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ABSTRACT

Thisreport isthe result of astudy of the possibilities of using renewable energy technol-
ogiesfor rural electrification in devel oping countries. The renewable power sources have
been compared with diesel generator sets, which isthe most common solution today. The
conclusion of the study isthat renewables in many cases— but not all — can compete eco-
nomically with diesel generator sets.

The most important electrical property of a power system is that there must be at |east
one power plant that can follow the variation of the load. There are four alternatives for
this: biomass plants, hydro power stations, diesel generators and batteries. Battery stor-
age of energy istoday very expensive and can only be justified for small individual sys-
tems or small local networks using low voltage.

The environment impact from small rural power systems will in aimost every case be
very small. Renewable energy technologies are more environmental benign than diesel
generator sets, although there might be problems, for example with biomass usage.

The financing is very important for renewable energy technologies, which generally
have atechnical life time of 20 years or more. These projects require alow rate of inter-
est and long term financing, if they shall have any chance of competing economically
with diesel generator sets.

Most renewable energy technologies are unfamiliar to the local technicians and there-
foreit is necessary that education of techniciansis supported. Also owners of solar home
systems must be well informed about the needs of maintenance for their system.
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Chapter 1

INTRODUCTION

This report has been requested by the Swedish International Development Cooperation
Agency (Sida) as atechnical guideline about the use of renewable energy sources for ru-
ral electrification in developing countries. The study has been performed at the Depart-
ment of Electric Power Engineering at the Royal Institute of Technology in Stockholm.
Project leader has been Dr. Lennart Soder.

Thereport is organised like this: Chapter two describes the basics of power system the-
ory. In chapter three the basics of the renewable energy sources available today are
described. For comparison also diesel generator sets are described. In chapter four some
schemes for rural electrification are described and evaluated, followed by a discussion in
chapter five about what happens when the power system must be expanded due to
increased demand. Chapter six contains a summary of the options and a discussion about
the impact of different financing of renewable power for rural electrification. Appendices
A and B briefly describes batteries, inverters and distribution systems. Appendix C con-
tains some price examples.

1.1 BACKGROUND

Electrification is one of the most important steps to enhance the standards of living in de-
veloping countries. With electric power the efficiency of health care can be increased by
enabling hospital s to use more advanced equipment and to store medicines and vaccines.
Other basic needs, like water supply and education can be improved. Shops, restaurants
and industries are also benefited. Electric lighting increases safety and gives people the
opportunity to use the dark hours for studies and recreation.

It has been estimated that around 2 billion people live in areas without electric power
supply — most of them in rural areas of developing countries. Traditionally electrifica-
tion of developing countries have been carried out through building large power plants
and a national transmission grid. But since developing countries have small resources for
such large-scale electrification programmes, it is common that only the major cities are
supplied by the national grid and that the expansion to rural areas is progressing very
slowly. Small-scale system might therefore be the only alternative to bring electricity to
rural areas within the next few decades.

Taking the risk of global warming into consideration, small-scale renewable power
plants are also seen as an alternative to large-scale power plants using fossil fuels.

1. [4],p. 1.
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Chapter 1: Introduction

1.2 OBJECTIVE OF THE STUDY

The main objective of this study isto describe the renewable technol ogies that today can
be used for rural electrification in developing countries. The descriptions comprises tech-
nical advantages and disadvantages of the options as well as environmental and econom-
ical aspects.

The term “rural electrification” refers in this report to electrification of small villages
and townships with less than approximately 25 000 inhabitants or atotal load of lessthan
1 MW. It aso includes electrification of single households or single public buildings.

The focus of the study is the situation in Sub-Saharan Africa, but most parts of the
report can be applied to other developing countries as well.

2 Objective of the study



Chapter 2

BASIC POWER
SYSTEM THEORY

In this chapter are the most essential properties of power systems described, which is
necessary before studying the electric energy sources and possible electrification
schemes that are available today.

2.1 POWER AND ENERGY

Any work that shall be done requires energy. The energy consumption is— at least theo-
retically — a constant for each task. This means that for instance pumping 1 m® of water
from a depth of 10 m always should require the same amount of energy irrespective of
the time used for the work. The time required for the task is reflected by the power con-
sumption. More power is necessary if awork should be performed quickly than if it can
be performed more slowly. Mathematically does power equal energy per time unit or the
time derivate of the energy.

Power is measured in kilowatt (kW). Energy is — in power systems theory — usually
measured in kilowatthours (kWh). A power consumption of 1 kW during one hour
equals an energy consumption of 1 kWh.

Electric energy

The absolutely most vital property of electric power systems is that electric energy can
not be stored;* the generation in a power system must always equal the consumption (in-
cluding losses in transmission and distribution systems). A result of this is that there
must be enough capacity in the system to generate the peak demand. On a longer time
basis, we have a second requirement, which is that during a certain time period, ranging
from a day to a year, there must be enough energy in the system to cover the total load
during the time period.

Renewable energy sources are often energy limited. This means that over alonger time
period only a certain amount of energy can be produced. How much energy that is avail-
able can not be controlled. In the case of hydro power, photovoltaics and wind power is
the available energy determined by the weather, since it is proportional to the amount of
inflowing water, the insolation and the wind speeds respectively. Biomass plants are also

1. A battery or a hydro reservoir do not store electric energy. Instead it is chemical and potential
energy respectively that is stored.

Power and energy 3



Chapter 2: Basic power system theory
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Figure2.1 Example of the relation between
power and energy.

energy limited if the amount of bio fuel islimited.

Other energy sources are power limited. Thisisfor instance the case with fossil energy
sources and some biomass plants. More energy simply means that more fuel is needed,
and if fuel not is scarce, then this does not represent a problem.

An example of the demand in a system during one day is given in figure 2.1. Suppose
that there are three choices of power systems to cover this demand. System A has an
installed capacity of 250 kW which is available during all 24 hours, i.e. the energy limit
for system A is 250-24 kWh = 6 000 kWh. System B has an installed capacity of 350 kW
which also is available during all 24 hours, which gives an energy limit of 8 400 kWh.
Finaly, system C has also an installed capacity of 350 kW, but can only use the maxi-
mum capacity for 12 hours, i.e. the system has an energy limit of 4 200 kwh. Which of
these system can be used? Clearly, system A has not enough capacity to supply 300 kW,
which isthe peak demand. System C has enough capacity, but the energy consumption is
6 000 kWh and system C can only supply 4 200 kWh. Thus only system B has both
enough capacity and enough avail able energy to meet the demand.

2.2 SYNCHRONIZATION, FREQUENCY AND
POWER

All generating units connected together in a AC grid must run with the same frequency.
A generator which does not hold the system frequency must be disconnected or it will be
damaged. Therefore it is necessary for systems with more than one generating unit that
the units are provided with synchronization equipment.

It is also necessary to keep the system frequency stable around the nominal value (nor-
mally 50 or 60 Hz). If the power demand exceeds the generation at any moment the sys-
tem frequency will decrease. To restore the frequency must the total power generation in
the system be increased. Thisis normally done automatically by frequency controllersin
some of the generating units. Frequency control presupposes that the unit can regulate its
power generation so that it can follow the load. Not all generators in the system need to
participate in the frequency control, aslong as the capacity in frequency controlling units
Is large enough. Neither it is necessary that all units that are used for frequency control
reacts on momentary changes in the demand; one unit can be used to follow the larger

4 Synchronization, frequency and power



Chapter 2: Basic power system theory

demand . Generation in unit 1
Generation in unit 2

time
Figure2.2 Example of how load following can be divided upon
two generating units.

daily variations and one unit for momentary frequency control, as in figure 2.2. This
makes it possible to operate the unit for daily variations at better efficiency.

The frequency can not differ too much from the nomina value. If it is impossible to
control the frequency the system must be shut down and restarted. Exactly how large dif-
ference from the nominal value that are accepted varies from system to system.

2.3 AVAILABILITY AND ENERGY UTILIZATION

The technical availability is a measure of the reliability of a generating unit. The techni-
cal availability is defined by

_ part of time when the unit is operational

availability P S

(2.0
I.e. asthe fraction of time then a power plant can produce power, regardless of if thereis
ademand for power or not.

The utilization is a measure of if the power is produced when it can be used, i.e. when
there isademand. The energy utilization is defined by

actual generation of electric energy
possible generation of electric energy

energy utilization = (2.2
The energy utilization is also called load factor, plant factor or utilization factor.

Note that a low value of the energy utilization can have two explanations: either that
the power is generated when the demand is low forcing some power to be wasted, or that
the generating unit is used as top power source. A top power source is a unit that is used
only when the demand is high or if other units have failed.

The utilization has a large influence of the capital costs. If the utilization factor is low
must the annual capital costs be divided over less energy units, and thus will the capital
cost per energy unit be high. Thisis of course of extreme importance for power sources
where the capital costs contributes to the major part of the total energy cost, but also for
other power sources is the utilization factor important. This can be seen by studying the

Availability and energy utilization 5



Chapter 2: Basic power system theory

examplein appendix C.1, figure C.1. The capital costs of the petrol generator sets, which
have low utilization factors, contributes to a significantly larger part of the total costs,
than the capital costs for the diesel generator sets, which have higher utilization factor.

6 Availability and energy utilization



Chapter 3

TECHNOLOGY
OPTIONS

In this chapter are the technologies that are available today for rural electrification in de-
veloping countries described. Although the objective with this report is to consider re-
newable energy sources, also diesel generator sets are described. The reason for thisis
simple; for various reasons are diesel generators the most common electricity source in
rural power systems today. This means that it is diesel generator sets that the renewable
technologies have to compete with, as well economically as technically.

3.1 DIESEL GENERATOR SETS

Today diesel generator sets are the most common source of electric power in rural areas
in developing countries. In many cases have the diesel generator sets been donated by a
foreign development aid agency. The reason that diesel generator sets are so common is
probably that they are inexpensive to purchase and they can be installed at amost any
place that can be reached by a truck. Disadvantages with diesel generator sets are high
operation costs and maintenance problems.

Technical description

Internal combustion engines can be used for powering an electrical generator. There are
two main types of combustion engines. spark ignition engines which usually uses petrol
as fuel and combustion ignition engines which usually uses diesel. Internal combustion
engines used for electric power generation are commonly called diesel (petrol) generator
sets. Diesel generator sets are often referred to as diesel gensets.

Diesdl gensets are available in sizes from about 5 kVA to 30 MVA. Larger units are
usually more efficient than smaller. Petrol generators are generally small and have arat-
ing of only afew kVA.

A diesal genset power plant simply consists of a house protecting the gensets and the
fuel tank. It is desirable that the power house also has facilities for mechanical repairs,
but this is not always the case.

Power system aspects

Most diesel gensets are sold with synchronization equipment, which is necessary if more
than one generator should feed a local grid. The power generation in diesel gensets can

Diesel generator sets 7



Chapter 3: Technology options

easily be controlled by the throttle (this can be done automatically), which means that
diesel gensets can be used for frequency control. Using diesel gensets for frequency con-
trol forces them to continuously follow the load, which increases the fuel consumption.
The reason for the increased fuel consumption is that diesel gensets operates most effi-
ciently closeto full load.

It isusual in diesel genset powered systems that the installed capacity is much larger
than the peak demand, because of the poor availability of diesel generators (see Practical
experience below). It isalso common to install more than one diesel genset. A disadvan-
tage with installing many small unitsisthat the efficiency in the smaller units will be less
than the efficiency of larger units, but the advantage is that if one of the smaller units
fails, only a minor part of the capacity of the plant will be lost. Another advantage with
many small unitsisthat it is easier to follow the load, without being forced to operate
gensets at low loads, which can be especially valuable if the diesel gensets are used
together with wind power or photovoltaics.

