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Abstract

This thesis summarizes a degree project in Sustainable Energy Engineering, carried out by
two students at the Royal Institute of Technology, Stockholm, in the year of 2014.

As the extension of the power grid in Bolivia is largely underdeveloped, approximately half of
the country’s rural inhabitants live in areas without access to electricity. Access to electricity
not only improves standard of living for individuals, it also enables a more developed and
sustainable society.

The aim of this study was to design an off-grid energy system containing a Stirling engine,
designed for rural households in lowland areas of Bolivia. The Stirling engine is externally
heated, have a high efficiency and high fuel flexibility. The engine was supposed to be fueled
by biomass combustion, a renewable source highly accessible in Bolivia. In order to design
the energy system, the electricity demand, the daily routine of energy use and the Stirling
technology had to be researched and analyzed. As a result, a conceptual model of the energy
system was made, and a simulation of the model was conducted using HOMER software. In
the simulation, a 2 kW Stirling engine system with a 1 kWg support engine during peak
hours and 3 kW Stirling engine were analyzed.

Test results show that a 3 kW, engine, with an electrical efficiency of 15 %, combined with
two 6 kWh batteries can provide 30 households with the required amount of electricity, also
in critical situations such as fluctuating demands and occasional interruptions of the engine
operation. The 2 kW, engine system in combination with 25 batteries, 6 kWh each, could also
supply the required demand. The power plant consisting of two engines provide a more flexi-
ble and resource effective solution, requiring 21 % less biomass than the 3 kW, engine. How-
ever, the combined system also requires a larger involvement from a user’s perspective.

Results revealed that Stirling engines are a viable solution for rural electrification in Bolivia.
However, there are obstacles regarding the Stirling technology that have to meet a solution
before the engine will reach a commercial breakthrough.



Sammanfattning

Denna rapport sammanfattar ett kandidatexamensarbete inom Hallbar energiteknik, som har
utforts av tva teknologer pa Kungliga Tekniska Hogskolan i Stockholm ar 2014.

| dagens situation &r elnatet i Bolivia begransat bade geografiskt och tillforlitlighetsmassigt,
och nastan hélften av landets invanare boendes pa landsbygden lever utan tillgang till elektri-
citet. Tillgang till elektricitet leder till en 6kad livsstandard, och 6kar ocksa mojligheterna till
ett utvecklat, mer integrerat och hallbart samhalle.

Malet med detta projekt var att dimensionera ett energisystem med en Stirlingmotor, anpassad
for hushall pa landshygden i laglanta omraden i Bolivia. Stirlingmotorn varms upp externt och
har en hog energieffektivitet, samt kan drivas av en stor méngd olika brénslen. | denna studie
har motorn varit tankt att drivas genom forbréanning av biomassa. Biomassa, som ar ett forny-
bart bransle, finns det stor tillgang till i Bolivia. For att kunna modellera energisystemet be-
hovdes forst elektricitetsbehovet undersokas, sedan behdvde Stirlingmotorns teknik kartlaggas
och analyseras. Resultatet blev en konceptuell modell 6ver energisystemet som simulerades
och beraknades i mjukvaruprogrammet HOMER. | simulationen beraknades tva fall, ett sy-
stem med en 2 kW Stirlingmotor i kombination med en 1 kW, for drift under hogtrafiktim-
mar, och ett system med en 3 kW Stirlingmotor.

Berakningarna visar att en 3 kW, motor, med elektrisk verkningsgrad pa 15 %, ihopkopplad
med tva batterier pa 6 kWh kan leverera elektricitet till runt 30 hushall. I systemet med en 2
kW, och en 1 kW, motor, bada med samma verkningsgrad som foregaende, kan elektricitets-
behovet moétas om systemet backas upp med 25 stycken 6 kWh-batterier. Systemet med tva
motorer kombinerade erbjuder en mer flexibel och resurseffektiv I6sning, och férbrukar 21 %
mindre mangd biomassa & motorn pa 3 kW,. Daremot kraver det tvdmotoriga systemet ett
storre engagemang fran anvandarna.

Slutsatsen blev att Stirlingmotorer ar en genomforbar 16sning for elektrifiering pa landsbyg-
den i Bolivia. Dock finns det ett flertal hinder angaende Stirlingmotorer som behdver losas
innan motorn kan na ett kommersiellt genombrott.



Nomenclature

Term Variable Unit
Electrical efficiency Nel )
Latent heat of vaporization of water M (MJ/kg)
Lower Heating Value LHV (MJ/kg)
Moisture content m (%)
Abbreviation Organizations

ARE Alliance for Rural Electrification

CDC Centers for Disease Control and Preventation
CIA Central Intelligence Agency

CNDC Comité Nacional de Despacho de Charga
DE U.S Department of Energy

DPH Dialogos, propuestas, historias para una ciudadania mundial
ECN Energy research Centre of the Netherlands
EIA U.S Energy Information Administration

EU COM European Commission

INE Institutio Nacional de Estadistica

MHE Ministro de Hidrocarburos y Energia

NDF Nordic Development fund

NM Nationmaster

WEC World Energy Council
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1 Introduction

In the year of 2011, 21.8% of the world’s population lived in areas without access to electrici-
ty (World Bank, 2014a). This number varies from country to country and on a deeper level
also domestically between regions. Not only does this correlate to poverty, but also to geo-
graphical location and politics and its driving force to improve the electric power grid. In are-
as not covered by electric power grids, alternative solutions such as fossil fueled generators
are common. Diesel generators represent 97% of the used isolated electricity systems (NDF,
2012). A more sustainable option is to use renewable sources for powering engines.

Studies have shown that access to electricity improves the life standard. For instance, it ena-
bles a more efficient work output, gives more people an opportunity to study, improves health
conditions and creates a more included society (ARE, 2014; INE, 2014). Consequently, ac-
cess to electricity is of great importance for the progress of individuals and communities,
providing a chance to develop an improved and sustainable lifestyle.

In the subject of rural electrification, there is a large amount of conducted and ongoing pro-
jects, where various types of engines and fuels are and have been tested (Covarrubias, 2005;
Wijayatunga and Attalage, 2003; van Campen et al., 2000). For a successful implementation,
the electrification solution has to be sustainable in many perspectives. The engine is preferred
to be easy to operate and maintain, and also affordable to the intended users. From an envi-
ronmental point of view, it is desirable that renewable energy sources with low emissions are
used. In this report, the Stirling engine will be analyzed as an option for rural electrification.
The engine provides an efficient and flexible solution, but there are still obstacles preventing a
possible commercial breakthrough (Thimsen, 2002; Goldstein, 2003).

The focus of this study is to research the possibilities to implement a biomass fueled Stirling
engine in Beni department, situated in the Amazonian region in the north eastern of Bolivia,
presented in figure 1. Beni is one of the departments with the largest annual biomass produc-
tivity per year (Energética, 2012). Hence, it is a suitable location for the study.

