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Abstract 

This study focuses on the rural areas of Bolivia. The village investigated is assumed to have 70 

households and one school. Electrical supply will be covered with the help of solar powered 

Stirling engines. A Stirling engine is an engine with an external heat source, which could be fuel 

or biomass for example. The model calculates the electrical demand for two different cases. One 

low level demand and one high level demand. By studying the total electrical demand of the 

village, the model can calculate a sizing for the Stirling system. However, for the sizing to be 

more accurate, more research needs to be done with regards to the demand of the village and the 

incoming parameters of the model. 
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Sammanfattning 

Den här studien fokuserar på landsbygden i Bolivia. En by som antas ha 70 hushåll och en skola 

är det som ligger till grund för studien. Byn ska försörjas med el med hjälp av soldrivna Stirling 

motorer. En Stirling motor är en motor som drivs med en extern värmekälla. Denna värmekälla 

kan vara exempelvis biomassa eller annan bränsle. Modellen som tas fram i projektet beräknar 

elektricitetsbehovet för byn för två nivåer, ett lågt elbehov och ett högt elbehov. Genom att 

studera det totala elbehovet över dagen kan modellen beräkna fram en storlek för Stirling 

systemet. För att ge mer noggranna svar, krävs dock att forskning utförs i byn som ska försörjas. 

Dessutom krävs en mer noggrann information om de ingående parametrarna i modellen. 
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1 Introduction 

The electrification of the rural areas in Bolivia is steadily increasing. However, with respect to the 

demand it is not enough. One way to solve this is with the help of solar powered Stirling engines. 

A Stirling engine converts heat to electricity with the help of a working gas. Since the solar 

radiation is high in certain parts of Bolivia, it seems like solar powered Stirling engines have a 

large potential for application, especially in the rural areas. However, computations have to be 

made to ensure that the Stirling systems can produce enough to satisfy the demand, both present 

and in the future. Therefore this project will aim to see how such a system could be dimensioned. 

2 Problem formulation 

The rural areas of Bolivia are rich in resources but poor financially. Many of the people living in 

the rural areas of Bolivia are very poor and have no access to electricity. One way to solve this is 

with the help solar powered Stirling engines. A Stirling engine is a heat engine with an external 

heat source. Research is being conducted to investigate the applicability of Stirling engines in 

rural areas. It is presently relatively expensive and there are many technical barriers. However, 

they may become suitable in the future, which is why studies need to be done with regard to 

dimensioning them to a village demand. 

 

2.1 Aim of study 

This project aims to study the Stirling engine technology, types of engines and technical barriers.  

It will focus only on solar powered Stirling engines. Also, a model for a Stirling engine application 

for a typical village in Bolivia will be created in Matlab. This study will aim to create:  

 A model to illustrate the energy demand with two different levels of demand, one with 

low energy demand where only the basic appliances such as radio, lamps and a fan are 

used and a high energy demand level where more electrical appliances are connected. 

 A model, which shows the villages energy demand, which for this model includes 70 

households and a school, for the two different demand levels, as, discussed in the 

previous point. 

 A size estimation of the needed units of Stirling engines and batteries to power the 

demand for the village 
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3 Literature study 

3.1 Bolivia 

Bolivia, a mineral rich and landlocked country situated in South America is bordered by Brazil, 

Paraguay, Argentina, Chile and Peru. Bolivia is basically divided in three ecological and 

geographical regions. The Andean Region, in the southwest of Bolivia, constitutes about 28% of 

its area. Lithium is a major resource found in this region. Second is the Sub-Andean Region, in 

the central-southern side of Bolivia and constitutes about 13% of its area. It has temperate 

climate and the major economic activity in this region is agriculture. Third is the Llanos Region, 

in the north eastern side of Bolivia and is about 58% of its area. It is covered with rain forests 

extensively and has a rich bio-diversity. (Princeton, 2014) 

The GDP of Bolivia in the year 2011 was about USD 12.57 billion (IEA, 2011). The main 

economic activities of Bolivia include agriculture, mining and manufacturing. Bolivian economy 

depends highly on the natural gas exports, which accounted for about 50% of the total revenues 

from exports in 2011-12 (EIA, Country Data - U.S. Energy Information Administration, 2011).  

3.1.1 Energy Situation in Bolivia       

The installed capacity of Bolivia increased from about 0.712 GW in 1990 to about 1.65 GW in 

the year 2010 growing at a compound annual growth rate (CAGR) of about 4.1%, as shown in 

Figure 2.  Almost 59% of this capacity was generated from conventional thermal sources, about 

39% of it was from hydroelectric sources and only 1% of it came from biomass and waste. (EIA, 

Country Data - U.S. Energy Information Administration, 2011) 

Figure 1 shows that petroleum and natural gas accounts for about 79% of the total primary 

energy consumption while the remaining 21% comes from hydro electric, biomass, waste-to-

energy and other renewable energy sources (EIA, Country Data - U.S. Energy Information 

Administration, 2011).  

 

 

Figure 1: Energy sources in Bolivia year 2012 (EIA, Bolivia Full Report, 2012) 
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Figure 2: Installed capacity (GW) in Bolivia during 1990-2011 (EIA, Country Data - U.S. Energy Information Administration, 
2011)  

As shown in the Figure 2, the growth in the installed capacity increased after 1996, which may 

have been a result of the unbundling and privatization of Bolivia’s electricity sector in 1994. After 

1994, the installed capacity addition has been almost steady with a few dips, which represent the 

lack of natural gas and system outages (Energypedia, 2010).  