Most diesel gensets are equipped with three-phase generators, but the smallest petrol
genset usually only generate one-phase power.

Environment aspects

The environment effects of diesel gensets are more or less obvious; diesel isafossil fuel,
which means that combustion leads to pollution of carbon dioxide, nitrogen oxides and
sulphur oxides. It must though be stated that the pollution from one diesel genset can be
compared with the pollution from a truck, and therefore should a few diesel gensets not
be a mgjor threat to the local environment. However, since all combustion of fossil fuels
contributes to global warming, if all rural areas in developing countries were to be elec-
trified with diesel gensets, taken all in all could diesel gensets be a problem.

The sound levels within power plants with diesel gensets are usually high, which can
be a problem for the staff, especially if ear protection is not available. Another environ-
mental disadvantageis the [ubricant oil, which in many casesis not taken care of, but | eft
in holesin the ground.

Costs

Generally the investment cost for installing adiesel genset islow. The maintenance costs
are also comparatively low, but the operation costs are high. The operation costs mainly
consists of costs for diesel and lubricant oil. Thus the operating cost depend primary on
the local diesel price, which in its turn depend on taxes, transportation costs and world
market price.

Countries lacking own oil resources have to import the diesel fuel. Import of oil prod-
ucts must be paid with hard currency. A large share of the export earnings might there-
fore be needed to pay for the oil import. In for instance Tanzania the share was around
50% during the early 80s.t

Practical experience

The practical performance of diesel gensets depend on maintenance and supply of spare

1. [8] p. 39.

8 Diesel generator sets



Chapter 3: Technology options

parts. In many cases are the diesel gensets barely maintained and it can take several
weeks — even months —to get spare parts, resulting in very poor availability for the diesel
genszets.2 The poor maintenance does also often leads to a much shorter life span of the
genset than stated by the manufacturer.

The fuel consumption isin most cases larger than the nominal fuel consumption stated
by the manufacturer. A survey in Tanzania showed that the actual fuel consumption was
10 — 20% higher than the nominal 2 There are several explanations to this: many diesel
gensets are used for frequency control and the maintenance might be insufficient. It also
occurs that fuel is embezzled.

Diesel gensets are of course depending on areliable supply of fuel. If the supply is cut
off — due to bad roads, disturbances, war etc. — so isthe electricity supply.

Other fuelsthan diesal or petrol

Spark ignition engines can with minor modifications be fuelled with biomass fuels like
producer gas, biogas and ethanol. These biomass fuels can also — after some modifica
tions — be used for compression ignition engines, but in that case it is necessary to use a
mix of biofuel and diesel with around 10 —20% diesel. Compression ignition engines
can also use vegetable oils for fuels.?

The power rating of combustion engines is decreased when biomass aternatives is
used, because of the lower energy content in biomass fuels. The maintenance needs will
also increase.

3.2 BIOMASS

Biomass includes a wide range of different fuels and technologies, which al have in
common that the basic fuel is derived from biological materials like wood fuel, forest
and agricultural residues, energy crops or urban wastes. Biomass already accounts for
38% of the energy use in the developing countries. In rural areas the share is in most
cases higher; up to 90% of the energy might be provided by biomass.® This biomass is
however not used for electricity generation, but primary for cooking and small-scale in-
dustrial activities such as brickmaking.

Technical description

There are many technologies for biomass electricity generation available today. An over-
view isgiveninfigure 3.1. There are basically three principlesfor the electric power gen-
eration: either direct combustion in steam power plants or the biomass can berefined to a
more suitable fuel viathermal (pyrolysis or gasification) or biochemical (fermentation or
digestion) processes. Which technology that is appropriate in a certain situation is de-
pending on what kind of biomass that is being used. Wood and forest residues can be
used for direct combustion and thermal processes. Agricultural residues can be used for

Seefor instance [8] p. 77.
[8] p. 75.

[4] pp. 241 — 245.

[7] p. 595, 607.

ghrown
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wood, forest residues

agricultural or
forest residue
agricultural
residues _
dung Drying
¢ v
v
v v
agricultural : : o
residues Briquetting Chipping
energy crops v 7 v y
v v
Anaerobic digestion f erﬁtgnatna%lon Gasification Pyrolysis
biogasy v producer gas
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Gas Liquid Solid i«
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Electric power

Figure3.1 Overview of technologies for biomass fuelled electric power gen-
eration. Biogas is a mixture of mainly methane and carbon diox-
ide ([10] p. 165). Producer gas is a mixture of mainly hydrogen,
carbon dioxide, water vapour, methane and nitrogen ([10] p.
192). Pyroligneous acid can be used as a subgtitute for industrial
fuel oil or separated into several chemicals ([4] p. 186).

T Not appropriate for
rural electrification

thermal or biochemical processing depending on the moisture content of the residues.
Animal and human wastes are most suitable for biochemical processing.

Biomass has often alow energy density and isin many cases dispersed, which make it
costly and/or energy demanding to collect it. Therefore it is preferable to use biomass
fuels that are collected for some other reason, like for instance urban waste and residues
from forest or agricultural industries. Animal dung could also be used, provided that the
animals are penned and not free ranging.

Gas turbines require well educated personnel and special equipment and is therefore
not suitable for rural electrification. Small-scale pyrolysis and fuel cells are still in the
developing stage and are not yet commercially available. Fuel cells are further discussed

10 Biomass
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in section 3.6.

Power system aspects

The power generation in biomass plants can be regulated to follow the load, which
means that biomass plants can be used for frequency control. The frequency control will
reduce the efficiency of the power plant. The size of this reduction is depending on which
technology that is used.

There might be some start-up time for biomass power plant, especialy for boiler and
steam turbine schemes. Biomass plants operated by industries will of course be control-
led by the need of the industry.

Environment aspects

The environmental advantages of biomass is that they give no net contribution of carbon
dioxide to the atmosphere (and thus do not contribute to global warming), provided that
the biomass usage is balanced by regrowth. The sulphur content is usually lower in bio-
mass than in fossil fuels.

There are however aso environmental problems with usage of biomass. All combus-
tion in air leads to forming of nitrogen oxides, which causes acidification. Deforestation
iIsamajor problem in Africa and many other developing countries and the deforestation
can be accelerated by careless use of wood for electricity generation. In some cases it
might be preferable to leave the existing forest resources for domestic needs. The oppo-
Site is also possible; biomass plants can encourage new plantations of trees for power
generation, which might be made in previously deforested land.

At gasification is carbon monoxide formed, which can be a threat to the staff. Thereis
also arisk for explosionsif gasifiers are not operated correctly. Tar isformed at both gas-
ification and pyrolysis and has to be taken care of properly.

Costs

The investment cost is higher for biomass power plants than for their fossil equivalents,
though the main part of the total energy cost is still the operation and maintenance costs.
The maintenance costs are also higher than for fossil fuelled power plants. Biomass
power plants can still be profitable compared to afossil power plant if the biomassfuel is
cheap enough.

It islikely that the cheapest biomass can be obtained from industrial (forest or agricul-
tural) residues. In [6] the generation cost of electricity produced in some wood industries
in Tanzania were estimated to between 0.08 — 0.14 USD/kWh. The output from such bio-
mass fired plants is around 1 MW, which partly will be used by the industry itself and
partly can be used to feed alocal grid.

The operation costs decreases if not only the electric power but also the heat can be uti-
lized, so called combined heat and power (CHP). The heat can for instance be used as
process heat in some industry.

The life length of biomass power plant is depending on the choice of technology. The
investment cost is usually proportional to the life length. Steam power plants have an
expected life time of about 30 years. The other technologies are expected to operate for
5-15years.

Biomass 11
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Practical experience

Most biomass plants demand daily attention from well-trained personnel. Internal com-
bustion engines will require more maintenance when fuelled with biomass fuels than
with diesel or petrol.

Many biomass programmes have been started in devel oping countries, some have been
successful, some have not.® It seems that one of the most important factors is that the
projects have gained approval by the local people.’

3.3 HYDRO POWER

This report considers only small-scale hydro power stations, which means that the in-
stalled capacity in the station is less than 500 k\W.8

Building a hydro power station is a large project, which requires proper financing and
probably a foreign consultant. Despite this has hydro power a lot of advantages: it is
inexpensive in the long run, it isreliable and it can be used as a single energy sourcein a
grid.

Technical description

Hydro power stations can of course not be built anywhere; they require a suitable river
within reasonable distance from the consumers. Figure 3.2 shows a principal outline of a
small-scale hydro power station. The water isled in a canal to the forebay, which acts as
an buffer when the flow through the power station is altered. It is aso necessary with
spillways so that water can be led away when the turbines are closed. Usually isthe orig-
inal river bed used as spillway. The potential energy of the water in the forebay is con-
verted to electric power as the water falls through the penstock down to the power house,
where it turns aturbine. There can be more than one turbine in ahydro power station, but
In power stations of the size considered hereiit is usually enough with one.

The power generation capacity in a hydro plant depends on the height difference uti-
lized in the penstock, and the water flow through the turbine. The utilized height differ-
enceis called the head and is here denoted by h. The power generation P equals

mgh

P=n n

(3.1)

i.e. the potential energy of m kg water divided by the time t and multiplied with the effi-
ciency of the hydro power plant, 1. The symbol g denotes the gravitational constant. The
mass divided by time is the same as the flow (in m3/s) multiplied with the density of wa-
ter, p. Thisgives

P=mnpqgh. (3.2
If the efficiency is assumed to be 75%° can the power generation be approximated by

[4] pp. 167 — 176.

[5] p. 175, [4] p. 180.

In other literature isthis often referred to as micro or mini hydro.
Cf.[1] pp. 7-9.

© oN>
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\ Reservoir

Figure 3.2 Example of a small-scale hydro power plant.

P = 7.5-h. (3.3)

The maximal power generation is thus depending on the maximal flow. The maximal
flow through the power station is not necessarily the same as the maximal flow in the
river; if thereis areservoir the maximal water flow can be chosen more or less freely.

It is possible to build hydro power plants that also can operate in reverse, i.e. water is
pumped from the lower level up to the reservoir. These hydro power schemes are called
pump storage units and can be useful if there occasionally isa power overflow in the sys-
tem. The excess power can then be used to pump water to the reservoir for later usage.

Power system aspects

Hydro power stations can be built with or without a reservoir. If there is no reservoi r,10
water that is not used must be spilled. With areservoir can this water be stored and used
later when the natural flow in theriver is smaller or the power demand larger. The proper
size of the reservoir varies depending on local factors. If the minimal daily inflow to the
reservoir is as large as the daily consumption, but if the power demand is much higher
during the evening than during the day, then areservoir that can store a days energy con-
sumption is enough. If the inflow is significantly smaller during the dry season it might
be necessary to build a reservoir large enough to store water for the whole consumption
during the dry season.?

Frequency control can be done in al hydro power stations, but if a run-of-the-river

10. Thisiscalled arun-of-the-river system.
11. Examples on calculations of necessary reservoir size can be found in [1], pp. 27 — 29.

Hydro power 13
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hydro station is the only power frequency controlling unit in the power system it is nec-
essary that the minimum water flow always is large enough to generate power for the
peak demand.