Figure 1. Map of South America and the location of Beni department in Bolivia (CDC, 1994)

In order to design an energy system relevant for the situation, necessary information had to be
gathered. Facts that had to be taken into consideration are presented in the subchapters below.
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1.1 Electricity Access in Rural Areas of Bolivia

Bolivia is considered as one of the poorest countries in Latin America, with one of the lowest
density of population in the world (World Bank, 2014c). One third of the national population
lives in lowland rural areas of the country and the amount is increasing due to the declining
work in highland noble metal mines (INE, 2014). Due to a highly underdeveloped electricity
power grid in rural areas of Bolivia, approximately 85.5% of the rural households were using
biomass as fuel for cooking as of 2001 (Sologuren and Gemio, 2011). Although the govern-
ment and foreign organizations have taken initiatives to improve the situation, 38% of the
rural communities still have no or limited access to electric communications and lighting
(EIA, 2013), even after decades of ongoing energy projects (INE, 2014). The location of the
national power grid in the year of 2012 is presented in figure 2.

Hydroelectric plant
Thermal plant

230 kV line

115 kV line

69 kV line

:|||@@

Planned line

Figure 2. Map of Bolivia’s national power grid in the year of 2012 (Energética, 2012)

Poverty and far distances between villages have a negative effect on the expansion rate, as
investments in the power grid are currently not considered economically sustainable. As a
result, the lack of electricity generates problems for households as well as for the economic
growth in the rural villages, which in long terms affects the entire country. (INE, 2014)

Improvement of rural electrification is of great concern. Traditionally, women and children
spend more time with household related activities than men. Children spend hours every day
walking to water wells to collect water, whereas women spend more time indoors for example
cooking and performing handicrafts. Thus women and children benefit the most from gaining
access to electricity in the household. This is supported by responses in surveys from con-
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ducted electrification projects, where solar photovoltaics have been installed in several coun-
tries in Asia, South and Central America (van Campen et al., 2000). For instance, in case an
electric water pump is installed, water is provided closer to the households, which gives more
children the opportunity to go to school. Access to light bulbs enables work, studying and
social life during hours when the sun has set. Refrigerators and electrical cooking devices can
enhance health conditions, keeping food fresh and minimizing indoor air pollution and danger
due to cooking over an open fire. In addition, television and radios can provide necessary in-
formation and prevent isolation in sparsely populated areas (ARE, 2014). Consequently, a
higher electrification rate not only enables a higher household income due to extended work
hours, but can also lead to a more educated, included and equal society.

In 2005 a new law was proposed called Ley de Acceso Universal (Law for Universal Access
to Electricity) in Bolivia. From this law, a program called “Electricity for a Decent Living”
was formed with goals to gain universal coverage of the electricity grid both in rural and ur-
ban communities. These aims were to be achieved gradually with short term goals of 53%
rural electrification and 97% urban electrification between 2006 and 2010 (Energypedia,
2014). In figure 3, the development of the electricity coverage between the years 1976-2010
can be viewed.

Electricity coverage between 1976-2010
[% of population]

89.4% g
oo 87% 90.1%
74%
L 77.1%
67.1% pam—
— 64.4%
52.7%
46%
34%
33%
24.5%
7% 12%
1976 1992 2001 2005 2010
e Urban population  ssssTotal population Rural population

Figure 3. Electricity coverage development for Bolivia’s urban, rural and total population (Energética, 2012)

As can be seen in figure 3, the aims where not entirely reached in 2010, especially regarding
the total population (Energética, 2012). The middle term goals are to increase rural electrifica-
tion to 70% between 2010 and 2015, 87% by 2020 and the long term goal is universal electri-
fication by 2025. Likewise, a new Rural Electrification Decree was approved in 2005 which
aims for a densification and extension of the electrical grid in rural areas and change of fuel
for generators to more sustainable alternatives. The new constitution from 2009 states that
public services, like electricity, is a fundamental right and should be accessible by all, which
is slowly becoming a reality if Electricity for a Decent Living and the new decree are being
followed (Energypedia, 2014).



1.2 The Stirling Engine

In the year of 1816, the Stirling engine was first patented by reverend and inventor Robert
Stirling. It was used as a water pump, and provided a safer alternative to steam driven pumps,
since the steam driven pumps repeatedly lead to severe operating failures and explosions. Al-
most a decade later, the thermodynamic principles of the Stirling cycle was discovered. Ever
since the discovery, the Stirling engine has been considered as an interesting option, due to its
high potential regarding efficiency, low emissions and ability to operate of a vast number of
different fuels. Even though several initiatives, the engine has not yet achieved any substantial
commercial success (Goldstein, 2003). This is mainly explained by the lack of proven opera-
tion and durability of Stirling engines, but also its high acquisition price compared to other
engines and generators (Thimsen, 2002).

The simplicity and high efficiency of a Stirling engine makes it a suitable power source for
rural households and villages. The Stirling engine can be externally heated by almost any heat
source, a great advantage when compared with other engines commonly used in rural areas,
such as diesel generators (NDF, 2012). It has a high efficiency because of its simplicity and
low maintenance need, and is less prone to dangerous failures than traditional combustion
engines as only one working medium is used. This means that it is simple to operate and can
be used regardless of the source used for heating, which would also be a more economically
option than for example diesel generators. The simplicity enhances the probability of usage as
Bolivia rural areas usually need “large changes in foreign technologies’ initial design to be
applied because of the interactions of the final users” (Pansera, 2012). Consequently, the Stir-
ling engine enables a self-sufficient power supply for rural inhabitants.

Thermodynamic principle

As shown in the pressure-volume graph in figure 4, the theoretical cycle contains four pro-
cesses: Isothermal expansion, isochoric heat-removal, isothermal compression and isochoric
heating. The ideal thermal efficiency depends solely on the two different temperatures in the
cycle, where a larger temperature difference leads to a higher efficiency. However, there are
energy losses in components due to waste heat and frictional losses that affect the actual pow-
er output. (Formosa and Despesse, 2010)

p[Pa] A ,

B
v [m?]

Figure 4. Pressure-volume diagram explaining the thermodynamic cycle (Sunpower, Inc., 2013)

In addition, the processes are not entirely linear as shown in the theoretical cycle (Sunpower,
Inc., 2013). In reality, the cycle can be described as the elliptic shape shown in figure 4.
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Technology

The Stirling engine is a closed cycle with gas as working medium. The system is divided into
two sections connected with each other, where the gas is heated in one section, and cooled in
the other. The gas is heated by external combustion. For cooling the gas, either air or water
can be used externally to transfer heat from the working medium. Regardless of configuration
of the engine, mechanical work is extracted due to temperature difference and interaction be-
tween compression and expansion. There most common configurations are named Alpha-,
Beta- and Gamma type (Obernberger et al., 2003). The Alpha configuration is presented in
figure 5.

Regenerator
Heater Cooler
Hot End Cold End
Crankshaft

\—)

Figure 5. Stirling cycle with Alpha configuration (Thimsen, 2002)

As shown in figure 5, the Alpha configuration contains two pistons connected to each other
with a cylindrical plate, the crankshaft. When the gas is heated in the hot end, it expands and
represses the hot chamber piston. As a result, the cold chamber piston will move, forcing the
cold gas into the passage between the hot and cold chamber, also called the regenerator. The
temperature of the gas in the hot chamber will lower as the cold gas reaches the section, caus-
ing the gas to compress. Due to suction, the hot chamber piston will move back into the
chamber. As the gas is reheated, it will expand and the process is repeated. The cycle contin-
ues as long as there is a temperature difference. The movement of the pistons causes the
crankshaft to rotate, where the mechanical work is extracted. If connected to a generator, this
mechanical work can transfer to electricity. (Goldstein, 2003; Bios Bioenergiesysteme, 2012)

Other examples of configurations are the Beta and the Gamma configuration. A Beta type is
shown in figure 6. In this configuration, one power piston and a smaller displacer piston move
in the same cylinder, as the gas is heated and cooled in separated parts of the chamber. The
displacer creates circulation between the hot and the cold gas, and does not compress the gas
as the power piston does. (Thimsen, 2002)



Hot End [ANAANRTY

Displacer

Cold End

Power Piston

Figure 6. Stirling cycle with Beta configuration (Thimsen, 2002)

The Gamma type is based on the same principle as the Beta type, with a power piston and a
displacer. In the Gamma type however, the piston and the displacer are mounted in separate
cylinders, similar to the Alpha type (Thimsen, 2002). The Gamma type is presented in figure
7.

