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MODULE 1: RENEWABLE ENERGY OVERVIEW

1. RENEWABLE ENERGY OVERVIEW

About this module
To be able to effectively employ renewable energy to tackle rural electrification, it is essential to
understand and appreciate the global outlook of energy sources with particular focus on renewable
energy.
Learning outcomes
At the end of this module, the participant is able to

=  Understand the global challenge with respect to fossil fuel reserves and climate change

=  Appreciate the challenges facing electricity supply and distribution in Nigeria

=  Qutline and give a brief description of different renewable energy (RE) technologies

= Have a broad appreciation of potential applications of RE technologies

= Gain an appreciation of issues and barriers with respect to achieving universal energy ac-
cess in rural areas

1.1. GLOBAL ENERGY RESOURCES

CLASSES OF ENERGY

Energy is one of the major inputs and drivers of the economic development of any country.
In developing countries, the energy sector assumes a critical importance in terms of ever-
increasing energy needs and the huge investments they require. Global energy consumption
is increasing at an annual rate of 1.5% while available resources remain limited. Fossil fuels,
particularly crude oil, are currently the primary energy source that fuels our planet, account-
ing for some 80% of global energy consumption. Energy consumption has a significant im-
pact on our natural environment. There is clear evidence that climate change is caused by
human activity mostly related to the use of energy, above all fossil fuels.

Energy that we use can be classified into several types based on the following criteria:

= Primary and secondary energy
= Renewable and non-renewable energy

= Commercial and non-commercial energy

» Primary and secondary energy
Primary energy refers to all types of energy extracted or captured directly from natural re-
sources. Primary energy can be further divided into two distinctive groups:
= Non-renewable (fossil fuels, e.g. coal, crude oil and its products, natural gas; nuclear,
etc.)
= Renewable (solar, wind, geothermal, tidal, biomass, hydro, etc.)

The energy content of all fossil fuels is expressed by the unit “tonne of oil equivalent” (toe),
i.e. the energy released by burning one tonne of crude oil, which is based on the following
conversion factor:

1 tonne of oil equivalent (toe) = 10 x 10° kCal = 11,630 kWh = 41,870 M]

Primary energy sources are converted in industrial utilities into secondary energy sources;
coal, crude oil or natural gas, for example, can be converted into steam and electricity. Pri-
mary energy can also be used directly. Some energy sources have non-energy uses, such as
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MODULE 1: RENEWABLE ENERGY OVERVIEW

the use of coal or natural gas as a feedstock in fertiliser plants. Thus, primary energy is con-
verted into more useful forms of energy such as electricity, steam, transportation fuels, etc.
These output forms are called secondary energy. The figure below illustrates the relationship
between primary and secondary energy sources.
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TREATMENT Well Mine
4  J ¥ ’17
PROCESSING Treatment Washing Refining Enrichment PRIMARY
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Y v v
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Natural Gas Conl Diesel,
Petro-chemical
. L s
\ 4 | 4 o !
y Ste
Steam am \ [ power
Powe
i Pl‘avntr
plant :
L 4 v \ / ¥ -
SECONDARY
Steam Electricity Steam Electricity Electricity ENERGY

Figure 1.1: Relationship between primary and secondary energy

» Commercial and non-commercial energy

Commercial energy is energy available in the market for a defined price irrespective of the
method of production. All forms of energy that are traded as commodities, whether from
fossil fuels, nuclear or renewable sources, can be classified as commercial energy.

By far, the most popular forms of commercial energy are electricity, coal, refined petroleum
products and natural gas. Commercial energy forms the basis of all industrial, agricultural,
transport and commercial development in the modern world. In industrialised countries,
commercial fuels are the predominant sources of energy not only for industrial use, but also
for many household needs. Examples include electricity, lignite, coal, natural gas, etc.

On the other hand, energy which is sourced within a community and its surrounding areas,
and which is not traded in the commercial market is termed non-commercial energy. Non-
commercial energy sources include fuels such as cattle dung and agricultural (green) wastes,
which are traditionally gathered and used mostly in rural households. These are also called
traditional fuels. Non-commercial energy is often ignored in compiling a country’s energy
statistics. Examples include firewood and agro-waste in rural areas, solar energy for water
heating, animal power for transport, pumping water for tasks such as irrigation and crushing
sugarcane, wind energy for pumping water and electricity generation.

» Non-renewable and renewable energy

Renewable energy is the energy obtained from natural sources which are essentially inex-
haustible and are replenished on a human timescale. Examples of renewable resources in-
clude wind, solar, geothermal, tidal and hydroelectric power (see Figure 1.2). The most im-
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MODULE 1: RENEWABLE ENERGY OVERVIEW

portant feature of renewable energy in terms of its consequences is that it can be harnessed
without the release of harmful pollutants.

RENEWABLE ENERGY NON-RENEWABLE ENERGY

-
Solar energy ]
Fossil fuel oil

CS:D T o 000
577 /' N, S
Hydropower Biomass energy ‘
energy

The fuel of life

2/ N 3 Nb

Geothermal Wind energy
energy

Figure 1.2: Various sources of energy. Renewable energy (left) Conventional (right)

Non-renewable energy resources are naturally occurring resources that cannot be produced,
grown, replenished or used on a scale which can sustain their consumption rate. These re-
sources often exist in a finite amount or are consumed much faster than nature can create
them. Natural resources such as coal, crude oil and natural gas take millions of years to form
naturally and cannot be replaced as quickly as they are being consumed at present. These
resources will be depleted with time.

ENERGY AND THE ENVIRONMENT

» Global warming and climatic change impact

Increasing carbon emissions from human activities and a reduction in the ability of the natu-
ral environment to absorb carbon dioxide result in an accumulation of greenhouse gases
(GHGQG) in the upper atmosphere, which has led to a phenomenon called climate change.
These GHGs trap more and more heat in the upper atmosphere, ultimately leading to in-
creased atmospheric temperatures worldwide. Global warming produces the following ef-
fects:

= Increasing ocean temperatures and rising sea levels: During the twentieth century,
data show that the average sea level increased by about 20 centimetres. The largest
contribution to this rise is from the thermal expansion of ocean water as the ocean’s
warmer water expands and the sea level rises. Coastal flooding will increasingly oc-
cur with rising sea levels. In low-lying countries like Bangladesh, where poverty and
overcrowding are common, people may be forced from their homes. Even developed
countries such as the Netherlands may lose land. Since one half of the world’s popu-
lation currently lives near the coastal zones, human vulnerability to rising sea levels
is very high.

= Melting snow and ice: Ice is already melting worldwide, especially at the Earth’s
poles, which contain mountain glaciers, ice sheets covering West Antarctica and
Greenland, and Arctic sea ice. Melting snow and ice will contribute to rising global
sea levels and also disturb the ocean ecosystem. Fresh water from melting ice caps
will most likely desalinate the oceans and throw ecosystems out of balance. Ocean
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currents, which regulate the temperatures, would then be disturbed. Furthermore,
white ice caps have a cooling effect, as they reflect heat back into space. With their
loss comes a further warming of the Earth. In other areas, as glaciers continue to
shrink, summer water flows will drop sharply, disrupting an important source of wa-
ter for irrigation and power in many locations that rely on mountain watersheds.
Monitoring of Himalayan glaciers indicates that the recession of glaciers has occurred
in some regions, though not consistently across the entire mountain chain.

Altered rainfall patterns: Rainfall patterns would be altered, with some areas getting
more rainfall and others suffering more droughts. On warmer days, more water
evaporates from the soil and trees into the air leading to more clouds and rainfall.
However, water can also evaporate from dry soils, depriving them of already limited
moisture.

Extreme weather events: Cyclones, storms, hurricanes are already occurring more
frequently, and floods and draughts are more intense than before. This increase in ex-
treme weather events is not considered to be random.

More severe heat waves: Heat waves and periods of unusually warm weather are al-
ready happening and are expected to increase with global warming. Presently, many
cities in India are experiencing increasing heat waves due to global warming. Tem-
peratures that would be considered normal in hotter climates can be termed a heat
wave in a cooler location whenever they fall outside the normal pattern for that area.
Severe heat waves have caused catastrophic crop failures, thousands of deaths from
heat stroke and widespread power blackouts due to the increased use of air condi-
tioners.

Loss of biodiversity: Ecosystems will change — some species will move farther North
and successfully migrate; others that cannot move will face extinction. Most of the
world’s endangered species may become extinct over the next few decades as warm-
er conditions alter the forests, wetlands and rangelands on which they depend, with
human development preventing them from migrating elsewhere. The oceans, which
are a source of great biodiversity, would also be affected. For example the coral reefs,
which have a limited tolerance for warm waters, would be severely affected.

Increased diseases: Infectious diseases currently restricted to existing hot regions may
move into the newly warming regions. Malaria is one such disease, spread by mos-
quito vectors, infecting and killing millions each year in warm climates. With rising
temperatures in currently temperate regions, mosquitoes and other insects are ex-
pected to move in, while in regions where they are already present, the transmission
windows for disease could expand. In addition, indigenous disease organisms that
were previously killed by winter cold will be better able to survive milder winters.