The frequency control will reduce the efficiency in the turbine. The size of this reduc-
tion will depend on the turbine type, but probably will the efficiency reduction be rather
small, making frequency control relatively inexpensive in hydro power stations. If there
ismore water available than necessary to generate the demand, i.e. if the demand is lower
than the energy limit of the hydro power station, the cost for the reduced efficiency is
zero, since water will be wasted anyway.

Environment aspects

Hydro power stations of this size are very environmentally benign. The most significant
environment effect is that a few hundred meters of the river will be dried out. After the
power station is the water led back to the river and can be used by people downstream.
Some land will be needed for an eventual reservoir, but the land usage for areservoir will
in most cases be comparatively small. A reservoir might in some cases have a positive
environment affect, since the flow in the river will be more even, with less variation be-
tween wet and dry season.

Other problems that might occur is an increase in water related diseases caused by the
reservoir, or conflicts with farmers upstream the power station who want to use the river
water for irrigation. For small-scale hydro power stations it should be quite easy to solve
these problemsif they arise.

Costs

As most renewable energy sources hydro power has large investment costs and very low
costs for operation and maintenance. The investment cost can vary alot and will depend
on the site and the conditions of financing, i.e. interest rate and period of regayment. The
Investment cost is about 2 000 — 10 000 USD per kW installed capa(:ity.1 Most hydro
power stations has to be located more or less far from the load centre, which meansthat a
transmission line have to be erected. The cost for the transmission line should also bein-
cluded in the investment cost.'3
The cost for operation and maintenance should be less than 0.005 USD/kWh. 4

Practical experience

Hydro power is generally a very reliable power source; a properly maintained hydro
power station has an availability of close to 100%. Many missionary stations, farms and
small enterprises operate their own hydro power stations without diffi culties.r® The prob-
lems with hydro power are probably not technical but management problems. Hydro
power projects require proper, long time funding, educated technicians and spare parts
must be available.

12. [3], p. 48.
13. Costsfor transmission lines are discussed in appendix B.
14. [7], p. 112.
15. [5], p. 196.
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3.4 PHOTOVOLTAICS

The development of the photovoltaics can be said to have been started with the U.S.
space programme in the early 1970s. The cost of electricity produced in photovoltaicsis
still quite high, so in industrialized countries, photovoltaics are only used when the dis-
tance to grid connection isto large. A lot of research isdonein the field and it is likely
that the prices will decrease substantialy in the future. In developing countries, where
energy prices generally are high, and many people live far away from national and local
grids, photovoltaics can be an alternative even at current price levels.

Technical description

Photovoltaics produce electric power from solar radiation using the photo-electric effect.
Each photovoltaic cell produces alow DC voltage. The cells are connected together into
modules that usually produce 12 or 24 V. The power production in a module is depend-
ing on the solar irradiation. With photovoltaics commercially available today the effi-
ciency is about 10 — 15%, i.e. 10 — 15% of the energy in the solar radiation is converted
to electric power. The efficiency is depending on temperature and decreases with increas-
ing temperature.

A photovoltaic module is usually about 0.5 to 1 m? large and can be installed practi-
cally anywhere. To gain as much energy as possible out of the module it is necessary to
avoid disturbing shadows and to choose the correct tilt angle of the modules.1® The total
energy generation during the year can be increased if the modules are mounted on sup-
port structures that follow the sun. The increased generation isin most case not sufficient
to motivate the cost for the extra equipment to manoeuvre the support structures. In rural
power systems, where skilled technicians are rare, it is also preferable to use as simple
technology as possible.

The capacity of photovoltaic modules is specified in peak Watts (W) under standard
test conditions (STC). Peak Watts refers to the maximum power output and STC means
an irradiance of 1000 W/m?, energy distribution as sun light through 1.5 layers of atmos-
phere and a cell temperature of 25 °C.

Power system aspects

Since photovoltaics only produce power when illuminated, a backup system is necessary.
The backup system can either be another power source or batteries. Since the power gen-
eration in the photovoltaics is depending on the irradiance and can not be controlled,
photovoltaics can not be used for frequency control.

As stated above, photovoltaics produces DC power, but most consumer products are
made for AC power.!” Therefore it might be necessary to have an inverter, which con-
verts DC to AC. Batteries and inverters are further discussed in appendix A.

Photovoltaics can also be used to feed a grid directly, without using batteries. These
systems uses several inverters; each inverter serves agroup of photovoltaic modules. The
inverters are connected together in three groups, where each group is connected to one
phase of the grid.

16. How to choosettilt angleis described in [11].
17. Seesection 4.1 for afurther of discussion which applications that can be used in a DC system.
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Environment aspects

Photovoltaics generate electricity without any emissions to the environment, but produc-
tion of photovoltaicsis very energy demanding, which can be an environment problem if
the energy for the production is generated in fossil fuelled power plants. This does how-
ever not seem as an argument against using photovoltaics in developing countries; in-
stead the industrialized countries which produces the photovoltaics should use more en-
vironmental benign energy sources.

For the user the main environment problem is eventual batteries, which contain lead
and/or other heavy metals. These can cause severe negative environment effects if not
disposed or recycled properly.

Costs

As mentioned in the beginning of this section, the price for photovoltaics is rather high,
but can be expected to decrease in the future. Today the prices varies between 8 and
14 USD/W,,. Smaller photovoltaic modules are generally more expensive per W, than
larger units, which can be seen in the price examples in appendix C.3.

It should be noted that a customer who buys large amounts of photovoltaics should be
able to get a significant discount. Contacts with retailers indicate that the discount might
be up to about 40%.

A lot of research is made to devel op less expensive photovoltaic cells. One of the most
interesting technologies are thin-film photovoltaics. These are aready manufactured
today, but the efficiency is still poor (only around 8%). When the problem of manufactur-
ing thin-film cells with better efficiency in large quantitiesis solved, the priceis expected
to drop substantially.

Practical experience

Photovoltaics have a life span of at least 20 years18 and require very little maintenance.
Batteries have a shorter lifetime; around 5 yearsis acommon estimation. Theoretically a
photovoltaic power system would operate without repairs and with very little mainte-
nance®® for long periods.

In practice however the experiences seem to vary. At afield visit to Kasulu in Tanzania,
two out of four photovoltaic systems were out of order, while the owners of the other two
systems were very satisfied and had no complaints. Why these systems had failed was
not examined, but the most likely is that the batteries had not been maintained properly.

According to Mr. Leif Selhagen at Neste Advanced Power Systems Sweden the most
important with solar systems is that the users are informed about the maintenance needs
and that they can be assisted by a qualified technician. Under these circumstances can
solar systems perform very well for many years.

18. Thisfigureisan estimation, since the photovoltaics that are sold today have not yet been on the
market for 20 years. It isnot unrealistic that the photovoltaic modules will last for more than 20
years.

19. Basicaly the photovoltaic modules have to be cleaned from dust and suchlike, and eventualy
the battery need to be refilled with water.
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3.5 WIND POWER

Very few wind power plants have been set up in Sub-Saharan Africa, although about
30% of the land area has an average wind speed of more than 5 m/s.2° Almost all wind
power plants that have been installed are connected to the national grid.

Wind power is often disregarded because an area is not considered windy enough. For
rural power systems, where energy prices tend to be very high, can wind power still be an
interesting alternative, even at wind speeds that would not be considered profitable for
generation to the national grid.

Technical description

In awind power plant is the kinetic energy of the wind used to turn aturbine, which gen-
erates electric power. The wind speed is of extreme importance, since the generationin a
wind power plant is proportional to the cube of the wind speed. This means that if the
wind speed increases 10%, the generation increases 1.10% = 1.331, i.e. an increase with
33%. Therefore it is of particular importance to choose a site with as good wind speeds
as possible. It is aso important that there are no obstacles, like buildings and vegetation,
that disturbs the wind.

Smaller wind power generators (less than 1 kW) generate 12 or 24 V DC. These gener-
ators are not intended to be connected to alocal grid, but to be used for loading a battery
and are therefore often called wind chargers. Larger wind power plants generate three-
phase AC power and are available in sizes from about 50 kW up to 1.6 MW or higher.

Power system aspects

The power rating for wind power plants refers to the size of the generator. The actual
power generation will depend on the current wind speed, which of course varies continu-
ously. Therefore a wind power plant aways need some kind of backup system, either
batteries (for wind chargers) or another energy source (for grid connected wind power
plants). Wind power plants can not be used for frequency control, since the power gener-
ation in the plants can not be controlled.

Environment aspects

The environment effects of wind power is mainly aesthetic; a wind power plant is high
and can be seen from large distance. The blades are rotating faster than the surrounding
air, which causes some moderate noise, but at higher wind speeds this noise will be
drowned be the sound of the blowing wind. Both these problems should be negligible
compared to the benefits of electricity.

There is also a small risk that the blades can break and be hurled away. Wind power
plants should therefore be located at some distance from the closest settlements. Sites
with ver%/ intensive bird life, for instance along main migration routes, should also be
avoided.?!

20. [14] p. 153.
21. [14] p. 172.
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Costs

The costs for large wind power plants is today around 1 000 USD per kW installed ca-
pacity. If alarge order ismade it is possible that the buyer will get some discount. Trans-
mission lines from the wind power plant to the load centre is not included in the cost es-
timation above and neither is the cost for purchasing land. Small wind generators for DC
generation are usually much more expensive per Watt. Price examples for wind power
are found in appendix C.4.

Operation and maintenance costs are generally very small compared to the capital
costs. For larger wind power plants it is common to make a service agreement with the
manufacturer of the plant. An annual fee includes maintenance and spare parts. The fee
Is about 4 000 — 8 000 USD depending on manufacturer, size and location of the plant.
Maintenance of wind chargers can be done by the owner and the cost is therefore negligi-
ble.

Practical experience

In industrialized countries wind power plants usually have a very high availability.??
Wind power plants are constructed for being operated without supervision and it is there-
fore reasonable to assume that wind power plants in Africa also will have a high availa-
bility.

A difficulty with planning wind power projectsisthat it might be difficult to find relia-
ble data of wind speeds. Wind speeds from at |east one year are necessary for both cost
estimations and selecting the best site for the plant. It is possible that no measurements
ever have been done in the area, which means that a gauge station has to put up. Auto-
matic wind speed gauge stations can be rented from manufacturers of wind power plants.

3.6 OTHER TECHNOLOGIES

The technol ogies described in the previous sections are today the most likely to be used
for rural electrification in developing countries. All these technologies are already used
commercialy either in developing or industrialized countries. In this section afew words
will be said about other technologies, that either are still under development or that today
do not seem appropriate for rural e ectrification although they are technically possible.

Fud cdlls

There are several designs of fuel cells, but all have in common that electric current is
generated directly (i.e. without combustion) in a chemical process. The most common
processisthat hydrogen is oxidated. The waste product of thisreaction is ordinary water.

Hydrogen can be produced in several ways. Since most fuel cell designs requires that
the hydrogen is more or less free of contaminants as carbon monoxide or carbon dioxide,
most fuel cell hydrogen is produced from fossil fuels. It is however also possible to pro-
duce hydrogen from biomass.?3

22. Infor instance Sweden the availability was 98.4% in 1997 according to Svensk Vindkraftforen-
ing (Association of Swedish Wind Power).
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Pricestoday are too high for commercial use, but fuel cells are still under development.
In the future the energy cost might decrease to between 0.10 and 0.30 USD/kWh.?*

Geothermal energy

Geothermal energy uses the heat of the earth’s crust to produce electric energy. Geother-
mal energy has been used commercialy since the beginning of the 20th century. Italy
was the first country to use geothermal energy in larger scale, and other countrieslike the
United States, Japan and Iceland have followed. Geothermal energy has also been uti-
lized in developing countries, for instance Philippines, Mexico, Nicaragua, Indonesia
and Kenya. Most of the interesting areas for geothermal energy are located in regions
distinguished by seismic activity, but also other areas could be used.?®

Although the costs for geothermal energy are estimated to 0.03 — 0.10 USD/kWh, the
minimum size for a profitable geothermal power plant seem to be some MW.2® This is
probably too large for rural systems, which are not likely to have a demand of more than
1 MW. Further, geothermal power plants are advanced and risky projects, which proba-
bly need to be carried out through a national energy company.