The installed capacity that was connected with the national grid system named Sistema 

Interconectado Nacional (SIN) was about 1.31 GW in 2011, which is about 89% of the total 

installed capacity while the rest of the electricity generation is through de-centralized diesel 

generators. The contribution of renewable power to the national grid remains almost negligible 

so far except for hydroelectric sources. (EIA, U.S. Energy Information Administration, 2011) 

The energy demand has been increasing consistently in Bolivia but with respect to the demand, 

the supply has not increased. There has been significant increase in the demand from the 

residential sector over past few years. As shown in Figure 3 below, the total electrification coverage 

in Bolivia reached 80% in the year 2007 improving significantly from a mere 68% in the year 

2005. The urban areas are better in terms of electrification coverage, as 98% of the urban 

population had access to electricity in 2007 whereas only about 46% of the rural population had 

access to electricity in the same year (L F Buch and W L Filho, 2012).  
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Figure 3: Electrification coverage in Bolivia (Energypedia, 2010) 

About 3 million people are without electricity in Bolivia and about 4 million people in rural areas 

use firewood for their energy needs (Gisela Ulloa V., 2009). One of the major reasons for the 

unavailability to grid access in rural areas is economic non-viability to extend the grid due to the 

remoteness and geographical dispersion of such areas. (L F Buch and W L Filho, 2012) 

This presents potential for use of de-centralized renewable energy technologies such as solar, 

hydro, biomass and wind energy, etc. as a medium to increase the reach of electrification in rural 

areas. In 2011, the share of solar energy was a mere 0.04% (~3 GWh) of the gross electricity 

generation of Bolivia (IEA, 2011).  

3.1.2 Potential for solar energy in Bolivia  

The Andean region of Bolivia situated at a height of about 4000 meters above sea level has one 

of the world’s highest levels of solar radiation intensity. The proximity of this region with the 

equator provides it with almost constant solar irradiation across the year. The solar irradiation in 

the Andean region reaches over 7 kWh/m2 per day whereas in the valley i.e. sub-Andean region, 

the solar radiation ranges between 5 to 6 kWh/m2 per day. The lowest levels of solar radiation are 

experienced in the lowlands or Llanos region in the range of 3.9 to 5 kWh/m2 per day (UMSS, 

2009).  

 

Figure 4: Solar irradiance in Bolivia (Energetica, 2014) 
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As seen from the Figure 4 depicted above, the solar irradiance experienced in majority of Bolivia 

is more than 4 kWh/m2/day for almost nine months of the year from August till April (Maxwell, 

2013). The western and southwestern regions of Bolivia are the areas where most of the solar 

irradiance is experienced almost constantly throughout the year. In Oruro, Bolivia the solar 

irradiance ranges between 5.2 kWh/m2/day in June to 6.99 kWh/m2/day in November. Similarly 

in La Paz, Bolivia the solar irradiance experienced ranges between 5.16 kWh/m2/day in June to 

6.94 kWh/m2/day in November. In Santa Cruz de la Sierra, Sucre and Tarija as well the average 

solar irradiance is about 4.3, 5.8 and 5.7 kWh/m2/day respectively (Maxwell, 2013).  

 

Figure 5: Comparing the Annual Solar Irradiance in major cities of Germany, Spain and Bolivia (Maxwell, 2013) 

As shown in the Figure 5 above, Germany, which is one of the leading countries in adopting 

solar power, experiences solar irradiance over 4 kWh/m2/day for approximately five months of 

the year. The annual average solar irradiance experienced in Munich is about 3.12 kWh/m2/day. 

Another European country where solar power is utilized is Spain, which experiences more than 4 

kWh/m2/day of solar irradiance for about seven months of the year. The average annual solar 

irradiance in Spain is 4.32 kWh/m2/day (Maxwell, 2013).    

3.2 Common concentrated solar power technologies  

The solar intensity experienced by Bolivia directly indicates towards the potential to install solar 

plants and extract this potential. At present, the technologies most widely prevailed in Bolivia are:  

solar PV (photovoltaic) with about 21 000 installed systems and solar dryers and solar thermal 

systems with about 3 000 installed systems (L F Buch and W L Filho, 2012).  

The expansion of use of solar PV over the past few years has resulted in reduced costs and 

increased conversion efficiencies (M J Curie, 2008). But the major constraint with solar PV is the 

inability to store power. Solar thermal systems may be used to concentrate the solar radiation to 

convert a liquid (water, oil, molten salts, etc.) into steam that is then used to drive a turbine or 

engine to generate electricity. Concentrated solar power (CSP) or solar thermal technology can 

store energy in the form of heat, which can be used for generating electricity even in the night 

hours (J Clifton, 2010).  
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The common technologies for CSP power generation are parabolic dish, solar tower, parabolic 

trough and linear Fresnel reflector technologies. The main advantages and disadvantages of these 

technologies are given in the Table 1:  

Table 1: Common CSP Technologies (J Clifton, 2010) 

Technology Output Range Advantages Disadvantages 

Parabolic Dish 3 – 50 kW 

Modular units 
High efficiency of more than 

30% 
Simple operation 

New Technology 
Battery required for 

thermal storage 
No requirement of water 

for cooling 

Solar Tower 
30-160 MW 

Could increase up 
to 200 MW by 2030 

Efficiency of about 23% 
Modular units 

Simple operation 
Cogeneration possible 

Water required for 
cooling 

- Commercial technology 
but yet to be proven 

Parabolic Trough 
30 – 150 MW 

Could increase up 
to 320 MW by 2030 

Modular components 
Cogeneration possible 

Hybridization with oil & gas 

- Low efficiency in the 
range of 14 – 20% 

Water needed for cooling 

Linear Fresnel 

Reflectors 

Up to 5 MW 
Cannot extend over 

50 MW 

Modular units 
- Hybridization with steam and 

oil 
Early stage of technology 

 

The parabolic dish technology utilizes an engine, for example a Stirling engine that converts the 

sun’s radiation into electricity. It is modular in nature and has relatively simple operational 

procedure. However it is a fairly new technology and to use this technology preci se tracking of 

the sun is required. The parabolic dish technology has very high solar to electricity conversion 

efficiencies often exceeding 30% in comparison to other CSP technologies (J Clifton, 2010).  

 

3.3 Stirling Engine  

Stirling engine, named after its inventor Robert Stirling (1816), operates on a “closed regenerative 

thermodynamic cycle with cyclic compression and expansion of a working gas at different temperature levels” (D G 

Thombare, 2008). The Stirling engine is a high efficiency engine with much less exhaust  

emissions when compared with an internal combustion engine. The Stirling engine can also be 

termed as an external combustion engine as most sources of heat can be used to power it 

including biomass, methane and solar energy.   