Dwindling freshwater supply: A higher sea level also means salty water can infiltrate
fresh groundwater in coastal areas, thus reducing the freshwater supply and render-
ing it undrinkable. This is a major concern, since billions of people on Earth already
lack access to fresh water. Higher ocean levels already are contaminating under-
ground water sources in many parts of the world. Climate change is projected to de-
crease water availability in many arid and semi-arid regions. One third of the world’s
population is now subject to water scarcity.

Food shortages: Food production will need to double to meet the needs of an addi-
tional three billion people in the next 30 years. Water resources will be affected as
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precipitation and evaporation patterns change around the world. This will affect ag-
ricultural output. Climate change is projected to decrease potential crop yields in the
tropics and sub-tropics for almost any amount of warming. Food security is likely to
be threatened and some regions are likely to experience food shortages and hunger.

» Impact of coal mining

Coal mining, the first step in the dirty life cycle of coal, causes deforestation in open cast
mines and releases toxic minerals and heavy metals into the soil and water. The effects of
coal mining persist for years after coal is removed.

METHODS OF MINING

Poor mining practices can result in methane accumulation and fire outbreaks at a coal mine.
These fires can burn for decades, spewing fly ash and smoke laden with greenhouse gases as
well as numerous chemicals. Mining releases methane gas, which is 30 times more potent as
a greenhouse gas than carbon dioxide. Coal dust inhalation causes black lung disease among
miners and those who live nearby, and mine accidents kill thousands every year. Coal min-
ing also displaces whole communities, forced off their land by expanding mines, coal fires,
subsidence and contaminated water supplies. The two most widely used mining techniques
today are open cast or strip mining and underground mining.

Open cast mining - also known as strip, mountain-top or surface mining, this mining tech-
nique involves scraping away earth and rocks to get to coal buried near the surface. In many
cases, mountains are literally blasted apart to reach thin coal seams within and permanent
scars are left on the landscape as a result. Strip mines account for 40% of coal mining activi-
ties worldwide and even 80% in countries that are heavily dependent on coal exports, such
as Australia. Even though it is highly destructive, the industry often prefers strip mining as it
requires less labour and yields more coal than underground mining. Impacts of strip mining
include:

= Destruction of landscapes, forests and wildlife habitats at the site of the mine when
trees, plants and topsoil are cleared from the mining area.

= Removal of vegetation also leads to soil erosion and destruction of agricultural land.

= When rain washes the loosened topsoil into streams, sediments pollute waterways.
This can hurt fish and smother plant life downstream, and cause disfiguration of riv-
er channels and streams, which leads to flooding.

= Increased risk of chemical contamination of groundwater sources, due to seepage of
minerals and chemicals into the water table

= Noise and dust pollution

Although many countries require reclamation plans for coal mining sites (i.e. undoing all the
environmental damage to water supplies, habitats and air quality), reclamation is a long and
problematic task, which is also capital intensive.

Underground mining - although strip mining is more frequent, the majority of the world’s
coal is obtained through underground mines. While underground mining, which allows coal
companies to extract deeper deposits of coal, is viewed as less destructive than open cast
mining, it still causes widespread environmental damage. For instance, in room-and-pillar
mines, columns of coal are left to support the ground above during the initial mining pro-
cess, then they are often taken out and the mine is left to collapse, which is known as subsid-
ence. Impacts of underground mining include:
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* Huge amounts of waste earth and rock to be brought to the surface — waste that often
becomes toxic when it comes into contact with air and water.

= Subsidence as mines collapse and the overlying land starts to sink. This causes seri-
ous damage to buildings.

= Lowering of the water table, changing the flow of groundwater and streams

= Release of greenhouse gases

OTHER IMPACTS

Coal mine methane - coal mine methane, which is released during the coal mining process, is
less prevalent in the atmosphere than CO: but 30 times as potent as a greenhouse gas. Most
coal mine methane comes from underground mines. While this methane is often captured
and used as a town gas, industrial fuel, vehicle fuel and chemical feedstock, it is rarely con-
sumed in its entirety.

Coal fires - coal fires are often caused by using improper mining techniques. When they oc-
cur underground, these fires can burn for centuries, filling the atmosphere with smoke laden
with carbon monoxide (CO), carbon dioxide (CO2), methane (CHs), sulphur dioxide (SOz),
nitrous oxides (NOx) and other greenhouse or toxic gases.

Acid mine drainage - when water mixes with coal or other rocks unearthed during mining, it
could become toxic. This toxic water could seep through the soil structure to contaminate
groundwater, streams, earth, plants, animals and humans. Sources of acid mine drainage can
remain active for decades or centuries after a mine closes.

» Crude oil and natural gas mining

Petroleum or crude oil may exist as
1 1 3 : Floating Compliant
a Comblnatlon Of lquIId, gaseous, Tension Leg Production SeaStar  Tower Fixed
. . SPAR Platform (SP) Platform (TLP)  Systems (FPS) (SSTAR) (CT) Platform (FP)
sticky, and tar-like substances.

Crude oil and natural gas are

a Subsea System (SS)

cleaner fuels than coal, but they
still have many environmental

disadvantages.
771,500 to 3,000 ft
. . 500 to 3,000 ft
Crude oil deposits are usually s ATTTET
small pockets of liquid or gas 010001 150t >

B 000 t0 10,000 f

7,000 ft

trapped within rock layers deep

underground (often under the sea
floor). Extracted crude oil is re-
fined and used to manufacture
gasoline (for transportation) and
petrochemicals (for the production of plastics, pharmaceuticals and cleaning products).

Figure 1.3: Commonly used oil mining platforms — Cour-
tesy: Illustration by Lisa Reed in Environmental Science for
Dummies

Extraction companies pump liquid oil out of the ground by using drilling rigs and wells that
access the oil pockets. The oil fills the rock layers the way water fills a sponge — spreading
throughout open spaces — instead of existing as a giant pool of liquid. This arrangement
means that to pump out all the oil, drillers have to extend or relocate the wells after the im-
mediate area has been emptied. Oil drilling rigs set on platforms in the ocean to access oil
reserves below the sea floor must therefore employ a series of more technically complex drill
rigs built to access oil reserves in deeper water. The figure below illustrates some of the most
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commonly used ocean drilling rigs and platforms as well as the water depths for which they
are best suited.

FRACKING

The demand for natural gas has increased in the last few decades as concerns about carbon
emissions and global warming have grown. The push for cleaner fuels as well as energy in-
dependence from traditional exporters has led the oil industry to explore the extraction of
natural gas locked in reservoirs separate from petroleum as a source of clean fuel. The meth-
od by which this gas is released and captured is termed hydraulic fracturing, or fracking.
Fracking for natural gas requires injecting a liquid mix of chemicals, sand, and water into the
gas-bearing rock at extremely high pressures — high enough to crack open the rock and re-
lease trapped gases. The gas is then pumped out of the rock along with the contaminated
water.

IMPACT OF CRUDE OIL AND NATURAL GAS MINING

Oil is a cleaner fuel than coal, but it still has many disadvantages, such as the following;:

= Air pollution: Refining petroleum creates air pollution. When crude oil is trans-
formed into petrochemicals, toxins which are detrimental to human health and the
ecosystem are released into the atmosphere.

= Toxicity: Crude oil is a mixture of many different kinds of organic compounds, sev-
eral of which are highly toxic and cancer causing (carcinogenic). Crude oil, when re-
leased into the atmosphere (air, land or sea), increases toxicity due to the presence of
harmful substances. Burning gasoline releases CO.. Although crude oil does not pro-
duce the same amount of COz as coal burning, it still produces greenhouse gases and
increases global warming.

= Incomplete combustion: When oil or petroleum distillates are burned, the combus-
tion does not usually run its full course. This means that in addition to water and car-
bon dioxide, the combustion process generates incompletely burned compounds.
These additional compounds are often toxic to life. Examples include carbon monox-
ide and methanol. Also, fine particulates of soot blacken the lungs of humans and an-
imals and can cause heart problems or even death.

= Acid rain: High temperatures created by the combustion of petroleum cause nitrogen
gas in the surrounding air to oxidise into nitrous oxides. Nitrous oxides, along with
sulphur dioxide from the sulphur in the oil, combine with water in the atmosphere to
create acid rain. Acid rain causes many problems such as dead trees and acidified
lakes with dead fish. Acid precipitation caused by acid rain is also killing coral reefs
in the world’s oceans on a large scale.

= Qil spills and environmental damage: The term oil spill refers to the release of a lig-
uid petroleum hydrocarbon into the environment, especially marine areas, due to
human activity, and is a form of pollution. The term is usually applied to marine oil
spills, where oil is released into the ocean or coastal waters, but spills may also occur
on land. Oil spills may be due to the release of crude oil from tankers, pipelines, rail-
cars, offshore platforms, drilling rigs and wells, as well as the spill of refined petrole-
um products and their by-products, heavier fuels used by large ships such as bunker
fuel, or the discharge of any oily refuse or waste oil. Major oil spills in recent history
include the Kuwaiti oil fires and lakes, the Lakeview Gusher, the Gulf War oil spill
and the Deepwater Horizon oil spill. Although large oil spills with catastrophic envi-
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ronmental effects such as the 1989 Exxon Valdez in Alaska or the 2010 BP Deepwater
Horizon in the Gulf of Mexico have received significant media coverage, most of the
oil spilled into ecosystem actually leaks from cars, airplanes, and boats or is caused
by illegal dumping. In Nigeria, oil spills have diminished fish and bird populations,
poisoned local vegetation and contaminated natural water sources. Spills may take
weeks, months or even years to clean up.