' ™
Cold End
'SR
T
Cooler
Power Piston
o ! 'F.'
Displacer Regenerator§
N~/
Hot End

Figure 7. Stirling cycle with Gamma configuration (Thimsen, 2002)

The various types of engines displayed in figure 5-7 are kinematic engines. In those arrange-
ments, the piston motion is caused by the connection between the pistons and the circular
mechanism where mechanical work is extracted (Sunpower, Inc., 2013). While this mecha-
nism is complex, the power output and needed fuel load is easy to calculate, due to its dynam-
ic and thermodynamic simplicity. However, the rotating parts require lubrication and also
generate lateral forces. Additionally, the movement leads to frictional losses, decreasing the
overall degree of efficiency. One alternative design that bypasses these frictional losses is the
free-piston engine, displayed in figure 8. On the contrary to the kinematic engine, the free-
piston engine has a simple mechanism but is dynamically and thermodynamically complex.
Instead of rotation, the rod connected to the piston is oscillating linearly. For instance, power
can be generated by a linear alternator, where AC current is induced by the rod’s movement in
a magnetic field. (Thimsen, 2002; Sunpower, Inc., 2013)
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Figure 8. Free-piston Stirling engine with a linear alternator connected to the piston (Thimsen, 2002)

Whereas kinematic engines normally use conventional sealing, free-piston engines are more
commonly built as hermetically sealed. As a result, kinematic engines run a larger risk of
leakage of the working medium, requiring more regular maintenance. Even though, kinematic
arrangements are more commonly used. In the year of 2002, 60% of the market participants
favored the kinematic arrangement, mainly because of the difficulty in controlling the position
of the power piston in a free-piston engine. In case of an unbalanced movement of the power
pistons and fluctuations of the oscillation frequency, the power input decreases significantly.
(Thimsen, 2002)

Components

The following key components of the Stirling engine will be described in this chapter:

Heat source — Burner and combustion chamber
Heat exchanger

Cold side heat exchanger

Regenerator

Boiler/Radiator

As mentioned, the engine can be heated by almost any heat source, for example solar heat or
from combustion. In case of combustion, a burner intended for the specific fuel has to be inte-
grated in the system. Some of the Stirling engine manufacturers have already added a burner
to the system when purchasing, but it is also possible to purchase separate burners (Thimsen,
2002). In addition, there are examples of multi-fueled burners. For instance, the company Stir-
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ling Technology, Inc. offers two types of burners, whereas one of them can be loaded with
both shredded biomass and natural gas. These are accompanying their Stirling engine ST-5, a
smaller engine for residential use. (Stirling Technology, Inc., 2014a)

In order for the engine being able to run, the temperature in the hot end of the engine has to
reach a specific temperature, depending on the engine and working fluid. In the ST-5 model, a
forced air blower is used to provide heat to the burner, precipitating the heating process. Once
the engine runs, the air blower is powered by the engine itself. However, it takes approximate-
ly ten minutes until reaching sufficiently high temperatures, whereas the air blower has to be
powered by a battery. (Stirling Technology, Inc., 2014a)

The heat from the burner due to combustion is then lead to the engine’s heat exchanger
through a combustion chamber. The combustion chamber is a component that has to be built
or purchased besides the engine itself. To minimize waste heat, it should be built with insulat-
ing materials. It also requires a cavity for the engine’s heat exchanger. The position of the
cavity affects the efficiency in several ways. It is preferable for the heat exchanger to be
placed where as much heat as possible can be absorbed, and also for the tubes on the heat ex-
changer to be heated uniformly (Marinitsch, 2005). However, if it is positioned too close to
where the combustion takes place, it runs a high risk getting covered by ash, which lower the
efficiency and has a negative impact on the heat exchanger, such as corrosion. In addition, a
higher temperature also requires better material conditions for the heat exchanger, to avoid
material failure. (Stirling technology, Inc., 2014a; Thimsen, 2002; Genoastirling S.r.l., n.d.)

In one example with a Stirling engine containing two heat exchangers, GENOAO03, manufac-
tured by Genoastirling S.r.l., both the burner and heat exchangers are placed horizontally, as
can be seen in figure 9. In this way, both exchangers are affected simultaneously and evenly
from the flame. The thin black lines in figure 9 represent the ash dispersion in the combustion
chamber. As can be seen, most of the ash cumulates in the bottom of the combustion chamber,
which is an advantage from a cleaning point of view. According to Genoastirling S.r.l., this
heat exchange configuration maximizes the amount of energy absorbed by the engine.
(Genoastirling S.r.l., n.d.)

Figure 9. Heat exchange configuration, with burner and heat exchangers placed horizontally (Genoastirling
S.rl,nd.).



Figure 10 presents an arrangement where the heat exchangers are heated by a vertical flame,
either by an internal burner or by an external burner with an inlet at the bottom of the combus-
tion chamber. Vertical positioning utilizes the rising heat better than a horizontal configura-
tion. However, the heat exchangers run a larger risk getting covered by ash. Moreover, the
burner inlet is potentially blocked by ash layers, and requires more regular cleaning.
(Genoastirling S.r.I, n.d.)

/AR

<X

Figure 10. Heat exchange configuration with vertical heating (Genoastirling S.r.l., n.d.)

A Stirling state of art research conducted in 2002 describes that the majority of the manufac-
tured engines run with hot-end operating temperatures between 650-750 °C, with an overall
electric efficiency between 20-30 %, based on the absorbed heat. One developer planned an
engine with an operating temperature at approximately 1100 °C, expected to reach a 50 %
electric efficiency (Thimsen, 2002). In the time of writing, no results of this plan have been
found. Furthermore, other developers focus on lower operating temperatures, between 90-550
°C, claiming that the decrease of efficiency due to lower temperature is counterbalanced by its
positive aspects. For example, waste heat due to conduction decreases. From an environmen-
tal point of view, NOy emissions decrease and the duration of the engine is destined to in-
crease, due to lowered material degradation. In addition, material with inferior material prop-
erties can be used, lowering the overall cost of the engine. In summary, the benefits of Stirling
engines using low operating temperatures make valuable sustainable arguments for residential
use in rural areas and developing countries. (Goldstein, 2003; Thimsen, 2002)

In the cold end of a Stirling engine, heat has to be removed out of the engine. This is done
externally, with a colder medium passing the outside of the cold end area. For residential use,
ambient air or water can be used as cooling medium. The most common cold end operating
temperatures for residentially purposed engines are between 20-50 °C. For industrial purpos-
es, specific cooling devices can be added, to reach temperatures below 0 °C. (Goldstein, 2003;
Thimsen, 2002)