The principle of the Stirling Cycle on which a Stirling Engine works is explained in section 3.3.1.  

 

 



-7- 

 

3.3.1 Stirling Cycle 

The Stirling cycle is similar to other heat cycles as Carnot cycle and has four main processes: 

compression, heating, expansion and cooling. The heat addition and rejection takes place at a 

constant temperature.  

 

 

Figure 6: Stirling Cycle (Pierre Gras) 

 

 

Figure 7: Concept of Stirling cycle (Foster, 
2011) 

 

 

The pressure (P) and volume (V) diagram of the Stirling cycle is shown in Figure 6 and the 

concept of the Stirling cycle is shown in the Figure 7. The Stirling cycle includes a heat source, 

displacer, regenerator, a power piston and a displacer piston. The heat enters through the heat 

source and with the increase in pressure, the working gas expands and moves the power piston, 

which subsequently reduces the pressure causing compression and thereby cooling of working 

gas. This process repeats itself in a cycle. These four steps are explained as below (Pierre Gras, 

n.d):   

 (1→2) Heating of Working Gas: Working gas (for example: Hydrogen or Helium) when 

exposed to the hot end of the Stirling engine starts expanding. The displacer piston is at the cold 

end of the engine.  

(2→3) Power Stroke: The working gas once heated starts expanding and increasing the pressure 

and thereby moving the power piston.  

(3→4) Cooling of Working Gas: When the power piston moves, all the cooling gas is exposed 

to the cold end of the Stirling Engine and the displacer piston covers its entire hot end. 

(4→1) Power Stroke: The cooled working gas expands and moves the power piston with slight 

decrease in pressure.   

There are different types of Stirling engines based on their mode of operation, form of cylinder 

coupling and phase difference. These classifications are described as below (D G Thombare, 

2008):  

 



-8- 

 

 

a. Mode of Operation  

Stirling engines are generally classified as either single acting or double acting. In single acting 

engines, the working gas or fluid is in contact with only one side of the piston. Robert Stirling 

invented the single acting engine. A double acting engine, developed by Babcock in 1885 uses 

both sides of the piston to move the working gas or fluid from one space to other (D G 

Thombare, 2008).  

b. Forms of Coupling  
There are three types of cylinder coupling in Stirling Engine namely Alpha, Beta and Gamma 

coupling, as shown in Figure 8 below: 

 

 

 

 

Figure 8: Alpha, Beta and Gamma Coupling (Sayma, 2013) 

 A brief description about these cylinder-coupling types is as below:  

 Alpha Coupling:  It has two pistons in separate cylinders that are connected to heater, 

regenerator and cooler in a series. There is a 90° phase difference between the adjacent 

pistons (D G Thombare, 2008).   

 Beta Coupling:  It has both the displacer and piston in the same cylinder. The displacer 

and piston are connected to crankshaft by separate linkage to maintain required phase 

angle (D G Thombare, 2008). 

 Gamma Coupling:  Arrangement of displacer and piston is the same as beta coupling but 

they are in different cylinders. In between the two cylinders, cooler, heater and generator 

are connected in series (D G Thombare, 2008). 
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c. Phase Difference  

In kinematic design, the phase difference is controlled by a mechanical linkage in the form of a 

crankshaft between the displacer and the power piston. Whereas in the free-piston design, there 

is no mechanical linkage between the two pistons and the phase difference is determined by the 

varying pressure in the cycle (M Abbas, 2011).  

d. Working Fluid for Stirling Engine  

For a Stirling cycle engine, a working fluid with high specific heat, low viscosity and low density 

needs to be used. A few examples of working fluids are air, hydrogen, helium, water Sodium-

Potassium (NAK) eutectic, etc. (D G Thombare, 2008).  

e.  Heat Source for Stirling Engine  

The heat source for increasing the temperature of the working fluid could for example be biogas, 

coal, diesel, solar or geothermal. (D G Thombare, 2008). Bolivia has considerable potential for 

utilization of biogas and solar power for the Stirling engine in rural areas. Hybrid systems utilizing 

solar and biomass, with heat-pipes combining the solar receiver and biomass combustion burner 

allow the Stirling system to operate for the entire day.  

3.3.2 Solar Powered Stirling Engines  

A solar powered Stirling system comprises of a parabolic dish concentrator, a thermal receiver, a 

Stirling engine and a generator that is located at the focus of the parabolic dish. Parabolic dish 

solar collectors have shown solar energy to electric power conversion efficiency of more than 

30%. The parabolic dish Stirling systems are identified as the most beneficial option to convert 

solar thermal energy into electricity in the range of 3-50 kW, technology and material uses 

(Taggart, 2008).    

Advantages of Solar powered Stirling engine dish collectors (IRENA, 2012) (Stirling, 2014): 

 Higher delivery temperatures which results in better thermodynamic efficiency compared to 

other CSP technologies  

 Reduced losses because of the reduced heat loss area due to modular structure  

 Less material requirement in comparison to the flat plate solar collector system 

 Higher conversion from solar energy to electricity due to concentrated solar radiation on the 
focal point in comparison to other CSP technologies  

 Absence of any fuel cost as sun radiation is available throughout the year in comparison to the 
coal or gas based power plants 

 A clean source of power with zero CO2 emissions in comparison to conventional sources of 

power generation as coal, gas, etc.  

3.3.3 Parabolic Dish Stirling Technology  

The Parabolic dish Stirling technology uses mirrors to concentrate sunlight on a solar receiver at 

a focal point. The solar energy is absorbed and transferred to the working fluid (Hydrogen, 

Helium or Air) in the connected Stirling engine, as shown in Figure 9. The Stirling engine by 

compressing the working fluid converts the thermal energy into mechanical power, which is then 

used to turn a generator, or turbine that generates electricity (M Abbas, 2011).      
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Figure 9: Solar dish Stirling system (M Abbas, 2011) 

The efficiency of parabolic dish Stirling systems is increased when they are equipped with 

sunlight tracking mechanism that adjusts the dish aperture accurate to absorb the highest solar 

radiation (M Abbas, 2011). 