» Global primary energy reserves and commercial energy production

Figure 1.4: Some effects of oil spills: Bird unable to fly (left), degraded environment (centre), local
farmer covered in crude oil (right)

CRUDE OIL

The global proven oil reserve (of conventional crude oil) was estimated to be 1.5 trillion bar-
rels! by the end of 2015. Almost 60% of the world’s proven oil reserves are in the Middle
East. Saudi Arabia has the largest share of the reserve with about 21%. Saudi Arabia is the
largest oil producer in the world (as of 2012). With almost one-fifth of the world’s proven oil
reserves, some of the lowest production costs, and an aggressive energy sector investment
initiative, Saudi Arabia is likely to remain the world’s largest net oil exporter for decades to
come. Russia is another major world oil producer, sometimes surpassing even Saudi produc-
tion. Although the United States ranks third in terms of oil production, it only ranks eleventh
in terms of proven oil reserves. Figure 1.4 provides an overview of the top oil producing
countries in 2012. If production continues at today’s rate, in less than 20 years many of the
current top ranking producers such as Russia, Mexico, US, Norway, China and Brazil will
have their oil fields largely depleted, and as a result, will have a much smaller share in the oil
market. At that point in time, the world will have to depend mostly on the Middle East for
crude oil.

Apart from the conventional oil reserves quantified above, another 800 to 900 billion barrels
of unconventional oil reserves comprised of oil sands (or tar sands) and heavy oil are located
in Canada and Venezuela.

Although crude oil still dominates the energy mix, environmental concerns related to global
warming and air pollution have increased the need for a switch to cleaner energy sources
like natural gas, nuclear, solar and wind power.

CoaAL

Coal is the most abundant and geographically widespread fossil fuel and exists as peat,
brown coal (lignite), sub-bituminous, bituminous and anthracite coal.

! www.opec.org/opec_web/en/data_graphs/330.htm
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It is estimated that there are over 826
billion tonnes of proven coal reserves
worldwide. Around half of the world’s
proven reserves are bituminous and
anthracite coal, the latter being the
grade of coal with the highest energy
content. There is enough coal to last
around 122 years at current rates of
production.

NATURAL GAS

Natural gas is a gaseous fossil fuel con-
sisting primarily of methane but also Figure 1.5: Formation of coal
small quantities of ethane, propane,
butane and pentane. Before natural gas
can be used as a fuel, it undergoes ex- Restof World
tensive processing to remove almost all 38%
constituents except methane. It is the
third most heavily consumed form of
primary energy worldwide after crude
oil and coal. Over the past three dec-
ades, natural gas has been seen as an
alternative to the dirty crude oils and a

. . o UAE
coal used in most countries. 14% 4%

Russia
23%

Saudi Arabia
4%

Iran
16%

Natural gas resources are large, but, like

oil they are highly concentrated in a few Figure 1.6: Global distribution of proven natural gas

countries and fields. The global proven reserves

gas reserve was estimated at 185 trillion

cubic metres in late 2008. At current production levels, this reserve will be available for
around 60 more years. The US is the world’s largest natural gas consumer with a share of
22%, followed by Russia with 14%. Other top gas consuming countries include Iran, Canada,
UK, Germany, Japan, and Saudi Arabia. Gas is used extensively for power generation, trans-
portation and heating buildings in most countries.

1.2. RENEWABLE ENERGY RESOURCES AND ENERGY EFFICIENCY

By 1873, concerns of running out of coal prompted experiments using solar energy with the
development of solar engines, which ceased at the outbreak of World War I. The importance
of solar energy was recognised in a 1911 Scientific American article: “in the far distant future,
natural fuels having been exhausted, [solar power] will remain as the only means of exist-
ence of the human race”.

In the 1970s environmentalists promoted the development of renewable energy for two main
reasons: firstly as an alternate source of energy for the eventual depletion of crude oil and
secondly for an independence from crude oil, which was mostly found in regions prone to
political instability. These concerns caused a political push in Western countries to develop
mature technologies to harness the energy stored in sunlight, wind, water and geothermal
sources.
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Economic trends - renewable energy technologies are becoming more affordable thanks to
technological advancements and the benefits of mass production and market competition. A
2011 report by the International Energy Agency (IEA) states: “A portfolio of renewable ener-
gy technologies is becoming cost-competitive in an increasingly broad range of circumstanc-
es, in some cases providing investment opportunities without the need for specific economic
support”, and adds that “cost reductions in critical technologies, such as wind and solar, are
set to continue”.

Hydropower and geothermal energy produced at favourable sites are now the cheapest
methods of generating electricity. Renewable energy costs continue to drop, and the level-
lised cost of energy (LCoE) is declining for wind power, solar photovoltaic (PV), concentrat-
ed solar power (CSP) and some biomass technologies.

The levellised cost of energy indicates the minimum price at which electricity generated by a
specific source must be sold to break even over the lifetime of the generating source. This is
usually represented in unit currency per unit of electricity (e.g. NGN/kWh, USD/kWh). It
gives a quick economic assessment of the total cost of an electricity generating system, which
includes all capital and operational costs over the system lifetime. It is calculated using the
formula below.

yn IetMotFe

(14n)t

e
=1 (141t

LCoE =

Carbon-neutral and carbon-negative fuels: Carbon-neutral fuels are synthetic fuels (includ-
ing methane, gasoline, diesel fuel, jet fuel or ammonia) produced by

= Hydrogenation of waste carbon dioxide recycled from power plant flue-gas emis-
sions

= Recovery of automotive exhaust gas
= Extraction and subsequent processing of carbonic acid from seawater

Fuels retrieved using these methods are considered carbon-neutral because they do not re-
sult in a net increase in atmospheric greenhouse gases.

Renewable energy and energy efficiency are the backbone of sustainable energy policy and
are high priorities in the sustainable energy hierarchy. Renewable energy is the energy ob-
tained from sources that are essentially inexhaustible. Renewable energy systems convert the
energy found in sunlight, wind, falling water, ocean waves, geothermal heat, or biomass into
a useable form of heat or electricity. Another important feature of renewable energy is that it
can be used without the release of harmful pollutants.

Energy efficiency refers to the utilisation of energy in the most cost-effective manner to carry
out a manufacturing process or provide a service, whereby energy waste is minimised and
the overall consumption of primary energy resources is reduced.

RENEWABLE ENERGY

» Solar energy

Solar energy, defined as radiant light and heat from the Sun, is harnessed using a range of
ever-evolving technologies such as solar heating, photovoltaics, concentrated solar power
and solar architecture. In nature, solar energy is harnessed by plants through photosynthesis.

10
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Solar technologies are broadly characterised as either passive solar or active solar depending
on the way they capture, convert and distribute solar energy. Passive solar techniques in-
clude orienting a building at an advantageous angle to the Sun, selecting materials with fa-
vourable thermal mass or light-dispersing properties, and designing spaces that naturally
circulate air. Active solar technologies can be divided into solar thermal energy, which uses
solar collectors for heating, and solar power, which involves converting sunlight into elec-
tricity either directly using photovoltaics (PV) or indirectly using concentrated solar power
(CSP).

A photovoltaic system converts light into electrical direct current (DC) by taking advantage
of the photovoltaic effect. Concentrated solar power systems combine lenses or mirrors with
tracking systems to focus a large area of sunlight into a small beam. Commercial concentrat-
ed solar power plants were first developed in the 1980s.

» Hydropower

Energy in water can be harnessed and used. Since water is about 800 times denser than air,
even a slow-flowing stream or a moderate sea swell can yield considerable amounts of ener-
gy. There are many classifications for hydropower, which can be based on dam/weir size,
flow rate, power output, etc.

Table 1.1: Classification of small hydropower schemes

Family Type Power output  Connection
Large hydropower Large >10 MW Grid connection
Small <10 MW Grid connection
Mini <1 MW Possible grid connection
Small hydropower
Micro <200 kW Partial grid connection
Pico <10 kW Island grids

Small hydropower schemes (SHP) typically require less time and effort than large hydro-
power plants in terms of their construction and integration into local environments. For this
reason, the deployment of SHPs is increasing in many parts of the world, especially in re-
mote areas where other energy sources are not viable or are not economically attractive.

» Wind power

Wind power refers to energy extracted from an air flow using wind turbines or sails to pro-
duce mechanical or electrical power. Historically, humans have harnessed wind power for
activities such as milling grain (windmills), pumping water and propelling ships with sails.

» Biomass and biofuels

Biomass is biological material derived from living or recently deceased organisms. It most
often refers to plants or plant-derived materials. As an energy source, biomass can either be
used directly via combustion to produce heat or indirectly after converting it to various
forms of biofuel. Conversion of biomass to biofuel can be achieved by different methods
which are broadly classified as thermal, chemical, and biochemical.

