    238403 98,695 

 

In table 22, it can be seen that the electricity production by the generator fueled by 

biogas is the same amount for all the different system configurations that include the 

use of biogas. Knowing that producing more electricity from the biogas if it possible 

would be profitable, the conclusion can be drawn that all the available biomass is 

probably used for biogas production and use in all the cases, providing 525,600 

kWh/year.  

The emission analysis, comparing the CO2 emissions of the system configurations is 

presented in figure 20.  
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Figure 20. CO2 emissions related to each system configuration 

The emission analysis shows that the system configurations with biogas causes twice as 

large negative emissions as the ones without biogas. It can also be seen that the amount 

of prevented emissions from the PV-wind-biogas, the wind-biogas, and the PV-biogas 

configurations does not have a significant variation. There are in fact emissions related 

to combustion of biogas, but since the carbon emissions from biogas combustion comes 

from organic matter above the ground already existing in the carbon cycles, which 

makes biogas a carbon-neutral fuel that does not affect the green house effect. There are 

also environmental benefits associated with the system configurations including the 

biogas, since using the animal feases produced on the farm for biogas production is as 

well a waste management approach. Producing biogas from animal manure also 

provides excess to the digestate produced in the process, which provides possibilities to 

improved cultivation efficiency and better food for the animals.  

While weighting the perspectives together it shows that the optimized hybrid energy 

systems are virtually equal in regard to electrical feasibility and environmental impact, 

but that the PV-biogas system is associated with the lowest cost and therefore most 

feasible from a financial perspective. For the increased biomass scenario, the PV-biogas 

hybrid energy system configuration of 5 kW PV installed capacity, a 60 kW biogas 

generator, and an inverter of the size 10 kW is considered the most feasible option. 

For the recommended PV-biogas system configuration, the NPC of each component is 

presented in figure 21.  
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Figure 21. The NPC of each component for the recommended PV-biogas system 

Figure 21 shows that the main NPC of the system is the cost of the biogas generator, 

which makes sense since the installed capacity from the PV panels are relatively very 

small. Important to note is that the true NPC os the biogas electrification would be 

higher than in this analysis, since the cost of installing biogas production capacity is not 

included. In figure 22, the monthly average electricity production from respective 

system component is presented.  

 

Figure 22. Montly average electricity production 

Figure 22 shows what has already been stated, namely that the production from solar 

PV is very low compared to the production from the biogas. From table 20, it is known 

that the PV energy potential is much larger than the one utilized with the proposed 

system configuration. This indicates that the system scenario is adjustable to constrains 

regarding installation of biogas production capacity, so that a higher share of the 

electricity could be produced from solar if it would not be possible to use all the 

available biomass for biogas production. More PV capacity would then have to be 

installed.  

In figure 23, the use of the electricity produced by the system is presented by type of 

load.   
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Figure 23. Electricity use by type of load 

From figure 23 it can be seen that 23% of the electricity produced by the system is used 

by the system loads, while 77% is sold to the grid. As for the analysis of the current 

biomass scenario, this means that the system could be self sufficient by producing much 

less energy is a higher extent of yearly capacity shortage would be permitted. It also 

indicates that the economical analysis is very dependent on the price to which electricity 

can be sold, and that a lower price might make it less feasible to invest in such a large 

system that is now proposed.  
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6. Discussion  

This chapter discusses the study results within its context. The feasibility of the hybrid 

renewable energy systems proposed for the two biomass availability scenarios are first 

discussed from the perspective of the farm, and then the system configurations are 

viewed in the context of energy and sustainable development in Cuba. After that 

follows a methodology discussion and a section on suggested further research.  

6.1 System feasibility 

The study results show that the optimized energy systems suggested have the potential 

to make the farm Desembarco del Granma self sufficient in regard to electricity and 

thermal energy. In order for the farm to become completely self sufficient in regard to 

all types of energy, a suitable solution for the tractors that are now driving on diesel 

needs to be found. Also, an investigation on whether there are more suitable ways of 

supplying the thermal energy loads than what assumed in this study would be of interest 

for an optimized energy system in whole. As previously discussed in the report, the 

thermal demand could possibly be supplied by other energy source than biogas. 

Cogeneration with combined heat and power would as well be an option. Using spill 

heat from the generator for heating of water for example would be a solution to 

investigate further.  