Ocean energy?’

The oceans contain energy in form of tidal energy, wave energy, ocean-thermal energy
and salt-gradient energy. The only commercially technology today exploits the tidal en-
ergy and aso this technology is rather expensive, although the prices might be low
enough to be competitive in developing countries. However, since thisisanot yet afully
developed technology and it is only available in coastal regions, this does not seem to be
an interesting alternative for rural electrification.

23. Seefigure 3.1.
24. [2], pp. 536 — 544.
25. [7] pp. 550 — 552.
26. [7] p. 577.

27. [7] chapter 12.
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Chapter 4

ELECTRIFICATION
SCHEMES

This chapter is an attempt to describe the options for electrification in some load situa-
tions. It must be noted that everything said in this chapter is only guidelines; each siteis
unique and need special consideration. Differences in local prices can affect the price
comparisons. It is also a question about willingness to pay; how much extra may a more
reliable or environmental benign solution cost?

The chapter is opened with an exposition of which requirements the power system has
to fulfil if it should be possible to use some common loads. Then follows three scenarios,
describing certain load situations and the options for e ectrification in these scenarios.

The three scenarios are individual systems which supply only one consumer, local
grids where there only is a power demand during part of the day, and finally local grids
that are operated during all hours of the day.

4.1 COMMON LOADS

To determine the power needs that have to be fulfilled by the power system, it is neces-
sary to study the appliances that will be used in the system, since appliances which re-
quire a lot of power or energy might be unsuitable in battery depending systems. A
guideline is that a battery can store around 0.5 — 1 kWh. Thus an electric iron used for
one hour would empty most batteries. Some appliances are not available for DC and thus
an inverter is needed if such an appliance should be powered by a battery. Finally, afew
appliances require three-phase AC supply.

Below follows a short presentations of the appliances that are most likely to be found in
arural power system in a developing country.t

* Air conditioning and fans. Air conditioning requires AC voltage. They have a power
consumption in the range 500 W to 1 kW. Fans are available for both AC and DC.
Typical power consumption for afan islessthan 100 W.

» Cookers. Although e ectric cooking isthe most energy efficient way of heating food,?

1. Whether appliances are available for DC power or not is based on a brochure, “ Stuga utan &”
(cabin without electricity) from SunWind Energi AB, over DC appliances which are sold in
Sweden. These appliances might not be available in al developing countries and the contrary —
that some DC appliances are not sold in Sweden — is of course aso possible. However, the
objective of this section is only to give a basic description over the demands for certain appli-
ances, not to be a complete survey.

2. [7] p. 676.
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electric cookers are rather unusual. The reason for this is that electricity is so much
more expensive than wood fuel. Electric cooking can though be competitive to kero-
sing, if the electricity is cheap enough. Electric cookers are made for AC and have a
power consumption of about 1 kKW per plate.

Industrial appliances. Industrial appliances® are different kind of electric motors,
battery chargers, welding sets etc. Such appliances require AC voltage (in many cases
three-phase AC) and have a power demand of around 1 kW or higher.

Hospital equipment. Some hospital equipment, like microscopes and refrigerators
for cooling vaccine, are available for both AC and DC voltage. Others, like steriliza-
tion equipment, X-ray machines and developing machines, are made only for AC
voltage and consume several kilowatts power.

Ironing. Electric irons are made for AC voltage and they have a power consumption
of about 1 kW.

Lighting. Lighting is available for both AC and DC voltage. Bulbs usually have arat-
ed power between 40 and 100 W. Stronger lights, like mercury lamps used for public
lighting, can have a power consumption of 250 W or higher, but this kind of lighting
isonly available for AC voltage.

Compact fluorescent lamps (CFL ) use less power (about afifth of the correspond-
ing bulb), but they produce the same amount of light, which makes them more energy
efficient than ordinary bulbs. The price for CFLs is higher than for bulbs, but a high
quality CFL will last between 8 and 12 times as long as an ordinary bulb. Unless the
energy price is very low CFLs will be profitable in the long run. The problem is the
high purchase price, which tend to discourage the consumers.*

Office machines. Office machines like copiers, computers, duplicating machines,
electric typewriters, telefax machines etc. are made for AC voltage. Most machines
require less than 250 W, but copiers consume around 1.5 KW when used.

Radio and TV. These appliances are available both for AC and DC voltage. Radios
usually have a power consumption of less than 10 W. TV sets consumes between 40
and 100 W. TV setsfor DC voltage are usually small (10" screen). Most video record-
ersrequire AC voltage, but there are DC versions too.

Refrigerators. Refrigerators are available for both AC and DC voltage. The power
consumption of the refrigerator will depend upon outside temperature and how much
that is put inside the refrigerator, but a typical power consumption is around 100 W.
DC refrigerators are usually smaller and consume around 20 W. Refrigerators do not
need power supply during al hours of the day, although it of courseis preferable. Itis
possibleto use refrigeratorsin power systemsthat are only available fours hours every

day.
Sewing machines. Sewing machines require AC power and typically have a power
consumption around 100 W.

Water pumping. Special water pumps are available for DC systems. The power con-
sumption is depending on the depth and the desired flow, but it is usually less than
100 W. Water pumps are available for pump depths of about 80 — 100 m.

3. Thisrefersto light industrial activities like milling machines, garages, carpentries etc.
4. See[12] for more details about CFLs.
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For municipal water supply is standard asynchronous motors, which require three-
phase AC power, probably more suitable.

4.2 INDIVIDUAL SYSTEMS

In thisreport an individual system refers to a household or public building (e.g. a school
or adispensary), which is having an own power system, not connected to any grid. If the
distance to other consumers is large enough, it will not be profitable to connect an indi-
vidual system to others. How large the distance must be to make an individual system
more profitable will of course vary with local factors, but as aguidelineit can be said that
it is not recommended that a low voltage AC grid extends more than 500 m. Building a
distribution line with medium voltage seems unreasonable for a single consumer, if the
load is not in size of several tens of kilowatts.>

Individual systems will probably be used to supply electricity mainly for lighting, but
maybe also for water pumping, radios and refrigerators. Thus it is possible to use DC
voltage in these kind of systems, but using DC voltage will limit the size of the systems,
DC cables may not be too long if the losses on the cable not should be too large. If losses
of 10% is accepted® and we have a 12 W appliance fed by a 12 V DC system the resist-
ance in the cable may not exceed 1.2Q. This corresponds to a cable length of
50 — 150 m, depending on the thickness of the cable.

Solar home systems and wind chargers

These systems use either a photovoltaic panel or a wind charger (or a combination of
both) to charge a battery. The battery can then feed the appliances directly or an inverter
can be used, converting the DC power provided by the battery to AC power.

It is not easy to say whether aDC or AC system isto prefer. It seems that AC products
are cheaper than their DC counterparts, but on the other hand the inverter represents an
extra cost. The efficiency of modern inverters is around 90%, which means that the cost
for the electric energy produced in the photovoltaics/wind charger will be increased with
around 10% due to the losses. On the other hand, some appliances are only available for
AC voltage. People who have moved in from electrified areas might already have AC
appliancesand if the individua system later is connected to agrid, DC applianceswill be
less useful (see the discussion in section 5.1). Finally the decision has to be made by the
consumer, what he or sheisready to pay for.

The major problem with solar home systems or wind chargers is that their performance
depend on the weather. In some casesit is so fortunate that sunshine and wind speeds are
negatively correlated, i.e. it islikely that the wind speed is high when the sun is not shin-
ing and vice versa. If thisis not the case, the system must then either be designed for the
worst case or it might be necessary to accept a poor reliability. Designing the system for
the worst case, for instance adding extra batteries to store power for long periods without
sunshine, increases the cost of the system significantly.”

2L

Cf. cost examples for distribution lines in appendix C.6.

This is a large loss percentage. As comparison can be mentioned, that in the Swedish main
transmission grid, which extends several hundreds of kilometres, the |osses are around 6 — 7%.
7. Cf.the cost calculations for one and two batteries respectively in [1], p. 33.
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An advantage of individual systemsisthat if afault occurs, only one customer will be
affected, in opposite to grid system where a failure in the central power plant can leave
all customers without power.

Solar home systems require a minimum of maintenance. The solar panel has to be kept
clean and most batteries need to be filled with water occasionally. Wind chargers only
require some greasing of bearings.

Batteries are best suited for systems with a peak demand of afew hundred Watts and a
daily energy consumption of less than 1 kWh,® but by choosing the right kind and
number of batteriesit is possible to supply amost any load with an individual system. It
Is of course as always a question about costs: high performance batteries are more expen-
sive than the standard batteries that are designed for usage with photovoltaics and wind
chargers. But although it is possible to supply for instance electric motors with an indi-
vidual system it is probably not the best solution, since the energy cost in individua sys-
temsis so high. Besides, consumers with large energy consumption, like small industries
and hospitals, are likely to be found in townships, where there probably are many other
possible consumers, making a grid solution more interesting.

Petrol generator set

A small petrol or diesel generator set is probably the only alternative to solar home sys-
tems or wind chargers for small individual systems. With the high prices for photovolta-
ics today, a petrol generator set is often less expensive, but this will depend on local fuel
price and the utilization factor. If the utilization factor is low will the capital cost for the
petrol generator set increase the total energy cost.? Therefore petrol generator sets will
not be preferable for very small consumers, unless the petrol isreally cheap.

Petrol generator sets usually produce one-phase AC power, which means that most
appliances can be powered by the petrol generator set, if only the capacity in the genera-
tor set is enough. Petrol generator sets also have the advantage that the power is available
when needed.

A petrol generator set needs tender maintenance to operate well, which requires a per-
son with at least basic technical skills. It might also be difficult to find spare parts if the
engine or generator fails. Another problem is the fuel supply. If the closest petrol station
is far away — and thisis probably the case for many individual systems—it might be dif-
ficult to get fuel. Transporting fuel over long distances using manual |abour do not seem
realistic and using a vehicle for fuel transports will only make the operation costs of the
generator set even higher.

Another disadvantage with petrol generator sets is that they are noisy and produce
exhausts.

Combined systems

It is of course possible for a consumer which has both low and high power consuming
appliances to have two individual systems; for example a solar home system or wind
charger for the low power appliances and a petrol generator set for the high power de-
vices. It isaso possible to connect these systems, provided that the solar home system or

8. Cf. with theload descriptionsin section 4.1.
9. Cf.theexamplein appendix C.1.
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wind charger system is equipped with an inverter.

There are however some technical disadvantages that makes this kind of schemes less
attractive. The inverter can either be grid or self-commutated.’® A grid commutated
inverter will require that the petrol generator set is running even though no high power
appliance is used. This will be costly, since the petrol engine will consume fuel without
generating electric power. If a self-commutated inverter is used, the petrol generator set
must be disconnected when the appliances are to be fed by the inverter and vice versa;
the inverter must be disconnected when the petrol generator set is generating power. An
inverter that automatically can switch between being grid or self-commutated could of
course be designed, but today such inverters are not standard equipment.