The regenerator is located in the space between the hot and cold end of the engine. As the hot
gas passes through the regenerator towards the cool end, heat is absorbed and prevents the
temperatures to equalize. The heat is stored in the regenerator, reheating the cool gas as it
passes through towards the hot end. There are energy losses in the regenerator. However, it is



necessary in order to maintain a temperature difference between the hot and the cold end of
the engine. (Thimsen, 2002)

To increase the energy efficiency of the energy system, waste heat from the combustion
chamber and heat exchangers can be extracted to a boiler or radiator, in order to provide
thermal energy for the end user. It can also be extracted for reheating the working gas inside
of the engine. The configurations using regeneration of the heat are called CHP systems
(Combined Heat and Power Systems). Approximately 70 % of the energy input can be ex-
tracted as thermal energy. (Goldstein, 2003)

Combined plant

A micro-CHP is a small combined heat and power system that can be deployed for smaller
energy demands, such as households. It has the same cogeneration scheme like large scale
generation plants, but is scaled down to a smaller level. The idea with cogeneration systems is
that the surplus heat that engines has as a byproduct but cannot use, is integrated into the sys-
tem and used for reheating the hot end of the Stirling engine, but also for providing thermal
energy to the end user. (Bios Bioenergiesysteme, 2012).

A case study made by Lunds university in Sweden have revealed that the electrical degree of
efficiency for a natural gas fired Stirling engine, with a electrical output of 7.3 kW and a hot
water output of 15 kW, reached up to 25.4 %. The total degree of efficiency was approximate-
ly 77.8 % at the end of a 1.5 year testing period (Oberg et al., 2004). Another study for a 75
kW electrical and 475 kW thermal output Stirling engine has shown a electrical degree of
efficiency of 12% and a total degree of efficiency of 86%. At the end of 2003, 1000 hours of
operation has been conducted without stop (Biedermann et al., 2004).

Obstacles

In order for the engine to be ready for implementation, there are still improvements required.
On account of the widespread poverty, the acquisition price of the engine has to decrease in
order for the target group to be able to afford it. Currently, the engine is not mass produced
but built individually with special materials which directly cause high costs for both the man-
ufacturer and customer. It is necessary to reduce this cost through for example substitution of
material or by refining its design. However, the cogeneration of thermal energy to be used as
heating could be used as an argument to offset the acquisition price. (Goldstein, 2003)

One of the major obstacles is the lack of tests of operation and durability. The idea of a Stir-
ling engine is old and development and theoretical optimization has been conducted by sever-
al companies. However, there are few companies that actually have field-tested their systems.
Even though the theoretical cycle has a high efficiency, practical solutions usually have great-
er losses. The engine has a large amount of moving parts, which create problems related to
kinematic technology, including size, losses and decreased lifetime. These losses usually oc-
cur as viscous losses from lubricant or kinematic losses from the moving parts. These obsta-
cles listed above are assumed to be the main reasons why Stirling engine has not seen wide-
spread application and acceptance. (Thimsen, 2002)

Helium and hydrogen are the most actively used working fluids because of their high thermal

conductivity and low viscosity. Both these mediums have a high diffusion rate and tend to
leak because of the low density of the gases. This requires the engine to have expensive her-
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metical seals to contain it and not to let it mix with potential lubrication (Sunpower, Inc.,
2013; Thimsen, 2002). A high temperature means higher degree of efficiency, but higher
temperatures also put greater demands on the material which get increasingly expensive as the
temperature rises. Instead the temperature on the heat sink can be lowered by cooling, but this
requires additional cooling devices which would, if not solely more expensive, parasite elec-
tricity that is generated from the engine. It can also be difficult to attain such levels of cooling,
especially in a warm and humid country like Bolivia. (Goldstein, 2003; Thimsen, 2002)

A number of fuels, mainly agricultural ones, have a chemical composition which when com-
busted have a corrosive effect on metal parts of the engine, and also a higher ash content. The
heat exchanger is especially exposed as it is the first metal surface to connect with the flame
and needs proper cleaning if fuel with corrosive components is used. In addition, the heat
transfer rate and overall efficiency will decrease if the heat exchanger is covered with ash.
(Thimsen, 2002)

As more interest in Stirling engines is gained, companies are more likely to scale up the pro-
duction and perform more performance test, enabling the characteristics of the Stirling engine
system to improve (Thimsen, 2002).

1.3 Biomass Combustion and Alternative Resources

Biomass and renewable resource combustion is still in wide use as an alternative for off-grid
energy where they account for 15% of Bolivia’s total consumption (EIA, 2013). As shown in
figure 11, biomass is easily accessible in Bolivia's eastern lowland regions and especially
wood is still widely used as the main source of biomass for combustion. Wood is used for
example to cook, and it is used in a very inefficient manner, where it is used in an open fire.
The usage of wood is not only negative in a sustainable perspective, as Bolivia does not have
a sufficient reforestation initiative and that the Amazon is inhabited of a vast number of en-
demic animals. In addition, cooking with the use of traditional combustion methods indoors
also poses a health risk, especially for children and women who spend a lot of time in and
around the home (Energypedia, 2014).
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Figure 11. Map of the annual biomass productivity in Bolivia in the year of 2012 (Energética, 2012)

It is needed to investigate the impacts of the current usage, environmental and health wise.
The most direct way of further research is to analyze the emissions of various different agri-
cultural wastes that are locally available. Not only agricultural wastes like crop residues can
be used, but also weeds and fast-growing ligneous biomasses, for instance willow and poplar
species (Brassard et al., 2014). This is also supported by the fact that the chosen area of this
project is Amazonian rural areas where farming and cropping are by far the most widespread
trade, giving farmers a way to lower their expenses to energy while also limiting fossil fuel
use. On top of that, crops with a notable high energy potential residue (rice and coffee husks)
are one of Bolivia’s main exports (Werther et al., 2000; New Agriculturist, 2013).

Combusting biomass has been widely researched due to the low cost and hopes of manage
waste in a durable and environment-friendly way due to its high greenhouse gas mitigation
(EU COM, 2010). While Bolivia does not use a notable amount of, or any at all, oil or other
fossil fuels other than natural gas (EIA, 2013), burning of biomass is proven in several studies
that it is eco-friendly, leaving no additional pollution when burned compared to regular de-
composition (Brassard et al., 2014; Saidur et al., 2011). When combusted these plants release
CO2 which has been absorbed during growth for photosynthesis, giving combusting biomass
potential of being carbon neutral. This applies particularly to crops and energy plants, which
are planted and harvested regularly (Werther et al., 2000). However, ligneous waste and agri-
cultural waste differ in more than one way, releasing various chemicals when combusted
which affect humans.

Combusting ligneous biomass, for example wood, generally emits less ash than agricultural

biomass, mainly because ligneous biomasses tend to have chemical properties that involve
less carbon (Brassard et al., 2014). Agricultural biomass on the other hand emitted a higher
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amount of ash and have a higher content of sulfur dioxide (SO;), nitrogen dioxide (NO;) and
chlorides, which could pose a risk for premature corrosion and health issues when combusted.
Agricultural residues usually have a high moisture content which leads to insufficient ignition.
This can cause health risks, as when residue is not completely combusted, incomplete com-
bustion compounds form due to lack of oxygen and deficient temperature (Tullin et al., 2008).
These usually are methane (CH,4), carbon monoxide (CO), ammonia (NHz), ozone (O3) and
aerosols. These compounds are potentially dangerous for either human health or the environ-
ment and climate (Werther et al., 2000; Brassard et al., 2014). Most agricultural residues have
a high moisture level but certain grown crops in Bolivia are suitable for combustion. For ex-
ample coffee and rice have to be dried before the husk is removed, thus lowering the mois-
ture. The majority of the agricultural crops in Bolivia have a high content of ash which is re-
leased during combustion.