Biofuels include a wide range of fuels derived from biomass. The term covers solid biofuels,
liquid biofuels and gaseous biofuels. Liquid biofuels include bio-alcohols, such as bioethanol,
and oils, such as biodiesel. Gaseous biofuels include biogas, landfill gas and synthetic gas.
Biodiesel uses primary materials such as vegetable oils, animal fats or recycled greases. Bio-

11
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diesel can be used as a fuel for vehicles in its pure form but it is usually used as a diesel addi-
tive to reduce levels of particulates, carbon monoxide and hydrocarbons from diesel-
powered vehicles.

» Geothermal energy

Geothermal energy is from thermal energy generated and stored in the Earth. Geothermal
energy originates from the original formation of the planet (20%) and from the radioactive
decay of minerals (80%). The geothermal gradient, which is the temperature difference be-
tween the planet’s core and its surface, drives a continuous conduction of thermal energy in
the form of heat from the core to the surface.

At the core, temperatures may reach over 5,000°C. Heat conducts from the core to surround-
ing rock. Extremely high pressures and temperatures cause the partial melting of rock, com-
monly known as magma. Magma convects upward since it is lighter than the solid rock. This
magma then heats rock and water in the crust, sometimes up to 371°C.

ENERGY EFFICIENCY

Energy efficiency is defined as the ratio of energy output to input. For instance, the energy
efficiency of an electric motor is the ratio of mechanical output (that is, the work done using
the motor) to the electrical input commonly expressed as a percentage. This approach can be
used widely for various types of equipment such as motors, pumps, compressors, furnaces
and boilers.

The technical definition provided above is seldom used to analyse energy efficiency. In many
real situations, energy efficiency is most often expressed as a surrogate, the ratio of energy
input to the output from a specific activity.

Efficient energy use, sometimes simply called energy efficiency, reduces the amount of ener-
gy required to provide products and services. Improvements in energy efficiency are gener-
ally achieved by adopting a more efficient technology or production process or by applying
commonly accepted methods to reduce energy loss. Some of the reasons for adopting energy
efficiency measures include reduction in energy costs thereby improving profits, corporate
social responsibility and reduction in global levels of CO: and other GHG emissions.

» Energy efficiency in industry

Industrial plants require large amounts of energy to power various manufacturing and re-
source extraction processes. Most industrial processes require heat and mechanical power,
which is primarily delivered as natural gas, petroleum fuels and electricity. In addition, some
industries generate fuel from waste products that can be used to provide additional energy.

Due to the wide variety of industrial processes, it is impossible to describe all possible oppor-
tunities for energy efficiency in industry. These options depend on the specific technologies
and processes in use at each industrial facility. There are, however, a number of processes
and energy services that are widely used across many industries. For example, various in-
dustries generate steam and electricity for subsequent use within their facilities. When elec-
tricity is generated, the heat that is produced as a by-product can be captured and used for
process steam, heating or other industrial purposes. Conventional electricity generation has
an efficiency of about 30%, whereas combined heat and power (also called co-generation)
converts up to 90% of the fuel into usable energy.

12
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» Energy efficiency in buildings
A building’s location and surroundings play a key
role in regulating its temperature and illumina-
tion. For example, trees, landscaping and hills can
provide shade and block wind. In cooler climates,
designing Northern Hemisphere buildings with
south-facing windows and Southern Hemisphere
buildings with north-facing windows increases the
amount of sunlight (ultimately heat energy) enter-
ing the building, thus minimising energy use by
maximising passive solar heating.

A deep energy retrofit is a whole-building analysis
and construction process that is employed to
achieve much larger energy savings than conven-
tional energy retrofits. Deep energy retrofits can
be applied to both residential and non-residential
“commercial”) buildings. A deep energy retrofit
typically results in energy savings of 30% or more,

| B -
perhaps spread over several years, and may sig-  Figure 1.7: The Empire State Building is the
nificantly improve the building’s value. The Em- tallest and largest LEED certified building in

pire State Building underwent a deep energy ret- the western hemisphere

rofit process that was completed in 2013. The applied retrofits led to a 38% (USD 4.4 million)
reduction in annual energy use. The Empire State Building is the tallest Leadership in Energy
and Environmental Design (LEED) certified building in the United States. It received a gold
rating from the organisation in September 2011.

» Energy efficiency for appliances

Modern appliances, such as freezers, ovens, stoves,

dishwashers, clothes washers and dryers, use signifi- VEMH‘

cantly less energy than older appliances. Current ener-

Efficien Television
gy-efficient refrigerators, for example, use 40% less en- - =
ergy than conventional models did in 2001. Modern Ees
power management systems also reduce energy usage
by idle appliances by turning them off or putting them

|G —

into a low-energy mode after a certain time. The impact e
of energy efficiency on peak demand depends on when
the appliance is used. For example, an air conditioner

uses more energy during high-temperature afternoon EEEEZ‘?‘:.‘.?:E‘:‘:"‘ 65
o . . o . ENERGH
hours. Therefore, an energy-efficient air conditioner - e | [T e
will have a larger impact on peak demand than off- B8 | wan
peak demand. An energy-efficient dishwasher, on the 101.6 ao
cm e inch

other hand, uses more energy during the late evening | zo10/1062 2020
when people run the machine after dinner. This appli- Figure 1.8: EU energy label for a 40-
ance may have little to no impact on peak demand. To inch television
facilitate comparison, many countries require manufac-

-

turers of electronic appliances to identify the energy consumption of the products on their
packaging. An example of one such label is shown below.
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» Energy efficiency in transport

There are several ways to enhance a vehicle’s energy efficiency. Engines and transmission
components provide the largest scope for improvements. Other factors such as improved
aerodynamics also matter as they minimise drag to improve fuel efficiency. Vehicle weight
reduction can also improve fuel economy, which is why composite materials are increasingly
used in car bodies. Another way to enhance efficiency is through the use of alternative fuels.
Non-conventional or advanced fuels are any suitable fuel materials or substances other than
conventional fuels. Some well-known alternative fuels include biodiesel, bio-alcohol (metha-
nol, ethanol, butanol), chemically stored electricity (batteries and fuel cells), hydrogen, non-
fossil methane, non-fossil natural gas, vegetable oil, etc. The mainstream trend in automotive
efficiency is the rise of electric vehicles (all electric or hybrid electric).

1.3. RENEWABLE ENERGY IN NIGERIA

Basic human needs such as cooked food, comfortable room temperature, adequate lighting,
the use of appliances, necessary health care (refrigerated vaccines), educational utilities, agri-
cultural and trading activities, transport services, etc. rely largely on energy. Therefore, sus-
tainable access to clean energy is essential for achieving socio-economic advancement and
poverty eradication. Renewable energy has the potential to create jobs, improve livelihoods
and open up the market in rural areas.

SOURCES OF RENEWABLE ENERGY IN NIGERIA

Renewable energy resources — especially solar energy, biomass, small and large hydropow-
er — are present in varying amounts in different parts of Nigeria. The Federal Government of
Nigeria envisions and promotes the initiative on rural electrification through renewable en-
ergy sources most notably through its “Operation Light-Up Rural Nigeria”, which targets
rural communities not connected to the national grid.

» Solar

Nigeria’s location between the latitudes of 3°N and 14°N ensures that it receives an average
of 2,100 kWh/m? of global horizontal irradiation annually. If harnessed using solar PV, only
1% of Nigeria’s land area could theoretically produce 207,000 GWh of electricity. This is
equal to ten times the current electricity production (national grid) in Nigeria'. However, the
potential for concentrated solar electricity is limited to the northernmost region of the coun-
try due to its semi-arid climate.

In light of this potential, various solar photovoltaic projects are being planned, ranging from
kilowatt-scale mini-grids to multi-megawatt utility-scale plants. For example in July 2016,
power purchase agreements (PPAs) worth USD 2.5 billion were signed by Nigerian Bulk
Electricity Trader (NBET) with 14 firms?.

» Wind

At present, wind energy makes up a minor share of national energy consumption, with no
commercial wind power plants connected to the national grid as of 2015. The only notable
wind energy project under construction is the 10 MW wind farm situated in Katina state.

! Nigerian Energy Sector Study, GIZ-NESP, 2015
2 www.vanguardngr.com/2016/07/solar-power-devt-investors-commit-2-5bn-14-projects/
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» Hydro

Nigerian’s hydropower potential is high and hydropower currently accounts for about 32%
of the total installed electric power generation capacity. It is estimated that the large and
small hydro reserves are 11,500 MW and 3,500 MW, respectively. Nigeria’s installed hydro-
electric power generation stands at 1.9 GW, distributed across three plants, namely, Shiroro
at 600 MW, Kainji at 760 MW and Jebba at 500 MW.