If a consumer has a need for a petrol generator set to be able to operate a power
demanding appliance it should aso be noted that the marginal cost to also generate the
power for low power appliances in the petrol generator set is equal to the operation cost
of the petrol. Thus, when comparing the costs for supplying low power appliances with a
separate battery fed system or with the petrol generator set, the capital costsfor the petrol
generator set should be excluded, since the generator set will be necessary anyway. This
however requires that the high power appliance is used approximately at the same time
as there is a need for power to the low power appliances; in other case it might be very
bad economics to operate the petrol generator set.t

4.3 LOCAL GRID WITHOUT INDUSTRIAL
ACTIVITIES

This scenario applies to consumers that are located so close together that it can be profit-
able to connect them in alocal grid. The consumers have basically the same power de-
mand as the consumers in section 4.2, i.e. it is not necessary to supply power during all
hours of the day. Since the major part of the load is lighting, it is most important that
power is available during the evening.

Weather depending power sources

Photovoltaics and wind power are not very suitable for grids that are only operated dur-
ing parts of the day, since the power production of photovoltaics and wind power cannot
be dispatched to the right time period. It is of course possible to use the same solutions as
for individual systems and store energy in batteries, but in most cases will a solution with
many individual systems be more expensive than power from alocal grid.

Hydro power plants have the same disadvantage as photovoltaics and wind power; to
get the lowest energy cost it is necessary that the generation capacity is utilized as much
as possible, which means that there is no reason to operate a hydro power plant only dur-
ing parts of the day. The exception is if the daily inflow is not large enough to provide
power during the whole day; it could then be desirable to save water in a reservoir and
use it when power is most wanted (usually during the evening), instead of expanding the
capacity in the grid with another power plant.

10. See appendix A.2.
11. For exampleis operating of a 3 kVA petrol generator just to feed 30 W of lighting not reasona-
ble.
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Power plantsfuelled by biomassor diesel

The operation cost for biomass plants and diesel generator sets is generaly large com-
pared to the capital costs. Therefore it is not necessarily preferable to produce as much
energy as possible in these units. If the demand is low during part of the day, it might be
better to turn off the plant than to operate it during unfavourable conditions, i.e. the in-
creasein capital costs dueto lower utilization factor isless than the increase in operation
costs, when the plant is operated at low efficiency.

Small local grids which do not need power during all hours of the day are probably
suitable for biomass fuelled schemes, because the biomass consumption might be small
enough to make it possible to collect it with reasonable efforts.1?

L ow voltage networ k

In this report alow voltage network refers to avery small grid, which basically connects
severa individual systems. Such a grid can either use DC or AC power. A DC network
should not have any cables longer than 100 — 150 m.13 The cables in an AC network
could be up to around 500 m.4

The main difference between alow voltage network and other local grids discussed in
thisreport, is that the low voltage network has no need for transformers, since the power
is distributed at the same voltage as it is generated. A low voltage will thus not be very
costly and it should not require more than basic electric skillsto build it.

The advantage of alow voltage grid is that the costs for increased capacity can be split
among the consumers. If the low voltage network for instance is fed by solar home sys-
tems or wind chargers can the reliability be increased by adding extra batteriesto the sys-
tem and the cost will probably be less than if each consumer would have his own backup
battery. Batteries in low voltage networks should though be connected to only one
Inverter, since self-commutating inverters can not be connected together.15

It is easier to find a petrol or diesel generator size of proper capacity, since the total
demand in a low voltage network is higher than the demand in an individual system.
When the overcapacity is reduced, the utilization factor will be increased. This means
that petrol or diesel generator setswill be more attractive for these systems than for indi-
vidual systems.1 If a suitable biomass fuel is available, diesel or petrol can be replaced
by alternative fuels.t’

12. Seefor instance [4], pp 188 — 189.

13. Cf. that was said about DC cable length in the introduction of section 4.2.

14. Cf. appendix B.

15. Cf. appendix A.2.

16. For an individual system with an average load of only 50 W, even avery small petrol generator
with arated capacity of 500 W will be oversized for the system, resulting in avery low utiliza-
tion factor. With low utilization will the capital costs increase as can be seenin figure C.1. Fur-
ther, the efficiency of the generator set will low when the motor is close to idling, which will
increase the fuel costs.

17. Seesections 3.1 and 3.2.
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44 LOCAL GRID WITH INDUSTRIAL
ACTIVITIES

Industrial activities™® means that there will be a power demand during all hours of the
day Also hospitals have aneed for power during al hours, athough it of courseif neces-
sary is possible to schedule x-ray photographing, sterilization of medical equipment etc.
to hours when power is available.

Almost any combination of power plants can be used to supply alocal grid operating
during al hours of the day, as long as there is enough capacity to operate the frequency
control. The most interesting combinations are discussed bel ow.

Hydro power with or without backup

If hydro power is available within reasonable distance!® this is often the least expensive
option for electrification, at least seen over alonger time period. If there is a need for a
complementary source,?° any other source can be used. If the wind speeds are high then
wind power is a good complementary energy source; especialy if the wind power plant
can belocated close to the hydro power station, so that they can be connected to the same
transmission line. Photovoltaics might also be an alternative. Both wind power and pho-
tovoltaics require that the hydro power station has a reservoir, so that the water can be
dispatched to time periods when the wind or solar electricity generation is not sufficient.

Diesel generator sets and biomass can always be used as backup for hydro power.
Which alternative that is most preferable is depending on local fuel prices and has to be
investigated for each site.

Biomass

Biomass power plants require an infrastructure that can supply biomass fuel which is
cheap enough to be competitive to diesel or other fossil fuels. The best sites for biomass
plants are thus industries generating residues that can be utilized for electric power gen-
eration in association with the industry. It is even better if the heat from a steam power
plant can be used as process heat in the industry itself.

Diesel generator set

If no suitable site for a hydro power station is available and the local environment cannot
support biomass usage or a biomass plant would be too expensive, then a diesel genera-
tor set isthe only possible option for e ectrification. However, depending on diesel prices
and other local factors, it might be profitable to use wind power or photovoltaics as com-
plementary energy sources. When the wind power plant or photovoltaics generate power
is the generation in the diesel generator set decreased. The diesel must though be left

18. Industria activities refersto light industry as described in section 4.1.

19. Exactly what reasonable distance means depends on the demand, the size of the hydro power
plant and the cost for building atransmission line.

20. This could be the case if the maximum power output from the hydro power station islower than
the peak demand or if the energy limit of the hydro power station is lower than the energy
demand. A more detailed discussion about power and energy limitsis found in section 2.1.
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running, since the frequency control must be performed by the diesel generator set.

A diesel generator set in wind-diesel system will usually consume more fuel per kWh
than a diesel that is sole power source. This is caused by the continues fluctuations in
wind power generations, which has to be compensated by the diesel generator set, forc-
ing it to operate at part load. It might also be more difficult to keep the frequency stable
in awind-diesel system, although a properly designed wind-diesel system actually can
have better frequency stability than just adiesel generator set. 2

Also solar-diesel systems suffer from the same disadvantage; when the photovoltaics
are producing the diesel generator set might be forced to operate at part load. The fuel
consumption per kWh might then be increased, so that no money is saved by using the
photovoltaics.

Complementary energy sources

It is not possible to use photovoltaics or wind power as single power source in a local
grid, since they can not follow the load.?? It must therefore always be at least one other
energy source in the system, and the photovoltaics or wind power will only be a comple-
ment to the other energy sources, i.e. a hydro power station, biomass plant or diesel gen-
erator set.>® How much of the installed capacity that can consist of complementary en-
ergy sources is depending on the load in the system24 and will therefore vary from site to
site.

A complementary energy source can either be used to reduce the generation costs in
the grid; if the cost for the complementary energy sourceislower than the cost in the fre-
guency controlling unit, then it is desirable to generate as much as possible in the com-
plementary sources. If the frequency controlling unit or units are energy limited system,
the complementary energy sources can increase the total energy limit in the system.

The energy cost for a complementary solar system will be significantly lower com-
pared to AC solar home system, since there will be no need for batteries and the inverters
can be fully utilized, which reduces the capital costs per energy unit for the inverter. Fur-
ther, a company that buys photovoltaic modules for a 100 kW, solar system, have good
chances of getting a substantial discount on the modules. Thus, if the operation and
maintenance costs for a diesel system are high and photovoltaic modules can be bought
with a sufficient discount, photovoltaics might already today be profitable for power gen-
eration in alocal grid.?®

21. See[9].

22. Thisis not exactly true; if the generation is larger than the demand it is always possible to
waste the excess power. Thiswill of course increase the generation cost in the system, since the
unitsare not fully utilized. In some special casesthis might still be preferable, but generaly itis
not.

23. It would of course also be possible to use photovoltaics and/or wind power in combination with
batteries and inverters as in individual systems. However, for local grids would such a system
be too expensive.

24. The frequency controlling units must have enough capacity to be able to follow the load varia-
tions. Cf. section 2.2.

25. Cf. examplesin appendix C.1.
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DEVELOPMENT OF
RURAL POWER
SYSTEMS

As the demand of electric power grows, the power systems must also grow. Local grids
will have to be expanded, distribution or transmission lines with higher voltages will
have to be erected, new power plants must be constructed etc. It is necessary to consider
this development of the power system already when planning the original system, at least
if the demand is expected to increase within the economic life span of the original power
system.

5.1 CONNECTIONTO A LOCAL GRID

For a consumer with an individual system it is of course desirable to be connected to a
local grid, especialy if the consumer wishes to start using more power and energy de-
manding appliances as for example an AC motor. As always this is a question of econ-
omy. Below the costs and benefits of connection to alocal grid are discussed for DC and
AC individual systems.

DC individual system

Connection to alocal grid means that the consumer has to pay a connection fee. The con-
sumer will of course also have to pay for each consumed kWh according to the local grid
prices. Compared to a solar home system or a wind charger, which both have approxi-
mately no operation cost, the grid prices will amost certainly be higher. Thus the mar-
ginal cost to continue use the individual system will be less than the local grid price, a
least until the battery has to be replaced. However, the connection to the grid can be prof-
itable, if only theindividual system can be sold to somebody else, who has no possibility
to connect to agrid.

The switch to electricity from the local grid will also result in that most of the consum-
ers equipment will be useless. It is of course possible to charge batteries in a grid pow-
ered battery charger, and then continue to feed the applications from the battery. Thisis
however a very inconvenient solution. As can be seen in appendix C the batteries are one
of the most expensive parts of an individual system and therefore a part that is desirable
to get rid of. Further, this system will still suffer from the limitations of batteries.
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AC individual system

Connection to the local grid will be less costly for owners of an individual system with
an inverter (if the system power source is photovoltaics or awind charger) or if the sys-
tem is based on a petrol generator set. The appliances will already be adapted for AC
voltage and thus the investment cost for the connection will only be the connection fee.

Petrol generator sets will almost certainly have a higher operation cost than the price
for grid electricity and is therefore not profitable to continue operating. Solar home sys-
tems and wind chargers will, as in the DC case, have very small marginal costs and it
would therefore be preferable to continue to use these systems and only use grid electric-
ity for backup. Thisis however not possible without buying a new inverter, since invert-
ersfor individual systems can not be connected to agrid (see appendix A).