In sum, agricultural waste produces some toxic compounds that should be taken into consid-
eration. Modern equipment with adequate temperature and supply of oxygen should be used
for complete combustion, thus reducing the risks to health and environment. Agricultural res-
idues usually have a low bulk density, giving no economic advantage if transported. Therefore
it is recommended to combust it on site for it to be worthwhile (Werther et al.; 2000, Tullin et
al., 2008).

Natural gas

The natural gas reserve in Bolivia is the fifth largest reserve in South America (EIA, 2012).
Using natural gas in combustion compared to burning wood provides virtually no pollution
and thus reducing the health and environmental risks. During the 2012 World Energy Council
Bolivia conference, Franklin Molina Oritz, Deputy Minister of Energy Development, said that
Bolivia will substantially increase its use of natural gas within the next two decades. He said
that “in 2025 natural gas will make up 56% of Bolivia’s final energy consumption,” up from
the current 21%. Currently, Bolivia imports no natural gas but imports large quantities of lig-
uefied petroleum gas (LPG) for use in households, which could be exchanged for natural gas
for a more economical solution as they are comparable in energy content (WEC, 2012).

1.4 Energy Requirements for Households in Rural Areas

In 1997, the average rural electricity demand in Bolivia was 38 kWh per month and house-
hold (Rios Dabdoub and Fernandez, 1997). Case studies from 2013 in the department of Co-
chabamba show that the demand has increased in the recent years. In rural areas with access
to the power grid, the total demand was estimated to be approximately 126 kWh per month
and family, where consumption from household applications represents 46 kWh, correspond-
ing to 36.5 % of the total amount (Fernandez, 2013). Accordingly, the household electricity
demand in rural areas of Bolivia has increased by 21 % between the years of 1997-2013.

Further understanding of the problem was gained from a comparable and more detailed study
from Sri Lanka (Wijayatunga and Attalage, 2003). This study researched the energy supplies
and efficiency for rural households in Sri Lanka. A survey including 160 households were
undertaken and the results were that the monthly demand was 46 kWh for low income house-
hold in electrified areas. To verify the legitimacy compared to Bolivia, several other data was
overviewed between the countries, and also compared to the average of the entire world, as
can be viewed in table 1.
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Table 1. Comparison of the two countries. Trinidad is the capital of Beni department, Bolivia, and Colombo is
the capital of Sri Lanka (World Bank, 2014a-b,d, Weatherspark, 2014a-b)

Bolivia Sri Lanka
Access to electricity (%) 77.5% (2009) 76% (2009)
Annual electrical consumption (KWh per 558.35 (2009)  412.86 (2009)
capita)
Agriculture (% of GPD) 13.8% (2009) 12.7% (2009)
Temperature (mean value, °C) 28 (Trinidad) 31 (Colombo)
Sun hours (mean value, h/day) 12 12

Sri Lanka and Bolivia have similar statistics regarding the amount of people living with ac-
cess to electricity and the electrical power consumption. Other factors affecting the electricity
demand such the temperature distribution and amount of sun hours also corresponds with each
other. Consequently, 46 kwWh per household and month was deemed a reasonable electricity
demand. The hourly power demand is calculated and presented in chapter 3.1.

Surveys conducted in previous rural electrification projects regarding solar home systems in
Bolivia, show that the most desired electrical devices for households are light bulbs and radi-
os. Desired and additional electrical devices are presented in table 2. (Carvajal Garcia, 2008)

Table 2. Desired electrical devices and the average wattages (Carvajal Garcia, 2008; OkSolar, n.d., Wholesolar,
n.d.)

Device Power consumption [W]
Light bulb 11-20 W

Radio 10-70 W

Television 147-175 W

Refrigerator and freezer 160 W

Water well pump 480- 1200 W

Hot plate 1200 W

Ceiling fan 65-175 W

Range with oven 12 200 W

1.5 Agricultural Applications

Bolivia main cultivated crops in the lowlands include rice, soybeans, coffee, Brazil nuts and
maize (CIA, 2013). The newly rewritten constitution enforced protection of domestically cul-
tivated food from international interests and added laws to encourage small-scale farms to join
economic communities for food sovereignty and reduced imports (New Agriculturist, 2013).
This means that the more effective and better farming methods used, the less imported goods
are needed. This includes improving the efficiency of the applications for electricity or me-
chanical energy that benefits agricultural work, especially if some of these applications can
turn from manual to automatic labor. Currently, Bolivia uses very traditional methods for
growing crops, still using foot ploughs, manual water pumps and having a tractor is rare.
(NM, n.d.)

Most commonly used applications in rural agricultural communities are fertilizing devices and

water pumps for irrigation. Even thought other methods can be automated, such as crushing
and roasting crops, surveys from two rural electrification projects in Asia, South and Central
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America, show that there is a low interest in these kinds of devices. In the surveys, response
from farmers indicates that the most required device is a water pump for irrigation. (Carvajal
Garcia, 2008; van Campen et al., 2000)

2 Problem Definition and Aims

The purpose of the project is to customize a Stirling engine that meets the demands and condi-
tions of lowland rural households and communities in Bolivia, without access to electricity.
The engine has to be sufficiently constructed to meet the needs. It also has to provide a suffi-
cient improvement of the standard of living, be flexible, simple and have low-maintenance to
be attractive.

2.1 Problem Definition

In order to customize the engine for the target group, it is necessary to gain knowledge regard-
ing the required amount of energy demanded. It has to be taken into consideration that the
customers probably have a low income and therefore not being able to buy a large amount of
electrical devices. Therefore, it is not efficient to oversize the engine, which also would result
in a higher cost for the engine. On the contrary, access to mechanical energy due to the engine
might have positive effects on the economic growth, resulting that the amount of required
energy possibly increases. Consequently, it is necessary to ask the following questions: For
people living in villages in lowland rural areas in Bolivia — what is the electricity demand?
How can the Stirling engine be dimensioned to meet these requirements, either for individuals
or the entire community regarding its capacity and the user’s demand? What are the possibili-
ties to meet an increasing demand of electricity in the future, in case of economic and activity
growth in the villages? Will the engine be used by households or entire villages? How can use
of the engine be maximized, in terms of efficiency, as there are high-traffic activity and low-
traffic activity? Is there any viable means of storing energy during low-traffic for later use
during high-traffic activity? And if, how can this be used?