Dish systems can achieve higher efficiencies than parabolic trough systems due to higher level of 

sunlight radiation concentration at focal point. The dish systems have demonstrated an efficiency 

level as high as 31.25% of solar radiation converted into electricity, and it can even go higher with 

improved seal of the working gas (M Abbas, 2011).  

The applicability of solar parabolic dish Stirling systems is in the regions with high levels of direct 

normal irradiance (DNI). Such regions include Mexico, Australia, Northern Africa, Latin 

America, southwest of USA and Middle Eastern regions. Bolivia, as already discussed, 

experiences high solar radiation in the Andean and Sub-Andean regions, which is about 41% of 

the total area of Bolivia, in the range of 5-7 kWh/m2 per day or about 1 800 to 2 500 kWh/m2 

per year (L F Buch and W L Filho, 2012).   

As a result of increased commercialization of this technology, the price of each dish has reduced 

by about 80% from USD 225 000 to USD 50 000 by the year 2010 (Taggart, 2008). Past 

experience shows that the cost of solar dish technology has decreased drastically from 1 725 

USD/m2 to about 207 USD/m2 between 1982 and 1992 (M Becker, 2000). According to a study 

conducted by EUREC, it was forecasted that the cost of solar dish systems would reduce to 

about 145-175 USD/m2 (M Becker, 2000).  

3.3.4 Global case studies for solar powered Stirling engines  

Over the past few years, the cost of Parabolic Dish Stirling systems has come down considerably 

with successful demonstration projects and increased commercialization of this technology. This 

technology requires annual DNI of at least 1 900-2 000 kWh/m2 so as to be economically 

feasible to implement (DFID, 2010).  

The suppliers who have developed solar Stirling systems are limited in number. The companies 

such as Infinia, Stirling Solar Systems and Sun Power Inc. have commercially available Stirling 
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dish systems in various ranges. Other suppliers such as Wizard Power, Schlaich Bergerman, 

Science Applications Int. Corp., have Stirling dish systems in pilot phase (DFID, 2010).    

So far, the commercial implementations of parabolic dish Stirling systems have either been small 

scale or are in the planning phase. Major deployments were planned for deployment using the 

dish Stirling technology. One was in California, with an initial plan to install a 20 000 dish Stirling 

system of 11.5 meters each with a total installed capacity of 500 MW. This project was being 

commissioned by Stirling Energy Systems Inc. However the company filed for bankruptcy in 

2011, which led to the Calico Solar Energy project to be shelved. (California Eneragy Comision, 

2013). Another plant using the Stirling dish technology is the Maricopa solar project in Peoria, 

Arizona in United States. Tesserra Solar commissioned this plant in 2010 with 60 dishes of 25 

kW each. The plant has been operational since with a solar to electricity conversion efficiency of 

26% (NREL, 2013). 

A few case studies of commercial deployment of Parabolic Dish Stirling Systems are provided as 

below:  

3.3.4.1 Eurodish Project, Europe 

Renovali, a Spanish company, has along with the US Stirling engine manufacturer Infinia, 

commissioned a 1 MW dish Stirling system plant in Albacete, Spain. The plant consists of 3 kW 

dish units (sunwindenergy). Eurodish comprises of a parabolic dish to concentrate the solar 

radiation and converting it into electricity with the help of a Stirling engine (CESI, 2004). The 

solar concentrator in the installed solar stirling system can reach to 700°C. The receiver of the 

Eurodish system can operate efficiently in the temperature range of 650-800 °C (CESI, 2004).     

The solar radiation to electricity conversion efficiency of Eurodish systems can reach to 24% and 

the systems require low maintenance as well as no water requirement for cooling purposes 

(sunwindenergy).  

3.3.4.2 Whyalla Solar Thermal Concentration Plant, Australia 

The project is located in Whyalla, which is located in south Australia. This project installed about 

40 MW of solar capacity with the help of 330 big solar thermal concentrators using Wizard 

Power’s Big Dish Technology. Each solar thermal dish is 500 m2 in area, and generates about 66 

GWh of electricity each year. The solar dish technology can receive and concentrate the sun’s 

heat up to 1500°C (Parkinson, 2012). The plant became operational in 2013 and required a capital 

cost of AUD 230 million (Regional Development, 2013).  

3.3.4.3 Maricopa Solar Project, USA  

This project is located in Peoria, Arizona where the direct solar irradiation of about 2 292 

kWh/m2/year is experienced (CleanEnergy, 2011). It comprises of a 1.5 MW Dish Stirling 

Engine CSP station with 60 dishes. Each dish generates 25 kWh and measures 12 meters in 

diameter. This plant was commissioned in 2010 as a demonstration project for Stirling Energy 

Systems and has been operational since with a conversion efficiency of about 26% (NREL, 

2013). It is the world’s first operational facility with dual axis dish Stirling solar CSP system. It 

took about 4 years constructing this project (CleanEnergy, 2011). 
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3.3.5 Disadvantages with the Stirling engine 

Despite the high solar radiation to electricity conversion efficiency demonstrated by Stirling dish 

technology, this technology has yet to become highly commercial in comparison to other 

conventional methods of power generation. The major barriers faced by the Stirling dish 

technology are:  

 Although proven, the technology is still in the earlier stages of its development in terms of 
deployment and low economies of scale (Salazar, 2008). 

 High cost of material for the dish technology due to lack of economies of scale, in comparison to 

the conventional power generating technologies from coal, gas as well as diesel generator 
(Salazar, 2008).  

 The land requirement for solar dish system installments is also a barrier regarding its deployment. 
Unlike solar PV that can be installed on rooftops, a typical solar thermal plant requires about 20 

000 to 40 000 m2 land for installed capacity of 1 MW (Salazar, 2008). 

 Also, for the solar Stirling systems, precise tracking of sun’s rays is required by adjusting the 
dish’s aperture to concentrate the sun’s rays on the collector to achieve high temperatures (J 

Clifton, 2010).  