5.2 EXPANSION OF A LOCAL GRID

When the demand is beginning to reach the peak capacity of the local grid either a new
power plant can be built or the local grid can be connected to another grid. The latter
does usually mean connection to the national grid, which is discussed in the next section.
It could however be less expensive to build atransmission line to a nearby local grid with
spare capacity. The choice of building atransmission line or a new local power plant is
purely economic, and depend on real rate of interest, expected growth rate, costs for new
power plants etc.

The cost of expanding existing power plants vary for the different technologies. For
photovoltaic systems the cost for new panels will — discounts not regarded — be the same
as the cost for the existing system. Also biomass and diesel gensets can be expanded to
approximately the same cost or maybe even lower costs if the same buildings can house
the new units. Expansion of wind power is most profitable if the new plants can be
located close to the existing, so that the same transmission line can be utilized. Finally,
hydro power schemes might be possible to expand if not all of the water flow aready is
used. For instance, a run-of-the-river scheme might be expanded with a reservoir or an
additional turbine might be installed. Expansion of existing hydro power stations though
requires that the expansion has been planned already at the commissioning; in other case
it might be very costly.

Note that the necessary expansion can be postponed by using demand side manage-
ment, i.e. by encouraging large power consuming appliances to be used when the
remaining demand in the system is low. Water pumps could for instance be operated only
during the night.

5.3 CONNECTION TO THE NATIONAL GRID

Sooner or later it will be profitable to connect local grids to the national grid, unless the
local grid not is located on an island or some other area that is very hard to reach. How
large the demand in the local grid must be to make a connection to the national grid prof-
itable depends on how long transmission line that has to be built, if other local grids can
be connected with the same transmission line etc. Generally, connection to the national
grid isalarge project that is coordinated by the government or a national electricity com-
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pany.

Connection to the national grid means lower electricity prices and higher reliability —at
least if the national grid is well maintained and there is enough generation capacity to
cover the demand in the national grid. What will then happen to the local generating
units after a connection to the national grid? Hydro power stations, photovoltaics and
wind power plants have very low operation and maintenance costs and will therefore still
be profitable even when they compete with the lower electricity prices in the national
grid. Biomass plants might or might not have operation and maintenance costs that can
compete with the national grid, depending on the fuel prices and the efficiency of the bio-
mass plant. Diesel generator sets are generally too expensive.

Generating units that are no longer used can in some cases be sold to areas yet uncon-
nected to the national grid. Thisis primary an option for units that are easy to transport,
i.e. diesel generator sets, photovoltaics and depending on local circumstances maybe
even wind power or biomass plants. Diesel generator sets and biomass plants can also be
kept as reserve power.
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Chapter 6

CONCLUSIONSAND
RECOMMENDATIONS

In the previous chapters the most likely options for rural electrification have been pre-
sented. This chapter is an attempt to summarize and eval uate these options and to present
some general guidelines about when each technology is most suitable. This chapter also
discusses some economic issues, as for instance the financing of alocal system.

6.1 EVALUATION OF THE AVAILABLE
TECHNOLOGIES

Below follows avery brief summary of the advantages and disadvantages of the technol-
ogies that have been studied in this report.

Diesel generator sets

The major advantage of diesel generator setsis that they are cheap to buy and can easily
be installed at most sites. The disadvantages are that they require a lot of maintenance
and that they use fossil fuel and thus are not environment friendly, although the impact
on the environment from a few generator sets might not be too harmful.

Maintenance of diesel generator setsis often difficult due to lack of spare parts, result-
ing in poor availability. The operation cost of diesel generator sets are mainly depending
on the price of the diesel fuel. If the price is high — and thisis often the case — diesel gen-
erator sets can be more expensive than renewabl e alternatives.

Biomass

Biomass power plants require access to cheap biomass fuel to be competitive to diesel
generator sets. It isnot only the cost for the biomassitself but also the costs for collecting
it and transporting it to the plant that is important.

There are severa commercially available technologies for energy generation with bio-
mass as fuel. Generaly biomass plants do require well educated personnel, since the
operation and maintenance of biomass power plants is usualy somewhat more compli-
cated than for the fossil fuelled counterparts.

Biomass can or can not be environmental benign, depending on whether the biomassiis
grown sustainable or not. Some biomass conversion processes aso produce wastes that
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have to be taken care of properly.

Hydro power

For good locations hydro power is probably the most inexpensive power source, at |east
in the long run. Small-scale hydro power plants must though be located as close to the
consumers as possible, if the transmission costs should not be too high.

It isan advantage if the hydro power scheme includes areservoir, because this makes it
easier to dispatch the hydro power generation, both over the day and — provided that the
reservoir islarge enough — over the season.

A well designed small-scale hydro power plant should not cause any environmental
problems.

Photovoltaics

Photovoltaicsis still arather expensive energy source, but in very remote areas photovol -
taics is a profitable option. In some cases, photovoltaics might even be the only option
for remote areas.

Photovoltaics can also be used as complementary energy source in a diesel system,
depending on the relation between the diesel price and the price for photovoltaics and
inverters.

Power generation in photovoltaics causes no pollution to the environment. Possible
environment problems are derived from the equipment around the photovoltaics, espe-
cially the batteries. Handling the disposal of old batteries should though not be an insol-
uble problem.

Photovoltaics have practically no operation and maintenance costs.

Wind power

The costs for wind power depend on the wind speeds at the sites. High wind speeds in-
creases the electricity generation significantly and thus reduces the costs, since the oper-
ation and maintenance costs are negligible.

Wind chargers together with batteries can be used in individual systems. Larger wind
power plants, which are connected to alocal grid, can only be used as a complementary
power source, for instance to reduce the costsin adiesel system or to increase the capac-
ity in a hydro power dominated system.

6.2 FINANCING

The financing of rura electrification has not been discussed in the previous chapters.
Here will afew remarks be given about the special problems of financing renewable en-
ergy sources, especialy hydro power, photovoltaics and wind power. These energy
sources have in common that the investment, and thus the capital costs, contributesto al-
most all of the total costs and that the operation and maintenance costs are very low in
comparison.
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I nterest sensitivity

When the capital costs dominate the energy price, the rate of interest will of course have
a major influence on the total costs. In this report al price estimations have been done
with areal rate of interest of 4%, which is a comparatively low interest rate. The reason
for using such alow rate of interest is that loans from developing aid authorities, for ex-
ample the World Bank, usually uses low rates of interest. If the loan is taken in a com-
mercial bank, the rate of interest will of course be higher.

If the interest rate is increased from 4% to 7% the costs for systems with an economic
life time of 5 yearswill increase with about 9%. If the economic lifetimeis 20 years the
increase will be about 30% and for an economic life time 30 years the increase will be
about 40%. Thus, with higher rate of interest the costs will increase most for hydro
power and almost as much for photovoltaics and wind power. Biomass plants and diesel
generator setswill not be affected as much, since the main part of the energy cost for bio-
mass and diesel generator sets is operation costs, which are not affected by interest. It
will aso be more preferable to use individual systems, since batteries, one of the most
costly parts of the individual system, have short life time, whereas building of a distribu-
tion system is along-term investment.

Long period of repayment

The period of repayment is also very important for capital cost intensive energy sources.
Renewable energy technologies generally have long technical life times;, most systems
will be operating for at least 20 years without need for magjor new investments. If the
granter of the loan requires that the loan should be repaid in a time period less than the
technical life length, the capital costs during the period of repayment will be increased,
whereas the capital costs after the period of repayment will be reduced to zero.

If for instance the period of repayment, i.e. the economic life time, is decreased from
20 years to 10 years and the rate of interest is 4%, this will result in an increase of the
capital costs with 67%. For a decrease in economic life time from 20 to 5 years, the cap-
ital costsincrease with 205%! Thismeansthat if short periods of repayment are required,
hydro power, wind power, most biomass plants and complementary photovoltaics will
have no possibility to compete with diesel generator sets, since the costs during the first
years of the systems will be too high. Only photovoltaics for individual systems, which
can be bought without loans — at least by wealthy people — can under such circumstances
compete economically with diesel generator sets.

High initial costs

When energy sources with high investment costs are to be used as a power sourcein a
newly built local grid, another financial problem arises. Most systems will be designed
for alarger demand than can be expected to be connected during the initial phase of the
electrification — unless the local grid replaces alot of individual systems, so that there al-
ready is a high power demand in the area. If these few first customers should pay the full
cost, i.e. so much that the owner of the grid can pay hisinterest and instal ments, the elec-
tricity price will be very high. The high price will then of course result in that less people
will afford to connect to the grid, and without new customers the electricity price can not
be lowered. Thisis avicious circle: low prices presupposes many customers and many
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customers presupposes low prices.

There are two ways out of this dilemma. Either the power company or cooperative has
to accept afinancial loss during theinitial phase. This requires that the company or coop-
erative can continue to borrow money, although it shows financial losses. This is of
course arisky solution; the losses might continue forever if the demand has been overes-
timated.

The other possibility is to start with a system that is profitably only on short terms,
which usually means a diesel generator set, but also could include biomass plants. When
the demand has grown so that a more long term renewabl e solution will be profitable, can
the diesel generator sets be phased out or left as spare power. The disadvantage of this
solution is that temporary solutions have a tendency of becoming permanent; the more
advantageous long-term solution might never be built, because the grid operates properly
and nobody isinterested in improving it and reducing the electricity price.

Other aspects

Much of the equipment necessary for rural electrification must be imported from indus-
trialized countries, but some parts can also be manufactured locally. Only some of the
electrical equipment in hydro power stations (e.g. the turbines) must be imported; the
rest of the power station can be built using local materials. There are also several biomass
technologies that uses domestic resources.! Diesel generator sets, photovoltaics and
wind power plants must generally be imported.

It is aso common that foreign technical expertise is necessary for planning the project.
This might however be a benefit, if the technical knowledge is transferred to local engi-
neers and technicians.

The electrification in itself might give a boost to the local economy by enabling local
industries and other economic activities.

6.3 RECOMMENDATIONS

It is never possible to say that one e ectrification scheme is better than all alternatives
without visiting a site. The purpose of this section is merely to show which power sys-
temsthat generally are the most interesting for different load situations.

In the industrialized countries the power systems have started as many local grids,
often built around a power station or an industry, which later have grown as the power
demand hasincreased. At some point it has become interesting to connect the local grids
in anational transmission grid, which then expands until all but the most remote parts of
the country has been covered by the national grid. There is no reason to believe that this
will not be appropriate for developing countries too. However, since developing coun-
tries lack resources for a rapid expansion of the national grid, many people will be
depending on their own power system or alocal grid for many years.

Asindicated by the examplesin appendix C, power sourcesfor electricity generationin
local grids are generally less expensive than individual systems. A well managed local
grid will also be much more reliable and it will be possible for individual consumers to
connect more power and energy demanding loads. The limitation of the local grid isthe

1. See[4] pp. 181 —200.
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distribution system, which will be very expensive if small consumers far away from the
load centre should be connected. Therefore individual power systems will be the only
possibility for electrification in remote areas, which for along time are not likely to be
reached by the grid, not even by alocal grid.

For agroup of customersthat are too far away to be grid connected, it can still be prof-
itable to connect these customersin alow voltage network. A low voltage system can be
seen as alarge individual system which serves more than one customer.

The discussion above is summarized in table 6.1. Once again, please note that this are
very general guidelines, and that the best choice can differ from site to site.

Table 6.1 Guidelines for most interesting system.