2.2 Aims

In order to bring answers to the defined problems, an understanding of the situation was nec-
essary. An effective way of proceeding was to divide the problem into the following aims.

e Research the area of coverage for power lines and future coverage

e Research what electric devices are deemed a necessity and what is widely used by
those who have access to electricity already, to estimate an average consumption

e Define the energy demand for households in lowland rural areas of Bolivia

e Research the escalating demand of electricity and electrical devices and how this can
be solved for in terms of continuous improvements of the engine and increased cover-
age of power lines

e Research the Stirling engine technology, to map available features and obstacles

e Calculate and customize the properties of a Stirling engine based on the defined condi-
tions
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3 Method

The method can be divided into three main phases. Initially, information about relevant topics
were retrieved from various sources, including general information, scientific publications
and relevant informatics pages from organizations and companies. An inspection of a local
Stirling engine was also conducted for further comprehension of its technical details and po-
tential problems. After enough data was gathered, next phase was to analyze the data obtained
and sort out relevant information for our purpose. The main approach was to analyze the con-
nection of what is currently being deployed in Bolivia and similar areas, what could be and
what needs to be deployed to improve the situation for those without access to the power grid,
without affecting the environment in an unsustainable matter. Once the data analysis was
done, the computational phase begun. This phase was the summit of the method chapter,
where data had been narrowed down to a point where a computational model could be creat-
ed. Results from the computations were analyzed. In case of unreasonable results, the concept,
parameters or computational model were modified, until reasonable results could be evaluat-
ed. The steps if the method can be seen in figure 12.
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Figure 12. Chart description of the used method
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3.1 Assumptions

In order to estimate how the electricity consumption will vary during a 24 hour period, elec-
tricity consumption data from Trinidad was collected (CNDC, 2014a). Trinidad is the capital
in Beni department, the area chosen for the study. Based on the total electricity consumption
per day in Trinidad, the percentage of the hourly demand was calculated, as can be seen figure
13. The hourly demand distribution in Trinidad was compared to the average distribution in
Bolivia. The consumption and percentages for Trinidad and Bolivia in total is presented in
appendix 1.

Hourly percentage of electricity use per day
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Figure 13. Hourly percentage distribution of electricity consumption per day (CNDC, 2014a-b)

As can be seen, the consumption pattern for Trinidad correlates with the average hourly de-
mand for the whole country. The demand of a village in the same area was assumed to follow
this same pattern. From this information, it was determined that the high traffic electrical load
is between around 3 p.m. to 10 p.m. local time, with its absolute peak at 6.30 p.m. to 9.30
p.m.

As biomass combustion results in a large amount of ash, daily cleaning of the combustion

chamber and heat exchanger is advised (Thimsen, 2002). It is assumed that one hour of daily
effective maintenance is necessary.
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In previous studies, research has been mainly focused on combusting biomass pellets or wood
(Lane and Beale, 1999; Cardozo et al., 2014; Tullin et al., 2008). Due to lack of studies inves-
tigating unprocessed residues, the agricultural waste in Bolivia is assumed to have the same
density as pellets. Unprocessed biomass usually weighs less, is less compact and also is less
dry, and therefore emits more ash. It is therefore assumed that the agricultural waste is pro-
cessed into pellets. An agreement with a larger company or settlement could be arranged to
allow farms to process their biomass.

As sugar cane is a commonly grown crop in Bolivian lowlands, it was concluded that bagasse
(sugar cane residue) is a viable biomass to use in the simulations (DPH, 2007).

It is assumed that the biomass input is automated, and that there are available options where
the feeding rate can be adjusted.

The efficiency of the Stirling engine is assumed to be constant, and is calculated in chapter
3.3. In reality the efficiency will vary, depending on for example amount of ash covering the
heat exchanger, as mentioned in chapter 1.2.

Limitations
The engine is supposed to be powered solely by biomass combustion.

The target group is inhabitants of northeastern lowland rural areas of the country with low
income, with a possible increased income in the future due to the enhanced access to electrici-
ty and mechanical energy.

The economic aspects of purchasing and using a Stirling engine are not accounted for in this
study, but discussions about the subject might occur due to the current expensive nature of
Stirling engines.

The Stirling engine produces approximately 70 % thermal energy of the total energy input
(Lane and Beale, 1999; Goldstein, 2003). A boiler is planned in the energy system, where
waste heat from the combustion chamber, heat exchanger and regenerator is stored, and there-
after providing thermal energy to households. However, no calculations will be done on this
matter, as this study focuses on the electricity perspective.
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3.2 Conceptual model

A conceptual model of the desired energy system is presented in figure 14. The system is re-
generative, where waste heat from the combustion chamber and conducted heat from the cool
end part of the engine is gathered in a boiler. From the boiler, thermal energy is provided to
the household. Mechanical power from the Stirling engine is converted to electricity by the
generator. Electricity is distributed directly to the household, but also stored in a battery.

Biomass
input

Combustion
chamber

Stirling Boiler
engine

v

\. v
End

user

Figure 14. Conceptual model of the energy system

As this study focuses on the electricity output, the conceptual model was modified into a sim-
pler computational model, which is presented in figure 15.

_19 -



3.3 Computations with HOMER software

HOMER Legacy is the software used for simulation and making more effective micro power
systems. The software can simulate a vast number of scenarios, including mixing convention-
al generators with solar panels and biomass combustion or having hydropower combined
wind turbines. These scenarios can be analyzed both as grid tied or standalone, and can also
have its emission calculated. HOMER gives the user the ability to input hour-by-hour electric-
ity and heat consumption and then match renewable energy generation to the required de-
mand. This allows a user to analyze potential small scale power systems before implementa-
tion (HOMER Energy, LLC., 2003).

Equipment to consider Add/Remove...
Electricity Dema... Stifling Engine

16 kwhid

1 kW peak
Converter H3000

AC DC
B &
Boiler Thermal Load 1

Figure 15. Computational model using HOMER software (HOMER Energy, LLC., 2003).

In HOMER it is possible to model with two different generation strategies: load-following
and cycle-charging. Load-following strategy involves a renewable power source that charge a
battery, while generators do not. In the other strategy, cycle-charging, surplus electricity pro-
duced by the generator is stored in a battery for later use (Lambert et al., 2006). The latter
strategy was used as it was more suitable for the case. HOMER also has a function for sensi-
tivity analysis which has been used. A solution with a generator that does not meet the peak
load but uses battery charge in cooperation with regular load is to be researched too.

Inputs and variables

The inputs that needed to be researched was: the average electrical and thermal demand over
the day, hour per hour, for an average household, generator sizes for Stirling engines relevant
for the case, fuel information of typical agricultural residues in the area, fuel feed rate for a
Stirling engine of comparable size, converter efficiency and also battery information suitable
for an Amazonian region.

The most common sizes of commercial Stirling engines for residential use is between 1-5 kW
(Thimsen, 2002). Two systems were used for calculations; a system containing a 2 kW engine
in addition to a 1 kW support engine during peak load hours and a system containing a single
3 kW engine.
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The average hourly electrical demand was researched as previously stated in chapter 3.1. As it
was substantially lower than the output of a 3 kW Stirling engine, the energy system was cus-
tomized for 30 households.

The converters efficiency was set to 85% as mentioned on Stirling Technology, Inc’s website
(Stirling Technology, Inc. 2014b).

Generator sizes were determined to either a 2 kW with supporting 1 kW or a single 3 kW,
corresponding to the engines’ sizes. The 2 kW engine size was determined by the average
hourly demand throughout the day, calculated by adding the values over the hours of the day
from appendix 1 and then dividing by the amount of hours. This equals to approximately 2
kW per hour. The 3 kW engine was chosen as it is in the middle segment of the commercially
available engines.