» Biomass energy

While there is a huge potential (estimated 11 million hectares of forest, 28.2 million hectares
of arable land and 112 million farm animals) for biomass-based energy production in Nige-
ria, this resource remains largely untapped. Biomass sources such as municipal solid waste
generated by households and areas of concentrated population, as well as agricultural waste
which is very common in the form of rotting farm produce, have not been harnessed even
though there are several proofs of concept and academic papers stating the viability of bio-
mass energy as a fuel source for large power plants.

1.4. ENERGY ACCESS AND POVERTY ALLEVIATION

DEFINITION

The term “energy poverty” refers to the lack of affordable and reliable access to modern en-
ergy services. Very low energy consumption, use of dirty or polluting fuels, and excessive
time spent collecting fuel to meet basic needs affects the overall well-being of individuals
and populations. While it is inversely related to access to modern energy services, improving
access is only one factor in efforts to reduce energy poverty. Energy poverty is distinct from
fuel poverty, which focuses solely on the issue of affordability.

According to the Energy Poverty Action (EPA) initiative of the World Economic Forum, "Ac-
cess to energy is fundamental to improving quality of life and is a key imperative for eco-
nomic development. In the developing world, energy poverty is still rife. Nearly 1.6 billion
people still have no access to electricity.™

» Domestic energy poverty

Domestic energy poverty refers to a situation where a household does not have access or
cannot afford to have the basic energy or energy services to meet day-to-day living require-
ments. Requirements change from country to country and region to region. The most com-
mon energy needs are lighting, cooking and ventilation or cooling. In most countries, a
household is said to be in energy poverty if it does not receive a minimum of 1 unit of elec-
tricity (kWh) per day.

Until recently, energy poverty definitions took only the minimum required energy quantity
into consideration when defining energy poverty, but a different school of thought is that not
only energy quantity but also the quality and cleanliness of the energy used should be taken
into consideration when defining energy poverty. Practical Action, an international NGO
with a focus on technology use to combat poverty in developing countries has laid out the
following definition:

“A person is in ‘energy poverty’ if they do not have access to at least:

1T EPA brochure

15



MODULE 1: RENEWABLE ENERGY OVERVIEW

= The equivalent of 35 kg liquefied petroleum gas (LPG) for cooking per capita per year
from liquid and/or gas fuels or from improved supply of solid fuel sources and im-
proved (efficient and clean) cook stoves

= 120 kWh electricity per capita per year for lighting, access to most basic services
(drinking water, communication, improved health services, improved education ser-
vices and others) plus some added value to local production.
An “improved energy source” for cooking must meet three conditions. First, it must require
less than four hours per person, per week and per household to collect fuel. Second, it must
meet the recommendations of the World Health Organization (WHO) for air quality (maxi-
mum CO concentration of 30 mg/m? for exposure periods of up to 24 hours and less than
10 mg/m? for exposure periods of up to 8 hours). Third, it must demonstrate an overall con-
version efficiency greater than 25%.

THE MILLENNIUM DEVELOPMENT GOALS (MDGS)

» Overview

The Millennium Development Goals (MDGs) were commonly described as a roadmap for
world development by 2015. They symbolised the core content of the development agenda of
“global governance” and international development cooperation.

In recognition of the central role of energy for the MDGs, the United Nations Development
Programme (UNDP) concluded that energy is the fundamental prerequisite for achieving the
MDGs and that access to energy, especially in the form of clean and affordable electricity,
can help achieve substantial social and economic development.

With the yearly issue of the Millennium Development Goals Report tracked by the UNDP,
the process of planning, implementing and monitoring the MDGs in a holistic manner has
brought together a host of international organisations, financial institutions, bilateral agen-
cies, non-governmental organisations (NGOs), civil leaders, pressure groups, private indi-
viduals and sovereign national governments. The MDGs seek to attain the following objec-
tives:

¢ Eradicate extreme hunger and poverty

e Achieve universal primary education

* Promote gender equality and empower women
« Reduce child mortality

e Improve maternal health

e Combat HIV/AIDS, malaria and other diseases

» Ensure environmental sustainability

» Develop a global partnership for development

There are several challenges to realising the benefits of the MDGs:

= Lack of reliable and consistent baseline data, inadequate data collection systems and
improper analysis

= Lack of strategic and sustainable planning (in part due to inadequate data)
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= Poor access to private, safe and clean toilets, thus leading to more infections and ill-
nesses

= Poor access to and high cost of health facilities, particularly primary health care

= Huge funding gaps, failure and inability of some states to contribute counterpart
funds to the Universal Basic Education (UBE) programme

* Human capacity challenges, inadequate human capacity at all levels (federal and
state ministries, departments, agencies and local governments), as well as a lack of
discipline in implementing programmes, resulting in poor project execution

= Weak governance

= Security and human right challenges

= Prevalence of sexual and gender-based violence against women and girls

= Accountability environment and poor coordination between tiers of government

= Socio-cultural practices such as early marriage, which most often deters girls from
completing their education

SUSTAINABLE DEVELOPMENT GOALS (SDGs)

The Millennium Development Goals (MDGs) lapsed in 2015 and were replaced by the Sus-
tainable Development Goals (SDGs). The SDGs are essentially 17 goals with 169 targets rati-
fied by 193 countries in an attempt to kindle action in areas of critical importance to humani-
ty.

The agenda of the SDGs, though ambitious, is expected to shape development efforts for the
next 15 years. Coming at a time in human history where we have never been as challenged
by issues such as migration, conflict, famine, droughts and climate-related disasters, global
support for the adoption of these new universal goals is high.

There is widespread agreement that the solution to these challenges and other urgent issues
can only be found in a truly global endeavour, one in which all countries — developed and
developing, rich and poor — are committed to fulfilling this vision.

The SDGs take into account the different national realities, their capacities and levels of de-
velopment while respecting national policies and priorities. All 17 goals are integrated and
indivisible. They have a global focus and are universally applicable.

SDG targets are defined as aspirational and global. Each government is expected to set its
own national targets guided by the global consensus to act, while taking into account nation-
al circumstances. Each government will also decide how these aspirational and global targets
should be incorporated into their national planning processes, policies and strategies.

Table 1.2: The 17 Sustainable Development Goals

Goal

End poverty in all its forms everywhere

End hunger, achieve food security, improve nutrition and promote sustainable agriculture

Ensure healthy lives and promote well-being for all at all ages

Ensure inclusive and equitable quality education and promote lifelong learning opportunities for all
Achieve gender equality and empower all women and girls

Ensure availability and sustainable management of water and sanitation for all

N|{oo o AW N

Ensure access to affordable, reliable, sustainable and modern energy for all
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Goal

Promote sustained, inclusive and sustainable economic growth, full and productive employment and
decent work for all

9 Build resilient infrastructure, promote inclusive and sustainable industrialisation and foster innovation

10 Reduce inequality within and among countries
11  Make cities and human settlements inclusive, safe, resilient and sustainable

12 Ensure sustainable consumption and production patterns

13 Take urgent action to combat climate change and its impacts
14  Conserve and sustainably use the oceans, seas and marine resources for sustainable development

Protect, restore and promote sustainable use of terrestrial ecosystems, sustainably manage forests,

15
combat desertification, and halt and reverse land degradation and halt biodiversity loss

Promote peaceful and inclusive societies for sustainable development, provide access to justice for all

16 . . . L
and build effective, accountable and inclusive institutions at all levels

Strengthen the means of implementation and revitalise the global partnership for sustainable develop-
ment

17

» Challenges facing SDGs in Nigeria

It is yet to be seen if the challenges faced by the MDGs will prove to be a hindrance to the
successful implementation of the SDGs. Most factors cited can be assumed to pose a serious
challenge to achieving the aims of the SDGs in Nigeria. On the other hand, previous chal-
lenges such as security, human rights issues and sustainable planning are currently being
addressed and Nigeria is achieving small victories in this regard.

SUSTAINABLE ENERGY FOR ALL (SE4ALL)

The Sustainable Energy for All (SE4ALL) initiative brings together top-level leadership from
all sectors of society — governments, businesses and civil society — with the goal of attaining a
broad-based transformation of the world’s energy systems for a more prosperous, healthier,
cleaner and safer world for this and future generations. First envisioned in 2011 for imple-
mentation by 2030, the objectives of SE4ALL include the following:

= Providing universal access to modern energy services
= Doubling the global rate of improvement in energy efficiency
= Doubling the share of renewable energy in the global energy mix!

By 2015, the initiative aimed to accelerate the provision of electricity to 200 million people,
and clean and efficient cooking and heating solutions to 400 million individuals. In advanc-
ing its objectives, areas of intervention include renewable energy procurement, clean cooking
solutions, gas flaring reduction, sustainable biofuels, off-grid lighting, and advanced light-
ing/appliance efficiency.? Through an emphasis on energy access which is crucial for socio-
economic development, the initiative simultaneously draws attention to the need to invest in
renewable energy, which not only creates local jobs and economic growth but can reduce
greenhouse gas emissions and local pollution. Therefore, working to ensure universal energy
access is a significant contribution to achieving the Millennium Development Goals (MDGs)
and to promoting sustainable development.