Consumers
Most interesting
Typica Power usage Suggest;dernger generation
Number size ¥ technologies?
[kWh/day]
. Photovoltaics,
1 <05 Mainly lighting I(Z%Vé?lglciygem wind chargers,
' petrol genset.
Individual system
Lightingand | (AC) Or consider | oy i esel bio-
1 >1 . . . using other power
industrial activity source than elec. | MesS genset.
tricity.
Photovoltaics,
. N Low voltage net- | wind chargers,
<50 <1 Manlylighting |\ i (AC or DC). | petrol/diesal/bio-
mass genset.
Local grid (availa- | Diesel genset, bio-
> 50 <1 Mainly lighting | ble part of the mass power plant,
day). hydro power.
: : Hydro power, die-
_ Local grid (availa :
> 50 >0.5 _ Ligntingand 1\ during all sl genset, bio-
industrial activity hours of the day) mass power
). plant.
Local grid (availa
I ble during all .
> 1000 >1 . L'gh.t' ng and hours of the day) For local grids:
industrial activity or connection to see above.
the national grid.

a. Cf. comments under Individual systems, Low voltage networks and Local grids bel ow.
b. Wind power and photovoltaics can be useful as complementary energy sources.
¢. Connection to the national grid is discussed in section 5.3.
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Individual systems

The most important factor for choosing power source for an individual system is the lo-
cal price for petrol. It is not only the petrol price today that is important, but also the fu-
ture prices: Will the world market price increase or decrease? Will the taxes be changed?
etfc.

Taking the difficulties (fuel transports, maintenance need and low utilization factor) of
petrol generator sets in account, it is likely that solar home systems and wind chargers
are preferable.

L ow voltage networks

Low voltage networks are basically a number of individual systems that have been con-
nected together by a ssimple distribution system.2 Because of the possibility to increase
the utilization factor, diesel or petrol generator sets are more interesting in the case of
low voltage networks than for individual systems. Also some biomass plants are suitable
for these systems. It is of course also possible to use a combination of several power
sources, for instance photovoltaics and batteries backed up by a diesel generator set for
overcast days. As aways, the choice depends on local fuel prices, both for diesel, petrol
and biomass.

Local grids

Generally hydro power isthe best option for alocal grid, if it is available. In other cases
it is necessary (for frequency control) with either a diesel generator set or a biomass
plant, where the choi ce between the two depends on the difference between the prices for
diesel and biomass. Biomass plants using industria residues can have very low energy
prices, but the electricity generation will be affected by the needs of the industry. In some
cases sustainable biomass is not even available, in which case adiesel generator set isal-
most the only alternative to hydro power.

Photovoltaics and wind power can be used in combination with hydro power or diesel
generator sets. For hydro power systems photovoltaics and wind power can increase the
energy limit of the system. For diesel generator sets photovoltaics and wind power can
reduce the fuel consumption, which of course only is advantageous if the price of the die-
sel fuel is high enough.

6.4 FINAL CONCLUSIONS

How can rura electrification in developing countries be supported? This is of course a
very difficult question to answer, but there are a few remarks that can be made about the
specia needs of renewable energy technologies:

* Decrease the capital costs! Renewable energy sources, especialy photovoltaics, hy-
dro and wind power, have higher investment costs than their fossil alternatives. Low
real interest rates therefore promotes renewables compared to fossil energy sources. It

2. Note that individual systems using batteries and inverters can not just be connected, because
only one inverter in the system may be self-commutating. See appendix A.2.
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is also necessary that the period of repayment is long enough. If not, the capital costs
during the initial phase of the electrification might simply be insurmountable high.

» Support education! Diesel generator sets are familiar technology aso in developing
countries; renewable technologies are generally not. Especialy hydro power plants
and biomass plants requires well educated technicians for their daily operation and
maintenance. Solar home system might not need a high technical education, but still
demand that the users are well informed about the maintenance needs.

» Support of photovoltaics. Solar home systems are already today sold commercially
in many developing countries. The price is however rather high and there is of course
arisk that only wealthy people can afford these systems. By purchasing large volumes
of photovoltaic modules better prices can be achieved. The modules can then be
resold, preferable without profit, to villagers interested in individual systems.

» The costs for reducing global warming should not be paid by the rural popula-
tion in developing countries. The major drawback with diesel generator set is that
the combustion of fossil fuels contributes to global warming. This contribution will
though be very small compared to the emissions of greenhouse gases from the indus-
trialized countries. If for some reason a renewable energy sourceis built in rural pow-
er system in a developing country, though a diesel generator set would be cheaper,
then it seems unfair if the extra cost should be paid by the villagers. It would be more
reasonable if an organization from an industrialized country should pay the extra cost.

* Investigation of experiences from renewable energy technologiesin rural power
systems. The availability of a power plant is important to the economic calculations.
Therefore it is desirable to have access to experiences of operation and maintenance
from similar projects, when planning future electrification projects. [8] describes the
experiences from the Tanzanian rural electrification programme, which so far has
been based on diesel generator sets. A similar compilation over renewable technol o-
gies would probably be of great value.
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Appendix A

BATTERIES AND
INVERTERS

Power systems using DC generating units like photovoltaics or small wind generators
will usually include batteries and/or inverters. This appendix gives some comments
about these components of the power system.

A.1 BATTERIES

Batteries stores chemical energy that rapidly can be converted to electric energy. The de-
sign of the battery depend on its purpose. Basically batteries can either be constructed for
relative small power output during long time periods or for high power output during
short moments. The former construction seem better suited for individual power systems.

Thelifetime of abattery is depending on the depth of discharge (DOD), which is spec-
ified as the percentage of the rated storage capacity that can be discharged before the bat-
tery need to be reloaded. If the DOD is exceeded the life time of the battery will be
reduced. The expected life time of batteries used in photovoltaics systems is usualy
about 5 years, but if the batteries not are properly maintained can the life time be even
shorter.

The storage capacity of batteries is commonly given in Amperehours (Ah). An
Amparehour can be converted to kilowatthours by multiplying with the voltage of the
battery. A 12V battery with a capacity of 120 Ah can thus store 1.44 kWh. If the recom-
mended maximal DOD is 70% the battery can deliver about 1 kWh before it needs to be
rel oaded.

Some batteries loose water from gassing during their operation and therefore need to
be refilled occasionally. There are also batteries which need no maintenance at all.

A.2 INVERTERS

Inverters use modern power electronics to convert DC power to one-phase AC power.
The conversion is not free of losses; today the inverters have an efficiency of 90 — 95%.
The inverter can either be self-commutated (generating its own frequency) or be grid
commutated (adjust its frequency after the grid frequency). The former are designed for
individual systems, where the inverter is the only unit feeding the system. The grid com-
mutated inverters are made for larger grids, where there has to be some other power
source that is controlling the system frequency. If this other power source is failing, the
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inverters are designed to disconnect themselves.t

Inverters are not commonly used in power systems, so the demand for invertersislow.
There are however standard inverters available in sizes from around 100 W to some kilo-
watts.? The technol ogy for invertersis still developing, so prices and performance can be
expected to improve in the future.

The life length of an inverter can be expected to be the same as for any other industrial
electronic appliance, i.e. between 10 — 20 years. If an inverter failsit is usually necessary
to have a specialist to repair it.

1. Thisisfor safety reasons; if the grid is turned off for maintenance it would be dangerousiif the
inverters continued operating.
2. Cf. appendix C.5.
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TRANSMISSION AND
DISTRIBUTION

For transport of electric power over long distances it is necessary to use high voltages or
else the losses would be to high. A power system is therefore usually organized like in
figure B.1. The national and regional grids use high voltage (more than 40 kV), whereas
the local grids use medium voltage (3 — 33 kV) and most consumers are fed by low volt-
age (400/230 V). Large industries might be supplied directly from the national or re-
giona grids. In some local systems it might not even be necessary to have a medium
voltage distribution network, but it is normally recommended that low voltage lines do
not extend further than 500 m.*

When local grids are discussed in this report it is usually meant a stand-alone local
grid, i.e. alocal grid that is not connected to the national transmission grid.

National
transmission

Figure B.1 General structure of a power network.

Costs

It isvery hard to give ageneral figure of the costs for building transmission lines and dis-
tribution systems, since thisis affected by alot of local factors as

* the size of the power demand,

* the distance between the consumers (i.e. the load density),

1. [13] p. 60.
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* the costs for lines, transformers and security systems,

o desired reliability,
* |0sses.

Some examples of costs for components of distribution systems are found in appendix
C.6. Both transmission lines and distribution systems are long term investments, with an
expected life time of at least 25 years. It might therefore be wise to build a larger distri-
bution system than necessary for the current load, since this will decrease the cost for

future rebuilding of the system when the load has increased.

Intable B.1 thetotal cost (i.e. capital costs, operation and maintenance) has been calcu-
lated for two example systems. The calculated costs should not be treated as limits to the
costs for distribution systems; the actual cost in a new-built system might be lower or

even higher.
Table B.1 Costs for two example distribution systems.
“Scarce” system? “Dense” system®
em Quantity [Sg?)] Quantity [8 g%t]
11 kV lines 11.1 km 188 700 3.2km 54 400
LV lines 25.2 km 378 000 3.2km 48 000
11/0.4 kV transformers | 9 x 1000 kVA 169200 | 4 x 800 kVA 54 200
Three-phase customers 50 42 500 10 8 500
One-phase customers 1200 552 000 330 151 800
Total cost 1330400 316 900
Annual consumption 900 000 kWh 340 000 kWh
Cost per energy unit® 0.17 USD/kWh 0.11 USD/kWh

a Based on data of Mpwapwarecorded in [8], tables 2.7, 3.2, 3.10 and 3.11.
b. Based on data of Kilwa Masoko recorded in [8], tables 2.7, 3.2, 3.10 and 3.11.
c. Capital costswith real rate of interest 4% and economic life time 25 years. Operation and main-

tenance costs are approximated as afixed annual cost of 5% of the investment cost.
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PRICE EXAMPLES

It is of course impossible to specify a general price for a product; prices will vary from
country to country depending on VAT, fluctuations in currency exchange rates, distribu-
tion chains etc. However, in order to at least give a hint of how the prices of different
technologies relate to each other, some price examples are given in this appendix. The
prices are from October 1998 if nothing else is stated. The prices are mostly taken from
official price lists and all prices exclude VAT. The price in USD has been calculated us-
ing the exchange rates listed in table C.1. A readl rate of interest of 4% has been used in
the energy price calculations.

Thetotal energy cost is the sum of the capital costs and the operation and maintenance
costs. The capital costs have been estimated by calculating annual costs with the annuity
formula and then dividing the annual cost with the annual energy generation/consump-
tion. The annuity formulareads

. r/100
1—(1+r/1000™"

a=C (C.2)

where
a = annual cost,
C = cost of investment,
r = real interest rate (in per cent),
n = economic life time (in years).

Table C.1 Exchange rates.

Currency 1 USD equals

DKK 6.10
SEK 1.75
TZS 640?

a. September 1997.

C.1 OVERVIEW

It is impossible to give any general energy costs, since the costs are depending on so
many site specific parameters. To get an overview how the costs relate to each other it
can though be interesting to compare some of the price examples that are given in sec-
tions C.2 — C.5. Thisis done in figure C.1. Biomass has not been included in the over-
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010 020 030 040 050 060 070 0.80 0.9 1.00USD/KWh

|Power sources for individual systems| .