 The solar irradiance requirement for solar Stirling dish system is more than 2 000 kWh/m2/year, 

which requires careful selection of site with due pre-feasibility analysis (J Clifton, 2010).    
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4 Model  

The simulation of the situation in Bolivia will be done with Matlab. The complete Matlab code is 

attached as Appendix A. The simulations will cover two days, one summer day and one winter 

day in Bolivia. For each day the demand will be approximated with two cases, one low demand 

case and one high demand case. This leads the program to simulate four results, after which a 

sensitivity analysis will be done. The village in question will be located in the south-west region of 

Bolivia, the Andes. This is because, as discussed in section 3.1.2, this is the area that experiences 

the highest solar irradiation in Bolivia.  

4.1 System boundaries 

There are different factors that affect the demand and production in the rural village. The arrows 

in Figure 10 show the relationship between these factors. 

 

Figure 10: Flowchart for the rural village 

The sun affects how much electricity we can produce and also how much electricity is needed. 

The demand decides how much electricity should be produced. The economy affects the people 

in the village in terms of better living conditions, which in turn affects the electricity demand.  

 

The demand of the village will approximated with two cases, one for high demand and one for 

low demand. This means that in the model, it is assumed that the demand is uniform throughout 

the year. The demand is also assumed to be independent of the season.  

 

The model will only count with the data from one Stirling engine and one battery. The efficiency 

of the Stirling engine will be assumed to be constant, independent of the solar irradiation. 

Efficiency losses will only be considered for the Stirling engine, the alternator and the battery.  

Cable losses etc. are disregarded. 

 

In case the production capacity exceeds the demand, batteries or thermal storage could be 

implemented to store electricity. This project will look at how to store electricity; however it will 

not be the main focus. Therefore batteries will be used to store the energy. 
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4.2 Energy demand in the rural areas 

To estimate the energy demand in the rural village, the village needs to be simplified. The 

simplified village will comprise of 70 households and one school. All the households are assumed 

to have the same energy demand. It is possible that some households establish some form of 

business with the increased access to electricity, for example a small shop, thus leading to an 

increased electricity demand. However this is not considered relevant to the project and therefore 

not included. 

 

4.2.1 Demand levels 

Before setting up the two demand levels, the electricity demand for the products used in the 

different scenarios need to be specified. The products used and their power rating is illustrated in 

Table 2. 

 

Table 2: Information about the devices used in calculations 

Device Power (W) Variable 

Lamp1 25 PLamp 

Fluorescent light1 15 PFluorescent 

Radio1 3 PRadio 

TV1 140 PTV 

DVD1 10 PDVD 

Fridge/Freezer1 150 (60) PFF 

Projector2 305 PProjector 

Stove3 1200 PStove 

Fan3 90 PFan 

Air condition3 1350 PAC 

Washer3 2520 PWasher 
1. (Eon, 2014)  
2. (Dell, 2014) 
3. (Energia, 2012)  

 
 

 
 

The fridge has a power demand of 150 W when it is powered. The fridge is typicaly powered for 

3500 hours/year. (Energycouncil, 2014) This means that on average it is powered for 9.6h/day. 

For calculation purposes, a electricity demand of  is assumed for the 24 hours of 

the day. 

 

In the first demand level the electricity generated from the system will only cover the basic needs. 

This means that each house will have two lights, a radio and a fan. The school will use a TV and a 

DVD for teaching, as well as six fluorescent lights to lit up the classroom. The usage duration of 

all the appliances in level 1 is given by Table 3. Table 3 and Table 4 are based on a study conducted 

by Anton Ekeström regarding energy conversion in rural areas in Cuba. Being comparable to this 

study, a similar usage duration table is applied for this model. (Ekeström, 2014) 

 

 



-15- 

 

Table 3: Usage duration for the appliances in level 1 

Device Amount Residential School 

Lamp 2 x 25 W 05:00-07:00 
19:00-23:00 

  

Fan  1 10:00-15:00   

Radio  1 18:00-23:00   

Fridge/Freezer 1 00:00-24:00  

TV  1   09:00-12:00 
13:00-16:00 

DVD  1   09:00-12:00 
13:00-16:00 

Fluorescent light 6 x 15 W   08:00-12:00 
13:00-17:00 

 

For the second demand level the living conditions of the residents increases. That means more 

appliances such as a fridge, TV, DVD, washer, and a stove for the residential sector. For the 

school, the TV will be replaced with a projector. A complete usage duration of the appliances in 

level 2 is given by Table 4. 

 

Table 4: Usage duration for the appliances in level 2 

Device Amount Residential School 

Lamp 4 x 25 W 05:00-07:00 
19:00-23:00 

  

Fan  1 10:00-15:00   

Washer 1 18:00-19:00   

Stove  1 16:00-18:00  

Fridge/Freezer 1 00:00-24:00  

TV  1 16:00-22:00  

DVD  1 16:00-22:00 09:00-12:00 
13:00-16:00 

Fluorescent light 6 x 15 W   08:00-17:00 

Projector  1   09:00-12:00 
13:00-16:00 
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4.2.2 Electricity demand 

 

To calculate the hourly power demand for a building equation 1 will be used.  

 

 

Where Pn,t is the total power demand for building n during hour t. Pdevice is the electricity demand 

for any given device as per Table 2 and st is a binary variable which indicates whether the appliance 

is in use or not. To calculate the daily power demand, the hourly power demands are summarized 

according to equation 2. 

 

 

The village demand is the sum of all the building demands, as shown in equation 3, where mhouse 

is the amount of houses in the village. 

 

  

4.2.3 Sensibility analysis of electricity demand 

The model is based on assumptions regarding how many buildings exist in the village as well as 

their electricity consumption. To estimate the reliability of the model a sensibility analysis will be 

performed to determine its validity. Varying the amount of households and the electricity 

consumption of the appliances used in the model will do this, as shown in Table 5. 

 

Table 5: Sensitivity analysis for the electricity demand 

Scenario 1 Scenario 2 Scenario 3 Scenario 4 

Power rating 

increases by 10 % on 

all devices 

Power rating 

decreases by 10 % 

on all devices  

The number of 

households in the 

village increases by 

20 

The number of 

households in the 

village decreases by 

20 
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4.3 Stirling system 

The amount of Stirling engines required should cover the total village daily demand, both during 

daytime and nighttime. But the Stirling engine can only produce electricity during daytime. 