1SE4ALL 2015.
2 Ibid.
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When considering the importance of energy to MDGs, it is important to note that energy is a
critical enabler for primary health care services, especially maternal emergencies during
childbirth. To support women'’s health, SE4ALL is focusing initially on providing clinics with
electricity for lighting and other energy-dependent health services. Thus, access to energy
spurs development on many levels — creating new markets to drive economic growth, im-
proving social equity and protecting the environment for a healthier, more sustainable fu-
ture.!

» Challenges

In Nigeria, one of the main problems facing rural electrification based on renewable energy
sources is the inability of off-grid electrification projects to generate secured returns. This
deters private investors and blocks the further development of these technologies. Consider-
ing further the general absence of public funding in this sector it is unsurprising that policy
and the institutional framework alone have not succeeded in addressing this challenge.

REVIEW QUESTIONS

i.  When is a society said to be in energy poverty? What indicators/factors in your envi-
ronment do you think currently promote or decrease energy poverty?

ii. ~ What are the expected outcomes of the Sustainable Energy for All initiative?
iii. ~ What are the Millennium Development Goals?

iv.  The MDGs face a number of challenges. List and discuss solutions to four of these
challenges.

v.  Assess the current status of 10 of the 17 SDGs for Nigeria.

vi.  Describe the different impacts of global warming.
vii.  Discuss the effects of energy extraction processes on the environment.
viii.  Differentiate between the different classes of energy with examples.

ix. ~ Considering the National Renewable Energy and Energy Efficiency Policy (NREEEP)
2015, discuss the opportunities for renewable energy in Nigeria.
x.  How does energy efficiency affect human activities?

xi.  To what extent have the renewable energy sources in your environment been uti-
lised?
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2. LOAD ASSESSMENT

About this module

The design of any electrification system depends mainly on the electricity consumers and their
characteristics. In renewable energy power supply systems, the energy consumption of the consum-
ers often has a more critical impact on the system design and performance than in conventional
power supply systems. It is important for participant to understand the operating characteristics of
electricity consumers as a source of guidance when designing a system.
Learning outcomes

= At the end of this module, the participant is able to

= Understand the operating characteristics of common electricity consumers

* Understand the importance of energy-efficient appliances

2.1. APPLIANCES

Almost all electrical consumers fall into one of these four categories:
* Lighting equipment
* Motors, including machines, fridges, air conditioners, pumps, etc.
* Heaters

= Electronic devices such as television sets, personal computers, laptops, mobile
phones, entertainment equipment, etc.

LIGHTING

Visible light is just a small part of a broad spectrum of electromagnetic waves. These waves
have both a frequency and a wavelength, the values of which distinguish light from other
forms of energy on the electromagnetic spectrum. Visible light, as can be seen on the elec-
tromagnetic spectrum, as given in Figure 2.1, represents a narrow band between ultraviolet
light (UV) and infrared energy (heat). These light waves are capable of exciting the eye’s ret-
ina, which results in a visual sensation called sight. Therefore, seeing requires a functioning
eye and visible light.

Three primary considerations help ensure energy
efficiency in lighting systems: L

= Selection of the most efficient light source
available in order to minimise power con-
sumption and costs

ye semsitivity V(A
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* Matching the proper lamp type to the in- i

e =
s
tended work task or aesthetic application, el | G
consistent with colour, brightness control 100 o
and other requirements Figure 2.1: Electromagnetic spectrum

= Establishing adequate light levels to main-
tain productivity and security

» Basic parameters and terms

=  Luminous flux: Describes the quantity of light emitted in any direction by a light
source. The lumen (Im) is the photometric equivalent of the watt. The lumen rating of
a lamp is a measure of the total light output of the lamp. Unit: lumen (Im).
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Illuminance (E): Quantity of light which reaches a certain area, also described as the
light intensity of a surface. This measure depends on the strength of the light source
(lumen) as well as on the space between the light source and the surface. Illuminance
decreases by the square of the distance. Unit: lux (Ix) 1 lux =1 lumen/m?2.

Circuit watts: Total power drawn by lamps and ballasts in a lighting circuit under as-
sessment.

Luminous efficacy: Ratio of luminous flux emitted by a lamp to the electric power con-
sumed by the lamp. It is a reflection of the efficiency of energy conversion from elec-
tricity to light. Unit: lumens per watt (Im/W).

Lamp circuit efficacy: Quantity of light (lumens) emitted by a lamp for each watt of
power consumed by the lamp circuit, i.e. including ballast or control gear losses. This
is a more adequate measure for those lamps that require ballasts or control gears.
Unit: lumens per circuit watt (Im/W).

Colour rendering index (CRI): Measure of the effect of light on the perceived colour of
objects. A low CRI indicates that some colours may appear differently when illumi-
nated by the lamp. A CRI of 100 indicates that the colour appears exactly as under
daylight.

» Lamp types

Based on their construction and operating characteristics, lamps can be categorised into four

types:

Incandescent lamps: The principal parts of an incandescent lamp, also known as a GLS lamp
(general lighting service lamp), include the filament, the bulb, the fill gas or vacuum and the
cap. Incandescent lamps (Figure 2.2) produce light by means of a wire or filament heated to
incandescence by the flow of electric current through it. The filament is enclosed in an evac-
uated glass bulb filled with a gas such as argon, krypton, or nitrogen. The presence of these
types of gases serves to keep out oxygen to prevent the filament from burning out and to
increase the brilliance of the lamp.
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Figure 2.2: Cross-section of incandes-
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Figure 2.3: Energy flow diagram of an incandescent lamp

cent lamp

Halogen lamp: This type of lamp has a tungsten filament and a bulb filled with halogen gas.
Current flows through the filament and heats it up, as in incandescent lamps. These lamps
therefore generate a relatively large amount of heat. The halogen cycle increases the efficien-

cy and

extends the service life compared with traditional incandescent lamps. Low-voltage

types are very small and are ideal for precisely directing light, but do require a transformer.
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Fluorescent tube lamp (FTL): A fluorescent lamp is a
glass tube containing a small trace of a gas such as mer-
cury vapour (for a white colour), carbon dioxide (for
green), neon (for red), etc., with a special fluorescent /
phosphorescent coating on the interior surface of the
tube. It contains two filaments, one at each end of the
tube, and when the electrical supply is switched on, the
contacts of the starter open and the filaments glow to
heat up the gas contained inside the tube.

The luminous flux of fluorescent lamp is highly de-
pendent on the ambient temperature. Fluorescent lamps
are about three to five times as efficient as standard in-
candescent lamps and can last about 10 to 20 times
longer. Fluorescent tubes are manufactured in different
lengths, thicknesses and shapes.

Each fluorescent lamp needs a ballast for ignition and
operation. Under operation the ballast consumes addi-
tional power which has to be added to the power con-
sumption of the tube. Conventional ballasts are made of
a copper wire coil. As this coil is an inductive load the
lamp circuit needs a capacitor for power factor correc-
tion.

Table 2.1: Power consumed by different fluorescent tube lamps

Lamp wattage Ballast wattage
18 5
36 10
58 13

filament support (. ']

MODULE 2: LOAD ASSESSMENT

K‘} bulb

tungsten filament

electric arcuit

inert gas A }'_
b=
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Figure 2.4: Fluorescent lamp

Total circuit wattage
23
46
71

Modern FTLs use an electronic ballast for the same purpose. Compared to conventional bal-
lasts, electronic ballasts consume less power while also extending the lifetime of the lamp
and increasing lumen output. Another advantage is that the ballast operates with a very
good power factor (cos ¢ =0.95) and therefore does not need a capacitor to function.

Compact fluorescent lamp (CFL): Compact fluorescent lamps are miniature versions of the
linear or circular fluorescent lamps and operate in a very similar way. CFLs use less power

and have a longer rated life compared to an incandescent lamp. They are designed to replace
an incandescent lamp and can fit into most existing light fixtures formerly used for incandes-

cent lighting.

CFLs are available with a screw or bayonet mount, which fits into standard sockets. The light

they emit is similar to that of common fluorescent lamps.
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Figure 2.6: Cross-section of

compact fluorescent lamp Figure 2.7: Energy flow diagram of a fluorescent lamp

A disadvantage of CFL is that many of them, especially cheap brands, have a poor power
factor, which could be as low as 0.6. Thus, the savings to be gained from using these lamps
may even be lost in such cases.

Mercury vapour lamp: In a \ _15%
mercury vapour lamp, elec- Visible radiation
tromagnetic radiation is creat- 100% >
ed from discharge within mer-

cury vapour, but the basic op- 5% IR

(Infrared Radiation)

-50% Loss by conduction
and by convection

erating principle is different
than a mnormal fluorescent ;5?{;/;“;6, Radiation)
lamp. During operation, the
pressure within the lamp is in
the range of 200 to 400 kPa. It is
not possible to achieve the mercury vapour discharge in a cold lamp. For this reason, the
lamp also includes argon, and the initial arc is struck as an argon arc. The energy from this
discharge vaporises the mercury to get the main discharge going. The mercury vapour lamp
produces a much greater proportion of visible light than a fluorescent lamp and gives off a

bluish white light. Phosphor coating can be added to improve the colour rendering index.