The fuel information that was needed to be gathered was: Lower Heating Value (LHV), bulk
density, carbon and sulfur content in percent. The data for bagasse (sugar cane residue) is pre-
sented in table 3.

Table 3. Bagasse specifications. Median values used for simulation in HOMER (Cardoso et al., 2013; Cardozo
etal., 2014)

Bagasse specifications

Lower Heating Value (dry basis) 17.93 + 0.4 MJ/kg
Bulk density 240 + 10 kg/m®
Carbon content 482+29%
Sulfur content 0.03 £ 0.007 %

As bagasse pellets have a moisture level of approximately 10 % (Gabra et al., 2001), the pel-
lets lower heating value was calculated using equation (1) (ECN, 2012)

LHV =LHV,

dry

‘1-m)—M-m Q)

where LHV, is the LHV on dry basis, m is moisture content and M is the latent heat of vapor-

ization of water, approximately 2.5 MJ/kg (Havtun, 2013). With numbers, LHV is calculated
to approximately 16 MJ/kg.

The LHV converted to kW/h

LHV
—— = kWh/k 2
36 g (2)

give bagasse pellets an energy content of approximately 4.5 kWh/kg fuel.

The batteries’ capacity, 6 kWh, was chosen from one of the default batteries in HOMER.
When calculating in HOMER, the software suggests the amount of batteries suitable for the
engine’s size and desired electricity output. For the 3 kW engine, this was two batteries, but
for the 2 kW system solution, this was 25 batteries (HOMER Energy, LLC., 2003).

-21 -



The feed rate of 1.2 — 1.4 kg/hour of biomass, depending on its quality, have in tests with a
Stirling engine given approximately 1 kW of electrical power output per hour and 4 kW heat
power output per hour. Input of fuel with an energy content equal to 5.6 kWh/kg gives ap-
proximately 1.1 kWh in electrical output and 3.8 kWh in thermal heating output with a tem-
perature at 75 °C, usable for water and space heating. (Lane and Beale, 1999)

The electrical efficiency, 7, was assumed to be constant, equal to electrical output divided
with energy content.

electrical output
energy content -biomass in kilograms

=MNg (3)

As result, approximately 15 % of the energy content is extracted to electricity. This is as-
sumed to be directly applicable to bagasse. An input of 1.2 — 1.4 kg bagasse per hour equals
5.4 — 6.3 kWh in energy content, which times the efficiency gives the electrical output.

energy content -, = electrical output 4)

This equals a 0.81 kWh electrical output for 1.2 kg of bagasse input, and 0.95 kWh electrical
output for 1.4 kg of bagasse. This was used as an input for calculation of the fuel curve in
HOMER.

3.4 Sensitivity Analysis

In reality, daily and hourly electricity demand varies depending on several factors. For exam-
ple, social, cultural or religious events or a diverse amount of sun hours and outside tempera-
ture may lead to occasional changes in the electricity demand pattern used for the HOMER
simulations mentioned in chapter 3.3. The Stirling engine energy system needs to be capable
to meet these fluctuations in order for the implementation to be a sustainable and worth in-
vestment.

In this study, it was researched how the 2 kW system and the 3 kW Stirling engine in combi-
nation with batteries were able to supply the households with electricity in case of a power
demand fluctuation of 15 %. Two cases were analyzed; both with an hourly and a daily fluc-
tuation. The hourly variation represents special occasions not following the regular pattern,
whilst the daily variation represents changes on a larger time perspective, such as climate
conditions in the specific area.

As the average electricity demand for rural households in Bolivia have increased by 21 %
between the years of 1997-2013 (Rios Dabdoub and Fernandez, 1997; Fernandez, 2013), an
overall increased power demand was analyzed. A continuous increase can be motivated by the
fact that access to electricity enables economic growth due to a more efficient work output.
As a result, it is possible for the households to purchase a larger quantity of electrical devices
(van Campen et al., 2000; ARE, 2014). Whereas electrical devices are assumed to be more
efficient due to new technologies (Fernandez, 2013), a 15 % larger electricity demand was
analyzed.
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4 Result and Discussion

The results show that a 3 kW Stirling engine with a 15 % electrical efficiency is sufficient for
30 households, with electricity output of approximately 46 kWh per day, which is the calcu-
lated demand for 30 households according to the demand curve presented in chapter 31. A 2
kW Stirling engine with a 1 KW support engine that operates only during peak load hours with
the same electrical efficiency can supply the same amount of households per day but with an
increase in amount of batteries. The electrical demand, Stirling engine generation, battery
charge and excess electricity for each motor are presented in figure 16 and 17.
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Figure 16. Chart for 3kW engine with average demand and no fluctuation

In this case, the peak demand never exceeds the capacity of the engine. The batteries are only
used when the engines are stopped for cleaning purposes. If two 6 kWh batteries are used, it
will not reach a charge lower than 55% for the 3 kW engine. The specific battery is recom-
mended not to reach charges below 30 % (HOMER Energy, LLC., 2003). As can be seen in
figure 16, there is a large amount of excess electricity produced, which is not resource effec-
tive. One suggestion is to add another battery to the system, where the excess electricity can
be stored.

According to the results from HOMER, the 3 kW engine could also be replaced with the sys-
tem containing a 2 kW engine with a 1 kW support engine to be used during peak load hours,
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connected to several batteries. A smaller engine has higher resource efficiency, but puts great-
er demands on the batteries. The engine system curves are presented below in figure 17.
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Figure 17. Chart for the 2 kW engine with supporting 1 kW engine based on average demand and no fluctuation.

In figure 17 it can be observed that the 2 kW solution provides a considerable reduction in
excess electricity. In this case, the battery state of charge never reaches below 97.5 percent.

The excess electricity is smaller compared to the 3 kW engine, which is an advantage, unless
the excess electricity can be stored or used for other purposes. The 2 kW engine system de-
scribed in figure 17 also provides a more flexible solution, since the 1 kW engine can be pow-
ered during longer parts of the day, in case of an increased electricity demand. Another ad-
vantage with a power plant consisting of two engines is that the power supply can continue
even if engine failure occurs in one of the engines. However, two engines also require double
amount of components, such as burner and combustion chamber. In addition, the amount of
time needed for maintenance increases.

The largest theoretical peak demand on the most demanding day was achieved when estimat-
ing a 15 % fluctuation in the daily demand. Charts describing this scenario are presented in
figure 18 and 19 for each system respectively. During high-traffic time periods, the battery
has to contribute with electricity in order to meet the specific demand.
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It can be seen in figure 18 that the excess electricity is at minimum during a major part of the
day. By using two 6 kWh batteries, it will however reach as low as 32 %. In other words, a
larger battery or larger number of batteries might be used, being able to provide electricity
when the demand exceeds the engine’s capacity. Failures in the engine might occur, resulting
in longer interruptions of electricity supply. It can therefore be beneficial to use a battery ca-
pable of supplying the households with electricity for at least 24 hours, especially in rural
areas where technical support might be difficult to get on-site on a short notice.
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Figure 19. Chart for the 2 kW engine with supporting 1 kW engine with a 15 % fluctuation in daily demand.