Therefore batteries are implemented to supply the demand even during nighttime. To calculate 

the amount of batteries needed, the model matches the total output of the batteries with the 

demand during nighttime, i.e. when there is not sufficient solar irradiation to power the Stirling 

engine. 

 

The engine used for the modeling is shown in Table 6. It is a parabolic dish Stirling engine that 

has been considered for use in India (Reddy et. al, 2012). The study was conducted for rural 

village electrification with similar conditions to the ones in Bolivia. Therefore the engine will be 

used for this simulation as well.  

  

Table 6: Data on the Stirling system used in the model (Reddy et. al, 2012) 

Concentrator  

Aperture area 91.01 m2 

Focal length 7.45 m 

Stirling engine (kinematic)  

Working fluid H2 or He 

Working fluid pressure (max) 20 MPa 

Operating temperature 720 °C 

Output power 27 kW (max), 22 kW (rated) 

Power conversion unit  

Electrical power 480 V, 60 Hz, three phases 

Gross power rating 25 kW at a solar irradiation of 1000 W/m2 

Minimum solar insolation 250-300 W/m2 

Alternator efficiency 92%-94% 

 

The input power to the Stirling system is calculated with equation 4. Where Aconcentrator is the 

aperture area given by Table 6 and Imin is the minimum solar insolation given by Table 6. 

 

 

To determine the efficiency of the system it can be noted that the gross power rating is 25 kWh 

at a solar irradiation of 1000 W/m
2
. This makes it possible to calculate the efficiency of the 

Stirling engine with the following computations: 
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The efficiency, as mentioned in section 4.1, is assumed to be constant regardless of the solar 

irradiation. With the efficiency for the Stirling engine calculated, and the efficiency of the 

alternator given by Table 6, the following equation for the power output is given: 

 

 

 

The solar irradiation has a direct correlation with how much electricity can be produced. The 

model uses an estimation of how the solar irradiation varies throughout the day in the absence of 

clouds. Figure 11 shows the solar irradiation for a day in summer (January 1th) and a day in 

winter (July 1th) in Bolivia. To get the solar data the latitude for the location is needed, in this 

case the latitude of 16N is used.  This model is based on the position of the sun in the absence of 

clouds (Christiana Honsberg, 2009). 

  

Figure 11: Variation in solar irradiation in summer and winter (Christiana Honsberg, 2009) 

 

To demonstrate how the Stirling engine’s output varies with the solar irradiation Figure 12 is 

presented. It is a graphical representation of formulae (5).  

 

Figure 12: Stirling engine output as a function of the solar irradiation 

 

Data for the battery being used in the model can be seen in Table 7. According to a comparison 

conducted by Bruce Dunn et al, it is a common type used battery for electrical energy storage for 
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the grid. For the model, it is assumed that the discharge cannot exceed 50% to prolong battery 

lifetime (Dunn et al, 2011). 

 

Table 7: Data on the battery being used in the model (Dunn et al, 2011) 

Type NaS 

Capacity 7.2 MWh 

Power 1 MW 

Efficiency 75% 

 

4.3.1 Sensitivity analysis of the Stirling system 

The data given from Figure 11 gives a solar irradiation of 10.5 kWh/m2 for the winter. This is to 

be compared to the average irradiation in December as seen in Figure 4 which shows an average 

of approximately 8.5 kWh/m2. This gives a difference of about 20 %. Therefore a variation of the 

solar irradiation will be performed to investigate how it affects the results. The different scenarios 

are shown in Table 8. 

Table 8: Sensitivity analysis for the Stirling system 

Scenario 1 Scenario 2 Scenario 3 Scenario 4 

Solar irradiation 

decreases with 20% 

Solar irradiation 

increases with 20% 

Stirling system 

efficiency decreases 

with 10% 

Stirling system 

efficiency increases 

with 10% 
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5 Results and discussion 

The different outputs of the model will be presented in charts and graphs to illustrate the results 

and to aid in the comparison between them.   

5.1 Results and discussion from the model 

The first result to be presented is the electricity demand in the household, shown in Figure 13.  

 

 

Figure 13: Load curve for a household energy demand for the different levels 

What can be seen is that there is a fairly even demand throughout the day when regarding the level 1 demand. 

This is because for the level 1 demand, there is no energy demanding devices. When regarding the level 2 

demand it is noted that there is a peak between 17:00 to 19:00. This is because, according to Table 4, this is 

when most of the energy demanding devices are in use.  
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Device distribution for the household for the different demand levels 

  

Figure 14: Average daily energy usage in a single household for the different demand levels 

 

For the level 2 demand the most energy demanding devices are the washer and the stove. 

Together they make up for 61% of the household electricity demand. As can be seen for the level 

1 demand, the radio is not a big contribution to the electricity demand. Comparing the level 1 to 

the level 2 demand, it can be noted that the electricity demand is about 13 times higher in the 

level 2 demand compared to the level 1 demand. 

 

From Figure 15 it is noticeable that the contribution from the school is almost negligible in the 

level 1 demand. This is because there are a relatively high amount of houses compared to the one 

school. With the level 2 demand however there is a bigger influence from the school. Although 

small, it is not as negligible as it was with the level 1 demand. Still, the residents make up for the 

most demand, which is why the load curve for the village is quite similar to the load curve for the 

household. One way to avoid this, besides increasing the demand for the school and hospital as 

compared to the residents, is to randomize the usage in the resident sector. For this model, every 

household is assumed to use the same appliances during the same hours for the same duration. 

This is not representative for the reality. Therefore randomizing the demand for the different 

households would produce a different and more valid curve for the village demand. 
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Figure 15: Daily electricity demand for the village for the different demand levels 

 

Finally, the last result to be presented is the amount of units needed cover the village demand,  

shown in Figure 16.  