Figure 2.8: Energy flow diagram of a mercury vapour lamp

Sodium vapour lamp: Alt-
hough low-pressure sodium

-30%
oo Visible radiation

vapour (LPSV) lamps are simi-

lar to fluorescent systems (be-

cause they are low-pressure

systems), they are commonly -20% IR -60% Loss by conduction
. . . (Infrared Radiation) and by convection
included in the HID family.
. 05%UV
LPSV lamps are the most effi- (Ultraviolet Radiation)
cacious llght sources, but they Figure 2.9: Energy flow diagram of a sodium vapour lamp

produce the poorest quality

light of all the lamp types. Under an LPSV source, all colours appear black, white, or shades
of grey. LPSV lamps are available in wattages ranging from 18 to 180 W. LPSV lamp use has
been generally limited to outdoor applications such as security or street lighting and low-
watt indoor applications where colour quality is not important (e.g. stairwells). However,
because the colour rendition is so poor, many municipalities do not permit the use of LPSV
lamps for roadway lighting.

24



MODULE 2: LOAD ASSESSMENT

The high-pressure sodium vapour (HPSV) lamp is widely used for outdoor and industrial
applications as it emits a yellowish light. Its higher efficacy makes it a better choice than
metal halide for these applications, especially when good colour rendering is not a priority.
HPSV lamps differ from mercury and metal-halide lamps in that they do not contain starting
electrodes; the ballast circuit includes a high-voltage electronic starter. The arc tube is made
of a ceramic material, which can withstand temperatures up to 1,300°C. It is filled with xenon
to help start the arc, as well as a sodium-mercury gas mixture.

Metal halide lamp: The metal hal-
ide lamp can be considered as a
variant of the high-pressure mer-  1gg9, >
cury vapour lamp (HPMV). In ad-
dition to mercury vapour and ar-

\ -25%
Visible radiation

gon, this lamp contains various

20% IR -50%
metal halides. The halides can be a (Infrared Radiation) Loss by conduction

. X and by convection
mixture of rare earth halides, usu-

ally iodides or a mixture of sodium
and scandium iodide. The mercury
vapour radiation is augmented by
that of the metals. Metal halide lamps have a significantly better colour rendering index than
mercury vapour and can be tailored by the choice of halides.

Figure 2.10: Energy flow diagram of metal halide lamp

Light-emitting diode (LED) lamp:

An LED is a special variant of the

p-n junction. Electron-hole recom- - {” ' ‘l
bination can result in the emission ‘o
of photons, the wavelength of SSVIT
which depends on the energy gap

between the conduction band and

valence band. LEDs are potentially = e

excellent sources of near- Figure 2.11: Energy efficient LED lamps

monochromatic light. When white
or any intermediate colour is needed, it is possible to achieve this by mixing three colours.

WA

et

For white LED lamps the lumens output varies from 30 to 50 lumens per watt. Because of the
low power requirement for LEDs, using solar panels becomes more practical and less expen-
sive than running an electric line or using a generator. Hence, an LED with battery backup
for remote application is very economical. However, unlike incandescent lamps, LEDs do not
radiate light in 360 degrees. The light will be bright only where it is focused.

» Other lamp types

DC lamps: CFL, halogen and LED lamps are also available for extra-low voltage (ELV) and
DC applications, mostly for 12 V as well as some very few products for 24 V systems on the
market. These offer an advantage especially in small renewable energy power supply sys-
tems which use batteries for energy storage (solar PV, small wind). Because no inverter for
AC conversion is necessary, costs can be saved and the reliability and efficiency of the sys-
tem improved.
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Table 2.2: Characteristics of different lamp types

Lamp type

Incandescent

Halogen lamps

LED lamps

Compact fluorescent
lamps (CEL)

High-pressure

mercury (HPMV)

Fluorescent lamps
with magnetic ballast

Fluorescent lamps
with electronic ballast

High-pressure sodium
(HPSV) SON

Metal halide lamps

Low-pressure sodium
(LPSV) SOX

MOTORS

Efficacy
(Im/w)

8-18

18-24

30-50

40-70

44-57

46—-60

50-65

67-121

75-125

101-175

Colour
rendering

Excellent
(100)

Excellent
(100)

Good
(70)

Good to very
good (65-85)
Fair
(45)

Good
(67-77)

Good
(67-77)

Fair

(22)

Good
(70)

Poor
(10)

Typical
application

Domestic, commercial,
public buildings

Domestic, commercial,
public buildings flood

Stadium exhibition
grounds, construction
areas

Domestic, commercial,
public buildings, read-
ing lights, desk lamps,
spotlights, security
lights, signage

lighting

Domestic, commercial,
public buildings

Factories, garages, car
parking, streetlights,
floodlighting

Domestic, commercial,
public buildings

Domestic, commercial,
public buildings

Factories, garages, car
parking, streetlights,
floodlighting

Industrial bays, spot
lighting, flood lighting,
retail stores

Tunnels, canals, street
lighting
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Average
lifetime (h)

1,000

2,000-4,000

40,000-100,000

8,000-10,000

5,000

5,000

7,000

6,000-12,000

8,000

6,000-12,000

Power factor
(cos @)

1

0.9-1

0.6-0.7

0.9 with pow-
er factor cor-
rection

0.9 with pow-
er factor cor-
rection, 0.5
without

1

0.9 with pow-
er factor cor-
rection

0.9 with pow-
er factor cor-
rection

0.9 with pow-
er factor cor-
rection

Motors convert electrical energy into mechanical energy by the interaction between the mag-
netic fields in the stator and rotor windings. Electric motors can be broadly classified as AC
motors and DC motors. AC motors can be single-phase or three-phase.

= AC motors: Include induction motors (asynchronous motor), synchronous motors
and linear motors, all with several sub-types such as squirrel cage, wound rotor, slip
ring, permanent magnet synchronous, etc.

= DC motors: Include brush DC and brushless DC (again with sub-types such as servo,
permanent magnet, universal, etc.)

= All motor types have the same four operating components: Stator (stationary wind-
ings), rotor (rotating windings), bearings, frame (enclosure).
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» Motor types and function

INDUCTION MOTORS (ASYNCHRONOUS MOTORS)

An AC induction motor, like most motors,
has a series of fixed outer windings called
the stator. A spinning rotor inside the stator
creates a magnetic field that induces a volt-
age in the rotor windings. As the rotor
windings are short-circuited, a current flows
which generates a magnetic field around the
windings. As a result of the rotating mag-
netic field of the stator and the magnetic
tield around the rotor windings, the rotor
starts moving in line with the stator field
rotation and eventually begins to spin. If
only a single-phase supply is available, a
capacitor is used to create a shifted phase
from the original phase. In this way the original phase, shifted phase and neutral work as the
three phases in generating the rotating rotor field. Induction motors are commonly used in
domestic applications such as water pumps.

Figure 2.12: Induction motor

SYNCHRONOUS MOTORS

Like an asynchronous motor, the synchronous motor generates a rotating magnetic field in
the stator windings. The rotor of the synchronous motor has magnets, either electrically ex-
cited magnets (from DC voltage sup-
plied by brushes) or permanent mag-

nets. The rotor magnets follow the rotat- o i
ing magnetic field of the stator and the B ackety

- - - ‘Commutat
rotor spins. P y ' ;::::, *

DC MOTORS

Direct-current motors, as the name im-
plies, use direct (unidirectional) current.
The stator of a DC motor is made of DC- e
supplied electromagnets or permanent .
magnets. The rotor windings are also
connected to the DC supply which they
use to generate their own magnetic field.
The rotor spins as a result of the attrac-
tion between the two magnetic fields. As the rotor spins, the next winding of the rotor will be
supplied with voltage via the brushes and become attracted by the stator magnetic field. The
previous winding, in turn, will be supplied with a DC voltage in the opposite direction, re-
sulting in an attraction to the next magnetic field of the following stator winding. Direct cur-
rent motors are used in special applications where high starting torque or smooth accelera-
tion over a broad speed range is required.

Armature

Figure 2.13: DC motor

UNIVERSAL MOTORS

A universal motor is basically a DC motor which can also run on AC. Both the stator and
rotor windings are supplied with AC voltage and the rotor windings change their polarity
due to the supply with AC voltage.
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» Motor characteristics

MOTOR SPEED

The speed of a motor is the number of revolutions in a given time frame, typically counted in
revolutions per minute (RPM). The speed of an AC motor depends on the frequency of the
input power and the number of poles for which the motor is wound. The speed of a DC or a
universal motor depends on the voltage supplied. This voltage is controlled via resistors.

POWER FACTOR

The apparent power (VA) is the product of the supplied voltage and current. It is the power
which has to be supplied by the power source (e.g. generator, inverter). The efficient power
(W) is the part of the apparent power which is used in electric power conversion processes.
In an electric motor this is mainly for magnetic fields and conversion to heat. The power fac-
tor of an AC motor is given as:

kW

Power Factor=Cos ¢ =——
kVA

DC motors do not have a power factor and are rated by efficient power alone. It would be
equally correct to say that their apparent power is identical to their effective power and their
power factor therefore is 1.