The systems proposed in the study produce a considerable amount of electricity for the 

grid. Without the possibility to sell to the grid, or with the requirement to only meet the 

load of the farm, the system components would be of smaller sizes, and the initial costs 

would be very much reduced. Though, the overall systems would become more 

expensive (have a higher NPC), since producing a larger amount of electricity and 

selling it to the grid gives the farm an economical surplus from the proposed systems, 

that over time can pay back parts of the initial investments. If it would not have been 

economically advantageously for the farm to produce this much electricity to sell to the 

grid, HOMER would have proposed systems where this would not be occurring. Since 

obtaining the financial means for initial investments required for the system to be 

implemented might be more difficult with high initial costs, considering smaller energy 

system components that can supply only the load of the farm would be an option. 

Though, pointing at the fact that the farm can become a net provider of renewable 

electricity and thereby increase the self sufficiency of Cuba would be an incentive for 

the government to provide the higher initial capital. The systems’ relatively low NPCs 

are very dependent on the amount and price to which electricity can be sold to the grid, 

so an agreement with the government about the terms of selling electricity has a crucial 

role for the systems economical suitability. If other conditions would have to be 

accepted, such as a lower price or a lower grid sale capacity, the financial calculations 

of the proposed energy systems would be affected and the investments would become 

less profitable.  
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What is shown from the results of the study regarding biogas electrification is that 

considerable amounts of biomass are needed for biogas electricity generation to be a 

feasible option. For the increased biomass scenario on the other hand, with the 

availability of 19.10 tonnes biomass/day, biogas electrification is suggested as feasible. 

For the current biomass scenario with a maximum availability of 5.47 tonnes 

biomass/day, HOMER does not suggest biogas electrification as a suitable option. This 

does not mean though that biogas production is not a viable option for small farms. For 

smaller farms or areas where the amount of biomass is not large enough to supply the 

biogas production for electricity generation for supplying the electrical load to an 

adequate extent, other use of the biogas could be feasilble, such as burning it for 

cooking and water heating. When considering the increased biomass scenario, it is 

important to keep in mind that an initial investment for increasing the biogas production 

capacity, by building additional biodigesters are not included in the analysis. This 

makes the results of the analysis hypothetical. Having unused biogas potential is 

common for farms in Cuba, since many of them have unutilized biodigesters in place 

and a production of biomass consisting of animal manure or crop residues. For a pig 

farm or cow farm, producing biogas from the manure is suitable. For a crop farm, using 

the biomass for production of biodiesel might be more suitable solution.  

The feasibility of the hybrid energy systems proposed are dependent on the availability 

of the system components required. This is not always guaranteed in Cuba, and 

therefore a market investigation to provide ensured data about available components is 

recommended in closer proximity to the system implementation. Considering the energy 

situation and the political context in Cuba, the feasibility of the hybrid renewable 

energy systems proposed could possibly be affected by foreign investments in the oil 

and gas sector (and hence limited domestic fuel production growth), as well as by 

foreign investments in the renewable energy sector.  

6.2 The proposed system in the energy development context of 
Cuba 

The study shows promising results indicating that hybrid renewable energy systems 

similar to the ones proposed in the study can be applied at the many farms of Cuba, 

since the solar and wind resource availability is very similar across the island, and many 

farms have biomass resources available for biogas production. This would reduce the 

dependency on oil imports and reduce the harmful emissions related to fossil fuel 

utilization. From the emission analysis of the study it is clear that CO2 emissions from 

the Cuban electricity generation can be reduced by implementation of renewable hybrid 

energy systems with the ability to sell electricity to the utility grid. As the electricity of 

Cuba is mainly produced from fossil fuels, selling electricity made from renewable 

energy sources is a contribution for the electricity of the grid to have a higher share 

renewable energy and for the energy system of the country to be more sustainable. 

Having renewable electricity generation units selling electricity to the grid also 

improves the security of supply for Cuba, as it diversifies the sources of electricity and 
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decreases the import dependency. Only the farm Desembrero del Granma will not 

provide a considerable amount of electricity, but the farm could work as an example of 

good practice for many more farms of Cuba. Making farms self sustained in regard to 

energy is also enables improvements in food producing efficiency, since improved yield 

requires new farming technologies dependent on a secure supply of energy. Energy 

systems like the ones proposed in this study could thereby help to overcome the 

widespread energy shortages and food scarcity in Cuba, dating back from 1991. Wright 

et al, (2009) point out that the energy sector of Cuba faces particular uncertainties that 

many other countries do not, like uncertainties regarding market liberalization rate and 

nature of foreign investments, as well as changes in the energy demand structure due to 

changes within the economy. Securing a domestic energy supply for the production of 

food increases the security of food supply by disconnecting it from uncertainties 

regarding the Cuban energy sector. Since the intention of Decembarco el Granma is to 

have an energy system that uses only renewable sources, it would also be a strong 

contribution to the sustainable rural development of Cuba, as to the government’s 

Renewable Energy Development Plan.  