 

  

Figure 16: Number of needed units to cover the village electricity demand for the different levels  

 

As mentioned above demand is more than ten times as high with the level 2 demand as 

compared to the level 1 demand. This would imply that the amount of Stirling engines needed 

would increase tenfold from one demand level to another. Figure 16 confirms this.  It can also be 

noted that the amount of units needed varies, not only from one demand level to another, but 

from one season to another. Since it is impossible to store large amounts of electricity from one 

season to another, the only way to solve this is over dimensioning.  
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5.2 Results and discussion of the sensitivity analysis for the 

village electricity demand 

The result of the sensitivity analysis on the village load curve can be seen in Figure 17, and the 

result of the sensitivity analysis on the village electricity demand can be seen in Figure 18. 

 

Figure 17: Result of the sensitivity analysis for the village load curve 

 

 

Figure 18: Result of the sensitivity analysis for the village electricity demand 

 

From Figure 18 it can be seen that the demand varies between 43 kWh to 55 kWh between the 

different scenarios. The power ratings in this model are taken from trustworthy sources and can 

thus be considered as reliable. However, what is not certain is what devices will be used in the 

village and during which hours. Therefore a survey should be conducted in the village where this 

is to be implemented to get a more accurate vision of what the residents want to use the 
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electricity for. One thing to take into consideration is the financing aspect. The rural parts of 

Bolivia are very poor and will not be able to choose the higher living standard even if they would 

like to. That means that the financing aspect is a constraint, and should be examined before 

deciding on an investment. 

5.3 Results of the sensitivity analysis for the Stirling system 

The result of the sensitivity analysis of the Stirling system can be seen in Figure 19. 

 

Figure 19: Result of the sensitivity analysis of the Stirling system 

 

As was stated in section 4.3.1, the solar data for this model was a bit high compared to the actual 

measured data. Examining Figure 19 shows that by decreasing the solar irradiation by 20%, the 

amount of Stirling engine needed to supply the village goes from 25 to 31. This is a large 

variation, which would lead to under dimensioning if not taken into consideration before 

investment. Therefore the model should be expanded with more precise solar data to provide a 

more reliable result. The efficiency of the Stirling engine is taken from the manufacturer and can 

thus be deemed to be reliable. The variation of efficiency does however give an idea of how the 

dimensioning of the system varies if cable losses would be taken into consideration. Since the 

cable losses are neglected in this model, the efficiency decrease in Figure 19 shows that with 10 % 

losses it would be necessary to increase from 25 to 28 Stirling engines. Should the cable losses be 

deemed to be above 10%, this model would need to be expanded upon to include the cable 

losses. 
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6 Conclusions 

 To cover the basic demand in Bolivia, a Stirling system consisting of around 30 Stirling 

engines and 7 batteries is needed. 

 There is a large deviation from the amount of units needed in the Stirling system when 

varying the village demand 

 There is big potential to take advantage of the solar power in Bolivia for rural 

electrification 

7 Future work 

The future work on this project will target to include the aspects that are not covered in this 

report as listed below:  

 This project doesn’t look at the economical aspect i.e. the investment requirement in the 
selected area 

 This project doesn’t have the actual tested solar irradiation to be used for the purpose of 

modeling, but only uses an estimation of the solar irradiation based on literature study 

 The energy demand of the village needs to be measured before dimensioning it on the 
model so that the Stirling system is not of under or over capacity 

 The model doesn’t take cable losses into account 

 Application of Stirling system requires investment for a large area of land. This can affect 
the people living in the area since they depend on agricultural work to earn their living 

 For the purpose of modeling, the possibility of impact on per capita income has to be 
taken into account. Access to electricity has the potential to raise the income of rural 

households, which in turn could raise their living standards, finally leading to increase 
usage of electrical appliances and increase in the demand for electricity.  
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Appendix A. Matlab code for the simulation 

 

% 
% 
function 

[solar_power_summer,solar_power_winter,generated_power,generated_power_wint

er,demmand,demmand_winter,battery_energy_winter,battery_energy]= 

simulate_supply_demmand1 
% 
% 
% 
%Choose the season and demmand type 
SEASON='winter' ;%define which season must be 'summer' OR 'winter' -all 

lower case 

  
DEMMAND='low' ;%define demmand type either 'high' or 'low' 

  

  

Nhouses=70;    %Number of houses in village 
Nengines=1;    %Initialise number of Stirling engines 
Nbatteries=1; %Initialise number of batteries for energy storage 
Ndays=3;      %Number of days to simulate for (should do atleast 2) 

  
 %Add in hourly power usages here: 
 %High 
    %Additional_energy_load=[0, 0, 0, 0, 0, 0, 0, 0, 0.09, 0.405, 0.405, 

0.405, 0.09, 0.405, 0.405, 0.405, 0.09, 0, 0, 0, 0, 0, 0, 0]; 

  
 %Low 
    Additional_energy_load=[0, 0, 0, 0, 0, 0, 0, 0, 0.09, 0.24, 0.24, 0.24, 

0.09, 0.24, 0.24, 0.24, 0.09, 0, 0, 0, 0, 0, 0, 0]; 

  

  
%%initialise vars 
generated_power=zeros(1,Ndays*24); 
battery_energy=zeros(1,Ndays*24); 

  
%generate solar irradiance for 24 hours and power demmand     
single_house_demmand=power_demmand(SEASON,1,Ndays,DEMMAND); 
solar_power=solar_rad(SEASON,Ndays); 
demmand=repmat(Nhouses*single_house_demmand+ Additional_energy_load,[1 

Ndays]); 

  
generated_power(1)=Stirling_generator(solar_power(1),Nengines); 

  

  
%% find number of stirling engines required: - make sure the total output 

power is greater than the total demmand over 24 hours 
while 

sum(Stirling_generator(solar_power(1:24),Nengines))<sum(demmand(1:24)) 
Nengines=Nengines+1; 
end 

  
%set battery to negative energy to begin while loop. 
battery_energy(3)=-1; 

  
%Run a simulation and if the charge on the batteries is zero or less then 
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%more batteries are required, add one and try again. Do this until enough 
%charge is held over the 24 hour period. 
count=0; 
while any(battery_energy(24:end)<=0)  

     
    Nbatteries=Nbatteries+1; 

  

     
    for jjj=2:(Ndays*24) 

         

        generated_power(jjj)=Stirling_generator(solar_power(jjj),Nengines); 

       

         
        

battery_energy(jjj)=charge_batteries(generated_power(jjj),Nbatteries,batter

y_energy(jjj-1)); 