Solar home system
120 W, 240 kWhly

Solar home system
40 W, 80 kWhly
Wind charger

250 W, 4 m/s
Petrol genset

Util. factor: 10%
Petrol genset

util. factor: 5%

[Power sources for grid systems| -
Hydro power

Diesel genset
Fuel: 0.50 USD/L
Diesel genset
Fuel: 0.70 USD/L
Windpower

600 kW, 4 m/s
Complementary
solar system

Ditto
(40% discount)

M0

A

010 020 03 040 050 060 070 08 09 1.00 USD/kWh

Capital costs Operation and maintenance costs
[l Diesel/petrol genset Diesel/petrol genset

Il Hydro power = Hydro power

I PV module Wind power

[ ] Wind power

Il Battery + regulator Estimated total cost

R Inverter Distribution system

Figure C.1 Overview over energy costs for some technologies.
N.B. These costs are only examples and can not be treated as exact values. All
costs are depending on a lot of site specific parameters.

view, since the costs for biomass generation are too site specific.
The following assumptions have been done:
* The costs for the solar home systems are based on an insolation of 2 000 kKWh/m?.
The battery capacity is 120 Ah for the 120 W panel and 75 Ah for the 40 W panel.
» Theload for the wind charger is 240 kWh/year. The battery capacity is 120 Ah.
* The petrol generator set costs are calculated for the 3 kVA petrol generator set. The
economic life time is 7 years and the utilization factor is 10% and 5% respectively,
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which corresponds to an annua generation of 2 628 kWh and 1 314 kWh respec-
tively. The petrol cost is0.70 USD/L.

» The cost of distribution systems is based on the two example systems from
appendix B. The cost includes capital costs as well as operation and maintenance
costs.

» The costs for hydro power is based on capacity of 100 kW, investment cost of
1 000 000 USD, economic life time 25 years and a utilization factor of 50%.

» The diesel generator set costs are calculated for the 450 kVA diesel generator set. The
economic lifetimeis 7 years and the utilization factor 25%.

» The 600 kW wind power plant is assumed to have 90% availability and a utilization
factor of 100%. The maintenance cost is 3 200 USD/year.

* The complementary solar system uses the 120 W module and the insolation is
1 500 kWh/m?. The annual energy generation is 180 kWh per module. The cost of
mountings has been excluded.

* Lossesin inverters and distribution systems have not been included in the cost calcu-
lations.

C.2 DIESEL GENERATOR SETS

Table C.2 Price examples for diesel and petrol generator sets.

Estimated energy priceb
Rated | Priceper | Priceper Fuel [USD/kWh]

capacity | piece KVA consumption?
[KVA] | [USD] | [USD] [kg/kWh] | Atfuel cost | Atfuel cost
0.50 USD/L 0.70 USD/L

3¢ 1 600t 533 0.3151 0.31 0.43
251 35 500t 142 0.20% 0.22 0.30
450 63 950% 142 0.221 0.23 0.32

Sources: T SunWind Energi AB  f Martinsson Kraft/Teknik (Data from 1997)

a. Nomina consumption for cos ¢ = 1, stated by the manufacturer.

b. Neglecting capital costs and assuming that cos ¢ = 0.8, that the fuel consumption is 15%
higher than the nominal consumption (cf. Practical experiencein section 3.1) and that the cost
for lubricants and other maintenance is 25% of the cost for fuel (cf. [8] p. 98).

¢. Thisisapetrol fuelled generator set.

C.3 PHOTOVOLTAIC MODULES

In Sub-Saharan Africa the irradition varies between 4 and 6 kWh/m? per day,* which
means that the annual total insolation can be estimated between 1500 and
2 100 kWh/m?. In table C.3 have the energy prices been calculated for a yearly insola-
tion of 1500 and 2 000 kKWh/m? respectively. If a discount is given on the photovoltaic

1. [11], figure 8.4.
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modules the energy price will be decreased by approximatly the same percentage as the
discount.

To calculate the relation between insolation and energy generationa it is necessary to
know the area and efficiency of the module. From the definition of standard test condi-

tions we have

P =1000 W/m? - A - isrcs (C.2)

where
P = rated capacity in W,
A = area of the module,
Nsrc = efficiency at STC.

If we assume that the efficiency of the module does not differ very much from the effi-
ciency at STC, then the annual generation can be approximated by

_ _. P
Wpy=1-A-n=I 000" (C.3)
where | isthe annual insolation.

Table C.3 Price examples for photovoltaic modules.

Estimated energy price?
Covecity Pr;, feec zer Bri \CA? - [USD/KWH]
e 1 (o O s R
1500 kWh/m? | 2 000 kWh/m?
40 557% 13.94 0.68 0.51
75 7027 9.36 0.46 0.34
120 1063t 8.86 0.43 0.33
Sources: T NAPS Sweden AB SunWind Energi

a. Assuming that the utilization factor and availibility are 100%. The ecomic lifetimeis
assumed to be 20 years. The energy price only refers to the cost for the modules, i.e.
the cost for batteries, inverters etc. is not included.

C.4 WIND POWER GENERATORS

When no specific data about wind speeds are available it is common to assume that the
wind is Rayleigh distributed, which means that it has the duration curve

Fu(V) =€

where

2
(v/ o) V> 0,

F(V) = the probability that the wind speed is higher than v,

(C.4)
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0.75
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0.25

v
—

5 10 15 20 25 mis

Figure C.2 Examples of the Rayleigh distribution for two average wind speeds.

kW P

600

v
T T T T >
5 10 15 20 25 m/s
Figure C.3 Power function for Vestas V44-600 at an air density of 1.06 m3/kg. At
wind speeds higher than 20 m/sis the plant switched off.

o, = ascaling parameter.

In figure C.2 are two examples of the Rayleigh distribution shown. The average wind
speed is equal to the area below F,,(v), i.e.

« 2
Vi = je_(V/“) dv = %ocﬁ ~0.89 - 0. (C.5)
0
To calculate the expected annual generation it is necessary to know the duration curve of
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Fp(P)
A
0.3 4
0.2
0.1
P
T T T T T L »
100 200 300 400 500 600 kw

Figure C.4 Power generation distribution function for a Vestas V44-600 at average wind
speed 4 m/s. Notice that the probability that the generation is zero is more
than 65% — this illustrates why wind power plants need a backup power
source.

the power generation. The probability that the power generation in the plant exceeds P
equals the probability that the corresponding wind speed is exceeded, i.e.

Fo'(P) = Fy(v(P)) = & P/ (C.6)

where
Fp (P) = the probability that the power generation is higher than P (ignoring that the
plant is turned off at high wind speeds),
v(P) = the wind speed that is necessary to produce a power of P.

The function v(P) can be obtained by inverting the power function, which is supplied
by the manufacturer. An example of a power function is shown in figure C.3. As can be
seen in the figure are wind power plants usually turned off when the wind speed is too
high. When this wind speed, denoted v, is exceeded the power generation is zero,
which means that probability for this must be subtracted from Fp'(P). The probability
for a certain generation level is aso reduced due to the risk that the power plant is una-
vailable. Therefore we should also multiply with the availability p, which gives the
expression

2 . 2
Fo(P) = p(e—«v(P))/oc) e (Veo/ Q) ) (C7)

If an utilization factor of 100% is assumed the estimated annual generation can be cal-
culated through
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PI’
W, =T - jFP(P)dP,
0

(C.8)

where
T = number of hoursin ayear (i.e. 8760),
P, = rated capacity of the wind power plant.

If the utilization factor isless than 100%, i.e. if thereis arisk that the power generation
in the power plant is higher than the demand, the estimated annual energy must be calcu-
lated using probabilistic production simulation. This method is briefly explained in [1].

Table C.4 Price exemples for wind power generators.

Estimated energy price?
Rated Prig:e per Price per [USD/kWhi
power [KW] [ﬂgc[‘;] [llJ(é\[/)] Ataverage | Ataverage
wind speed wind speed
4 m/s 8 m/s
0.072 770t 10 695 0.78 0.21
0.25 1 806t 7226 0.34 0.20
600 660 000t 1100 0.20 0.03
1650 1575 000% 955 0.17 0.03
Sources: T NAPS Sweden AB  § Vestas Wind Systems A/S

a Assuming that the utilization factor and availibility are 100% and excluding opera-
tion and maintenance costs. The economic lifetimeis 20 years.

C.5 BATTERIESAND INVERTERS

Table C.5 Price examples for inverters (12 VDC to 220 VAC).

_ Cost per energy unit® [USD/KWH]
Capac;ty Prpl)(i:eGCI::er ANEEEr H At annual At annual
it [USD] [Hn) generation generation
80 kWh® 240 kwhd
140 77t 0.55 0.12 0.04
200 129t 0.65 0.20 0.07
500 2537 0.51 0.39 0.13
3400 5000% 0.66 0.09 at annual generation 5 MWh*®
Source: T SunWind Energi AB 1 Birka Teknik & Miljo AB

Batteries and inverters
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a. The capacity refers to continuos loads. For short time periods can most inverters double
their power output.

b. Assuming that the economic lifetimeis 10 years.

c. Approximatly correspondl ng to the electric energy generated by a 40 W, panel at yearly
insolation 2000 KWh/m?. Average power during the year is 9.1 W.

d. Approximatly correspondl ng to the electric energy generated by a 120 W, pane! at yearly
insolation 2000 KWh/m?. Average power during the year is27.4 W.

e. Approximatly corresponding to the electrlc energy generated by twentyeight 120 W, pan-
elsat yearly insolation 1500 kWh/mZ.

Table C.6 Price examples for batteries and regulators.

Cost per energy unit?
. Price per LDt
Equipment CETEEIY piece
. [USD] e At annual At annual
[ ] consumption consumption
80 kWh? 240 KWh®
Battery 75 Ah 115 0.18 0.06
Battery 120 Ah 209 0.32 0.11
Regulator 10 A9 135 0.21 0.07
Source: NAPS Sweden AB
a. Assuming that the economic lifetimeis5 years.
b. Approximatly corresponding to the electric energy generated by a 40 W, panel at
yearly insolation 2000 kWh/m?.
c. Approximatly corresponding to the electric energy generated by a 120 W, panel at
yearly insolation 2000 kWh/m?.
d. Maximum load current at 12 V.

C.6 DISTRIBUTION

Table C.7 Price examples for customer connections.

ltem Price
[USD]

One phase service line 400
One phase meter 60
Three phase serviceline 700
Three phase meter 150
Source: Working paper from Tanzanian Elec-
tric Supply Company Ltd, August 1997.
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Table C.8 Price examples for transmission and distribution lines.

Voltage [kV] Conductor [Ugr[i)(/:lfm]

0.4 AAC-PVC 50 mm? 14 000
0.4 AAC-PVC 100 mm? 15 000
11 ACSR 50 mm? 15 000
11 ACSR 100 mm? 17 000
33 ACSR 50 mm? 16 000
33 ACSR 100 mm? 20 000
66 ACSR 150 mm? 38 500
132 ACSR 150 mm? 60 000

Source: Working paper from Tanzanian Electric Supply Company Ltd,

August 1997.

Table C.9 Price examples for transformers.

Voltages | Rating Price Voltages | Rating Price
[kV] [kVA] [USD] [kV] [kVA] [USD]
11/0.4 50 2900 33/0.4 50 3125
11/0.4 100 3750 33/0.4 100 3800
11/0.4 200 6 000 33/0.4 200 6 200
11/0.4 500 9200 33/0.4 500 9 600
11/0.4 800 12750 33/0.4 800 13550
11/0.4 1000 15500 33/0.4 1000 18 800
11/0.4 2000 25500 33/0.4 2000 26 000

Source: ABB Tanelec, July 1997.

Distribution
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