In figure 19, it can be observed that for the 2 kW system, the engine alone almost never can
supply the demand alone and therefore is using the reserve energy from the batteries continu-
ously. Worth mentioning again is that the chart used is on the most demanding day, meaning
that other days, the system can supply excess energy that are stored in the batteries for use in
case of scenarios above. The batteries' state of charge reaches a point as low as 30 % through-
out the simulated year, as can be seen in figure 20. This is because of the demand that has
been too high over the past few days, giving the batteries no chance of recharging.
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Figure 20. Batteries' state of charge throughout the year for the 2 kW engine system

The system only containing a 3 KW Stirling engine consumed 35 459 kg of bagasse pellets per
year, the 2 kW Stirling engine system consumed only 27 934 kg of bagasse pellets per year.
This equals approximately 97 kg of bagasse pellets per day for the 3 kW Stirling engine, and
76.5 kg of bagasse pellets per day for the 2 kW Stirling engine system. In other words, the 2
kW Stirling engine system requires approximately 21 % less bagasse pellets input. Previous
studies, from 2010, show that the annual biomass consumption in rural non-electrified areas
of Bolivia is 2 100 kg per household (Fernandez, 2010). For 30 households, this equals
63 000 kg of biomass per year. Consequently, the biomass access is considered sufficient for
powering the suggested Stirling engine systems.

Among Stirling engines for residential use, the most common capacities are between 1-5 kKW.
Smaller engines have been developed, which could make it possible for a household to pur-
chase and use its own engine. However, from an economic and maintenance point of view, it
can be a beneficial option to use a larger engine designed for several households.

The achieved results were based on a constant overall electrical efficiency of 15 %. In reality,
the efficiency depends on the difference between the hot and cold end operating temperatures,
as well as losses in the energy system’s components. In fact, according to field demonstra-
tions of Stirling engines, the electrical efficiency varies between different test cycles. For this
study, the electrical efficiency was estimated as constant. However, the actual efficiency is
more certain when obtained by field tests.

As farming is the most common profession in Bolivian lowlands, there is a large access to
agricultural waste. The high ash content and corrosive chemical compounds that are released
during combustion can be minimized with a daily cleaning routine of the engine and proper
training by personnel at deployment.

Nitrogen could be used as working medium instead of hydrogen or helium. Nitrogen reduces
the engine efficient but allows use of regular seals that are not hermetically closed. This re-
duces manufacturing costs for the engine and allows for easier access under maintenance
work. (Thimsen, 2002)

A large amount of the Stirling engine’s losses are of kinematic nature, since Stirling engines
usually run at a high speed with hot end operating temperatures between 650-750 °C. It might
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be favorable to use a low speed engine, as the viscous losses decreases and durability of the
engine increases. In addition, using a lower operating temperature is suitable for rural electri-
fication purposes, due to its economic and environmental benefits.

The Stirling engine is a viable alternative for electricity generation because of its high effi-
ciency and external heating. Arguments can be made that a hot bulb engine also makes a suit-
able solution for rural electrification, as it also can be fueled with a large number of fuels
(Wikipedia, 2014). However, due to its low rotation speed and use of internal combustion, it
is less effective in generating electricity and also more difficult to maintain and clean.

Compared to the widespread use of diesel engines, Stirling engines have a higher efficiency
and lower emissions. Stirling engines fueled with agricultural residue can, if properly operat-
ed, be a carbon-neutral alternative, which emphasize the fact that it should be considered as a
sustainable rural electrification generator. (Shah et al., 2006; Valente et al., 2010)
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5 Conclusions and Future Work

In terms of technology and sustainability, the Stirling engine is a suitable solution for rural
electrification in developing countries. As of lowland rural areas of Bolivia, the large biomass
productivity is a great advantage regarding implementation of a biomass fueled Stirling en-
gine. This is supported by the fact that the Stirling engine requires less biomass than already
used by rural households without access to electricity. In Beni department of Bolivia, a 2 kW
engine with a 1 KW support engine during the peak load hours or a single 3 kW Stirling en-
gine can satisfy the electricity demand for 30 households, solely fueled by biomass. A multi-
residential engine can benefit the householders from an economic and resource point of view,
due to shared investment and collaboration in maintenance of the engine.

A power plant consisting of two Stirling engines can provide a more flexible and source effec-
tive solution. However, it requires a larger involvement from a user’s perspective.

Due to an uneven distribution of electricity use over a 24 hour period, the Stirling engine sys-
tem is optimized when combined with batteries. During low-traffic hours, excess electricity is
used to charge the battery. The battery load can provide electricity to the households when the
engine output is insufficient, during high-traffic hours then the electricity demand exceeds the
engine’s capacity. As a result, a smaller engine can be used, which can be an economical ad-
vantage. In addition, a battery can prevent power failure in case of forced stops or engine fail-
ures.

As for now, internal combustion engines have a more mature technology and are more cost-
effective for generation applications. However, if the technical obstacles with the Stirling en-
gines are solved, it is possible for the Stirling engine to reach a commercial breakthrough.
Consequently, the cost of purchase will decrease, which is required for a successful imple-
mentation in developing countries.

Further research is required, in order to dimension and motivate chosen characterizations of
the engine and to come up with solutions for the technical obstacles. As a suggestion, a more
extensive analysis of the electricity demand can be conducted, for example including how
climate conditions vary through the year.

As Bolivia’s natural gas reserves are vast, a combination of natural gas and biomass combus-
tion could be a viable fuel for the engine. Domestic use is prioritized over export, which de-
creases the cost for inhabitants. To be able to combine these, research need to be conducted to
determine the need and effects of this combination.

It can also be of interest to research the interaction between the engine and energy storage,
such as a battery. There are multiple possible solutions in optimizing the energy system’s effi-
ciency and durability. For instance, the life time of an engine might increase in case of not
operating 24 hours a day, in which case a larger battery can be used when the engine not runs.

In addition, further field demonstrations are required in order to prove the efficiency and du-
rability of the engine. A broader documentation on this matter can lead to a larger interest in
the technology, increasing the amount of market participants and therefore accelerate the
technology development.
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Appendix - Hourly electricity use per day

Trinidad Bolivia

Hour Power demand Hourly percentage Power demand Hourly percentage
(kw) (%) (MW) (%)

00:00 13.7 4.1 2927.11 3.41
01:00 12.2 3.6 2715.38 3.17
02:00 11 3.3 2604.68 3.04
03:00 10.7 3.2 2550.03 2.97
04:00 9.7 2.9 2535.85 2.96
05:00 10 3 2631.37 3.07
06:00 8.9 2.6 2955.03 3.45
07:00 8.4 2.5 3261.68 3.80
08:00 11.5 34 3466.75 4.04
09:00 13.9 4.1 3692.74 4.31
10:00 14.7 4.4 3787.27 4.42
11:00 14.6 4.3 3868.37 451
12:00 15 4.5 3674.00 4.28
13:00 13.9 4.1 3742.05 4.36
14:00 14.9 4.4 3953.88 4.61
15:00 16.5 4.9 4045.14 4.72
16:00 17.4 5.2 3994.70 4.66
17:00 16 4.8 3992.95 4.66
18:00 15.3 4.5 4264.25 4.97
19:00 19.4 5.8 4686.33 5.47
20:00 19.3 5.7 4617.77 5.39
21:00 17.9 5.3 4391.44 5.12
22:00 16.6 4.9 3957.52 4.62
23:00 15.1 4.5 4374.97 5.10

Hourly power demand per day, and the hourly percentage of the total demand. Data for Trin-
idad (capitol of Beni department) and Bolivia in total
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