      

         
        

battery_energy(jjj)=discharge_batteries(demmand(jjj),battery_energy(jjj)); 

      

         

         

    end 
end 
sprintf('For %s demmand situation in %s:\n',DEMMAND,SEASON) 
sprintf('\n %d batteries and\n %d stirling engines are 

required\n',Nbatteries,Nengines) 

  
% plot the results 
hours=1:(1*24); 
%plot daily solar variation 
figure;plot(hours,solar_power(24:47),hours,solar_power(24:47));xlabel('Time 

(hours)');ylabel('Solar irradiance (kWh/m2)'); 
title('Daily solar irradiance variation');xlim([1 24]) 

  
%plot demmand 
figure;plot(hours,demmand(24:47));xlabel('Time (hours)');title('Total 

village electricty demmand (kWh)');ylabel('electricty demmand 

(kWh)');xlim([1 24]) 

  
%plot the demmand for a single household 
figure;plot(hours,single_house_demmand);xlabel('Time 

(hours)');title('Single house electricty demmand (kWh)');ylabel('Electricty 

demmand (kWh)');xlim([1 24]) 

  

%plot energy stored in the batteries as a function of time 
figure;plot(hours,battery_energy(24:47));xlabel('Time 

(hours)');title('Energy stored in batteries');ylabel('Total energy stored 

in batteries (kW)');xlim([1 24]) 

  

  
% create stacked bar plot for energy supply/demmand 
    t1=demmand(25:48)-generated_power(25:48); t2=t1*0; 
    t2(t1<0)=demmand(t1<0); 
    t3=demmand(25:48)-t2; 
    figure;bar([1:24]',[t2',t3'],'stacked');colormap('cool');xlim([1 24]); 

xlabel('Time (hours)');ylabel('Energy usage (kWh)'); 
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    title('Energy usage'); legend('Stirling 

engine','Batteries','location','North') 

  

     
end 
%% function to calculate the daily profile of incident solar irradiance 

each hour, outputs hourly irradiance in units of kWh  
%input either 'summer' or 'winter'.  

  
function [solar_irradiance]=solar_rad(time_of_year,Ndays) 

  
solar_irradiance=[]; 

  
if time_of_year=='summer' 

  
    

solar_irradiance=[0.0,0.0,0.0,0.0,0.0,0.0,0.1,0.7,0.9,1.0,1.0,1.1,1.1,1.1,1

.0,1.0,0.9,0.7,0.1,0.0,0.0,0.0,0.0,0.0]; 

     

elseif time_of_year=='winter' 

  
   

solar_irradiance=[0.0,0.0,0.0,0.0,0.0,0.0,0.0,0.2,0.7,0.8,0.9,1.0,1.0,1.0,0

.9,0.8,0.7,0.2,0.0,0.0,0.0,0.0,0.0,0.0]; 

  
else 
    error('Error: summer or winter is spelt wrong in the definition of 

SEASONS\n') 
end 
 %repeat it for the number of days in simulation 
solar_irradiance=repmat(solar_irradiance,[1 Ndays]); 
end  

  

%% Calculate energy generated from Stirling generators 
%From the paper Reddy et al. 2013, a parabolic dish Stirling engine 
%produces 22 kW from 1kW per meter squared of solar radiation. The dish is 
%91 square meters, this means Power_out=0.241*Power_in, here we will assume  
%the efficient is 0.241 for all radiation levels. we will assume that the 
%alternator attached to the engine is 90% efficient (from the paper also) 

  
function [generated_power]=Stirling_generator(solar_power,Nengines) 

  

stirling_engine_efficiency=0.2474; 
alternator_efficiency=0.9; 
stirling_cutoff=0.25; 
%calculate generated energy. Term in brackets is zero when the radiation is 
%less than the cut off, and equals 1 when it is above. 
generated_power=(solar_power>stirling_cutoff).*stirling_engine_efficiency.*

alternator_efficiency.*solar_power.*Nengines; 

  
end 

  
%% Battery energy storage calculation 
% 
%The Science paper by Dunn et al. gives a comparison of 
%batteries for power storage. This model will use Lithium ion batteries 
%with a capacity of 8 MWh and power of 2 MW and an efficiency of 90%. 
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function 

[battery_energy]=charge_batteries(generated_power,Nbatteries,current_charge

) 

  
single_battery_capacity=3.6;  %MWh 
battery_efficiency=0.75;      

  

     
    battery_energy=current_charge + 

Nbatteries*battery_efficiency*generated_power; 

  
%check if any batteries are charged above their capacity, if they are set 
%them to their max charge. 

  

overcharged=battery_energy > (single_battery_capacity*Nbatteries); 
battery_energy(overcharged)=Nbatteries*single_battery_capacity; 

  
end 

  

%% Power demmand kW per hour 

  
function [demmand_power]=power_demmand(time_of_year,Nhouses,Ndays,demmand) 

  

if strcmp('high',demmand) 
    xx=[0.06, 0.06, 0.06, 0.06, 0.06, 0.16, 0.16, 0.06, 0.06, 0.06, 0.115, 

0.115, 0.115, 0.115, 0.115, 0.06, 1.41, 1.41, 2.73, 0.31, 0.31, 0.31, 0.16, 

0.06]; 
else 
    xx=[0, 0, 0, 0, 0, 0.05, 0.05, 0, 0, 0, 0.055, 0.055, 0.055, 0.055, 

0.055, 0, 0, 0, 0.003, 0.053, 0.053, 0.053, 0.053, 0]; 
end 

  
if time_of_year=='summer' 
    %taken from supplied energy demmand figure: 
    demmand_power=xx*Nhouses; 

  
elseif time_of_year=='winter' 
    %taken from supplied energy demmand figure: (and added some random 
    %increase for winter 
    demmand_power=xx*Nhouses; 

  
end 

  

  
end 

  

%% use the power from the batteries - 
%Calculate the drain on the batteries per hour 
function 

[battery_charge_new]=discharge_batteries(demmand,battery_charge_old) 
    battery_charge_new=battery_charge_old-demmand; 
end 

 