Previous researchers have discussed the hybrid energy system as something that can 

contribute to the socio-economic development of a country, for example by creating 

employment opportunities when biomass resources are extracted from rural 

communities (i.e. Singh et al, 2015). Whether this would be the case for the energy 

system proposed is not possible to state within the limitations of this study, but it is very 

likely that increasing the amount of collected biomass would require more work than 

now. For the system to maintain reliable and efficient, system maintenance is needed 

and requires work as well. Since lack of maintenance is a major cause of why many 

biodigesters of Cuba is not functioning, it is obvious that this is a very relevant question 

and that maintenance of the energy system needs to be insured. The organization 

operating the farm has a substantianl staff that could be able to be provided by the 

technical knowledge about the system and serve for the maintenance of it. It is possible 

also that new reqruitments woul be needed and that employment opportunities would 

thereby be created.  

According to Cherni (2009), a higher value from modern, small-scale off-grid energy 

technology can be generated if it is primarily based on local resources and opportunities 

available to rural communities, while set in larger political programs for encouraging 

sustainable development (Cherni, 2009). In the case of Cuba, an implementation project 

for the proposed hybrid energy system at Desembarco del Granma would be very much 

in line with the Energy Revolution, which is considered a larger political program for 

encouraging sustainable development. Since the energy system proposed it certainly 

based on local resources and rural community opportunities, it is considered to have the 

possibilities to generate high value.  
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6.3 Methodology discussion 

The case study methodology has been a suitable approach to fulfill the objectives of this 

study, since no other methodology seems to have the ability to provide as detailed 

knowledge about the farm. Since the detailed knowledge is required in order for a 

proper model to be designed in HOMER, the case study technology was indispensable. 

The semi structured interviews have been fulfilling their purpose in a satisfactory way. 

Since some things of importance for the study has been assumed to be partly unknown 

for the researcher, questions to cover all areas of importance have been difficult to 

formulate beforehand, and the semi structured interviews allowed the conversation to 

cover all necessary areas not known by the researcher coming into the interview. These 

areas mostly concerned energy consuming activities of the farm. What could though 

have provided the possibility to create a model even more consistent with reality would 

have been a slightly different approach for the collection of information. Participant 

observations at the farm researched in the case study would have been preferable, 

repeated visits most preferable. Since this was not possible, some information that could 

have been useful were not collected, like the logistics of biomass collection, the thermal 

energy demand for the heating of water, as well as a more detailed inventory about the 

machinery of the farm and the precise energy demand of each and every one of them. 

More precise economical estimates could possibly have been obtained by asking for 

offers from companies. In Cuba, this is time consuming and requires the right contacts.  

Using HOMER as modeling tool was a very good way of modeling different 

configurations of hybrid energy systems in regard to meet the electric load. What was 

missing was a good way of integrating the use of biogas as combustion fuel to supply 

the thermal load. If this would have been possible, a more holistic energy system 

solution to meet the total energy demand of the farm could have been obtained. It is not 

possible to model a boiler using biogas as fuel in HOMER, otherwise that would have 

been a good way of including the thermal demand supplied by biogas combustion in the 

system model of this study. HOMER cannot cleverly dispatch heat sources to serve the 

thermal load the way it does the electric load (HOMER Energy Support, 2016). 

HOMER always assumes that the boiler can serve the thermal load when it is not met 

by the heat recovery and excess renewable power, which means the thermal load cannot 

be unmet in HOMER. An alternative approach would have been to model the biogas as 

natural gas in HOMER and then let the boiler run on it, like recommended by HOMER 

Energy Support (2016). But since the software cannot take in consideration a finit 

resource, the model would not have been a realistic representation of the real system in 

that way either. The experience from using HOMER in this research sum up in the 

recommendation of HOMER as modeling tool for stand alone electrical generation 

systems, but perhaps not for the whole energy need of a rural farm, since there are many 

purpose specific energy technologies that would be fruitful to consider in those cases, 

like solar panels for specific electrical fences, wind pumps for pumping up water, solar 

water heaters to heat up water etc. These kinds of technologies can not be properly 

modeled with HOMER.  
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6.4 Suggested further research  

Further research suggested specifically for the case study of Desembarco del Granma 

mainly concern investigation of further details for the energy system design, such as 

finding out costs of installing the biogas producing capacity required to use all the 

biomass available on the farm. For the analysis of this study, only the most likely 

scenario based on current conditions and regulations are simulated, and it would be of 

interest to see how the simulations respond to other scenarios of i.e. biomass availability 

and grid parameters. A sensitivity analysis could be performed to study the optimal 

system configuration and performance for all possible values of available biomass. In 

that way, the breaking point for when biogas electrification becomes feasible can be 

found, i.e. the amount of available biomass required for HOMER to suggest a system 

configuration with electricity production from the biogas generator. Another research 

topic suggested is to study how the logistics of increased collection of manure would 

work and what energy inputs it would require, so that the system could be modeled with 

more relevant components and relations included. What would also be of interest would 

be a sensitivity analysis with the grid characteristics as sensitivity parameters, namely 

the grid sale capacity, the price for electricity sold, and also the grid failure 

(uncertainty). Since there is not yet any agreement existing between Desembrero del 

Granma and the Cuban government on the terms of selling electricity to the grid, this is 

an insecurity that can very much affect the system feasibility. An analysis of the grid 

uncertainty characteristics of Cuba was not included in this research, and for further 

studies it would provide simulations which would be matching the real system even 

better.   

A subject of further reseach related to the case study but with broader defined system 

boundaries would be an evaluation of the prerequisites, design and efficiency of a larger 

system consisting of paired farms as units of energy production in the area of Villa 

Clara. This topic is suggested to include an evaluatin of the biomass availability and 

biogas production potential for larger area of farms to optimize the use of this resource.  

 

For the subject of hybrid renewable energy systems for rural application in general, 

suggested research questions would be to model energy systems combining hybrid 

electrification systems with other renewable energy technology suitable for rural farms.  
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Conclusions 

In this study, the configuration of an optimal system design of a hybrid renewable 

energy system for application on the Cuban farm Desembarco del Granma have been 

performed for three different cases of biomass availability, considering the resources of 

solar PV, biogas, and wind. A case study has been performed to evaluate the energy 

load and the biomass resource available for biogas production of the farm Desembarco 

del Granma. The scaled annual average electrical load of the farm was estimated to be 

264 kWh/day with peak load 26.34 kW, while the scaled annual average deferrable load 

of the farm was estimated to be 76 kWh/day with a peak load 16 kW. The thermal load 

was found to consist primarily of energy for water heating and cooking. The thermal 

demand for cooking was estimate to be 4.5 kWh per day, while the thermal load for 

water heating was not estimated. The thermal energy need for water heating was 

assumed to be provided for by solar thermal energy, and is not included in the energy 

system models of this study. For the modeling, the thermal demand for cooking was 

assumed to be provided by combustion of biogas.  

For two of the biomass scenarios, the optimized energy systems received in HOMER 

were the same, the HOMER simulation results were identical, hence only two biomass 

scenarios where analyzed. The first one represents the current biomass collected and the 

biogas production capacity of the farm (including the one not yet utilized), and the 

second one represents the amount of biomass available if the animals would be gathered 

in the same place all of the time. A PV-wind hybrid energy system with 100 kW PV 

installed capacity, 30 kW wind power installed capacity consisting of 10 wind turbines 

of the size 3 kW, a battery bank of 100 batteries (83.4 Ah/24 V), and a 100 kW inverter 

is considered the most feasible solution for the current biomass scenario. For the 

increased biomass scenario, a PV-biogas hybrid energy system configuration of 5 kW 

PV installed capacity, a 60 kW biogas generator, and an inverter of the size 10 kW is 

considered the most feasible option.  

The electrical analysis shows that biogas electrification is not economically feasible for 

the current biomass scenario during the conditions modeled in this study. For the 

increased biomass scenario, biogas electrification is shown to be feasible, meaning that 

if the farm would build more biodigesters, biogas electrification could be effective from 

a financial and electrical point of view.  

 

The systems’ relatively low NPCs are very dependent on the amount and price to which 

electricity can be sold to the grid, so an agreement with the government about the terms 

of selling electricity has a crucial role for the systems economical suitability. Making 

such deal would make the energy system much more economically efficient for the 

farm, the electricity mix of Cuba more sustainable by reducing CO2 emissions and 

contribute to an increased renewable energy use and an increased security of supply.  
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