MOTOR EFFICIENCY

Efficiency is defined as the ratio of the mechanical power delivered at the rotating shaft to
the electrical efficient power input at its terminals. Some possible losses which reduce the
efficiency in an electric motor:

* Electric losses due to resistance in the windings (conversion to heat)

= Ironlosses due to dissipation of the magnetic field in the rotor and stator

* Mechanical losses due to friction in bearings and by airstream

STARTING CURRENT OF MOTORS

For a short moment when switching on, all types of electric motors draw a very high current.
This starting or inrush current is 5 to 10 times higher than the nominal operating current. For
induction motors, the inrush current lasts for about 0.5 seconds, while for DC motors, the
starting current lasts no more than 0.2 seconds. This current surge must be considered when
designing the power supply and protective devices.

MOTOR NAME PLATE
The motor name plate gives all relevant
specifications of an electric motor such
as:

= Supply voltage and frequency

= Current under full load

= Efficient power

= Apparent power, if not given, Figure 2.14: Name plate of single-phase induction motor
can be determined as voltage x

current

= Power factor, if not given, can be determined as efficient power / apparent power
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REFRIGERATION EQUIPMENT
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Refrigerators are categorised into two types: compression fridges and absorption fridges.

» Compression systems

As far as power consumption is concerned, compression
fridges can be seen as electric motors. Most compression
fridges are equipped with a single-phase induction motor
(capacitor motor) to drive the compressor. This type of mo-
tor has a low efficiency and poor power factor unless it has
an added capacitor for power factor correction. Like all elec-
tric motors, induction motors have a very high starting cur-
rent and power, approximately 5 to 10 times the nominal
power for no longer than 0.5 seconds. That means a refrig-
erator with a 100 W compressor motor acts as a 0.5 to 1 kW
load for approximately 0.5 seconds.

Compression fridges are the most common fridges for do-
mestic use. With regards to energy consumption there can
be huge differences between fridges of the same size. A
modern 200-litre fridge-freezer combination might consume
less than 1 kWh per day while a 20-year-old fridge of the

280

kWh/annum
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ENERGY - ENERGIE - ENERGI
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2010/1060

38 dB

Figure 2.15: Energy label for

refrigerator

same type might consume 3 to 4 kWh per day.

Fridges today often come with an energy class label that

indicates their energy efficiency. Super-efficient fridges receive an A+++ rating while ineffi-
cient fridges with high energy consumption receive a class D label. The motors of modern
“A” class fridges often have an improved power factor simply due to an added capacitor for
power factor correction.

The energy consumption of a fridge depends on:

= Size (volume)

* Quality and strength of insulation

= Type, quality and efficiency of motor and compressor
= Ambient temperature

* Temperature set point

= Installation site and orientation (ventilation)

= Usage (door openings, contents)

» Absorption systems

As far as its electrical behaviour is concerned, an absorption fridge can be regarded as an
electric heater in combination with an induction motor (pump).

Absorption refrigerators cannot reach the same low temperatures that can be achieved by
compressor fridges. They are simpler in construction, as no compressor is needed, and there-
fore cheaper. The process heat can also be generated by alternate energy sources as gas or
excess heat from other processes. They have a wide range of applications from domestic to
industrial and outdoor use.
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» Air-conditioning equipment
Most air-conditioning units work basically the same way as a compression fridge. However,
their power consumption is much higher. For domestic use it is usually from at least 1 kW to
several kilowatts, depending on the size of the room to be cooled. Therefore, running an air-
conditioning unit during the day can consume several kilowatts of electrical energy and its
necessity should be considered carefully.

OTHER LOAD TYPES

» Electric heating equipment

Electric heaters are the simplest of all electric devices. They are used for hot water kettles,
water heaters in bathrooms, for heating rooms and for process heat. An electric heater is ba-
sically a heat-resistant conductor with a certain resistance. Depending on voltage and re-
sistance, a current flows and heats up that heating element. Electric power is directly con-
verted to heat. As heat is the desired outcome the efficiency is 100%. The power factor is 1 as
there are little or no magnetic fields.

However, from the perspective of power generation, the overall efficiency of the heating
process is very low. If a diesel generator is used to generate electric power, for example, then
50% of the thermal energy of the diesel would be converted to mechanical energy. From this
mechanical energy, depending on the actual operation, 50 to 80% would be converted to
electrical energy. In total, then, only 25 to 40% of the diesel’s thermal energy is converted to
electrical energy, which would again be converted to thermal energy by the heater. In this
case, it would be much more economical to directly use the diesel fuel for heating instead of
generating electricity for a heater.

» Electronics

Today, electronic devices are part of every household, office or other commercial building.
The most common electronic devices are:

= Mobile phones

= Laptops and PCs

= TV sets, music systems and gaming devices

= Electronic security equipment

= Controlling equipment for devices and machines

As electronic devices in most parts of the circuit use extra-low voltage (5 V, 12 V), the prima-
ry power-consuming device is the power supply. Because most electronics are built for con-
nection to an AC power supply, they need an AC - DC converter.

Modern electronics mostly use switched-mode power supplies (SMPS) as they are cheaper
and can be built smaller and lighter compared to the step-down transformer power supplies
of earlier electronics generations. The disadvantage of SMPS is that they often have a poor
power factor and additionally are a source of harmonic waves on the power line. These two
problems, poor power factor and harmonic distortion, are an additional stress on the electric
power generator, especially for electronic voltage conversion devices like inverters. Howev-
er, some manufacturers have started to offer energy-efficient electronics with a power factor
of 1 which are preferable with regard to saving energy.
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» Power consumption of electronics

The power consumption of electronic devices can vary from very few watts for mobile phone
chargers up to several hundred watts for a large plasma TV. Another concern when estimat-
ing the energy consumption of electronic devices is that almost all devices consume power
even when they are switched off (standby consumption). This can only be avoided by un-
plugging the device from the power source.

Table 2.3: Power and standby consumption of typical electronic devices

Device Operation power Standby power

(w) (w)
Ordinary phone (charging) 3 1
Smartphone (charging) 7 1
Laptop running or charging 20-70 5-15
Laptop running + charging 40-120 5-15
Desktop PC + monitor 60-180 10-30
Inkjet printer 10-30 2-5
Laser printer 100-500 2-5
Mid-size TV 50-100 5-15
Large CRT TV (32 to 51 inch) 100-400 5-15

2.2. LOAD ANALYSIS

BASIC CONCEPTS

When designing a power supply of any kind, it is necessary to investigate the loads which
have to be supplied. The power supply must be able to provide enough power for the peak
load under any conditions. It also must provide the required power for the required period
of time.

» Peak power

The peak power is the sum of the power consumption of all devices which are able to oper-
ate simultaneously. High surges like the start-up power of an induction motor on a refrigera-
tor must be considered, as well as the power factor of certain devices. A poor power factor
results in higher power demands than the efficient power in watts which is usually indicated
on the device label.

» Total energy demand

This is the cumulative sum of energy required by a load over a given period, usually a day. It
is calculated by multiplying the continuous power requirement of each load with the num-
ber of hours in operation. Power supply designers also need to include the standby power
consumption of devices. Standby consumption is measured in watt hours (Wh) from the
point of view of the consumer or in VAh from the point of view of the generator.

Example: Total energy demand calculation

Example: A family’s home has the following electric devices in operation: CFL light bulbs, a TV,
one old large fridge and two laptops. The power consumption and running time for the devices are
given in the table below:
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Comert  quntty "ot Fover g Rumiatne - palh ey
Lights 12 14 0.6 280 5 1,400
TV 1 360 0.9 400 8 3,200
Fridge 1 240 0.6 400 6 2,400
Security lights 8 15 0.6 200 12 2,400
Laptop 2 90 0.9 200 7 1,400
Total 1,480 10,800

= The total apparent power which has to be generated is 1,480 VA.
= The surge power of the fridge is 400 VA x 7 =2,800 VA for 0.5 seconds.

= The power supply must also be able to provide a continuous power of 1,480 VA and a short-term power
of 1,480 VA + 2,800 VA = 4,280 VA for 0.5 seconds.

= The daily energy to be provided by the grid or generator is 10,800 VAh.

» Power supplied by inverters

If the electric power is supplied by an inverter, then the power conversion from DC to AC is
subject to conversion losses. Good quality inverters have an efficiency of more than 90% de-
pending on their mode (charging, discharging or standby) of operation.

Example: The daily apparent energy of 10,800 VAh has to be supplied by an inverter with an efficien-
cy of 90%. The total daily energy demand including the energy losses from the inverter is 10,800
VAh/0.9 =12,000 VAh.

» The load profile

The load profile is basically a timeline showing the hours at which various loads are running.
The load profile requires particular attention from a power generation perspective, especially
when power is generated by a renewable energy power supply which has a limited daily
generation capacity and a daily power generation profile, as for example a solar electric sys-
tem.

Time 1| 2| 3| 4| s| s| 7| 8| 9| 1o| 11| 12| 13| 14[ 15| 16| 17| 18| 19| zo| 21| 22| z3| 24

Daily energy

Solar power generation in KW .
generation

Peak power |0.0[0.0[0.0/0.0[0.0]0.0[0.0]0.3]0.7][1.3[2.0[2.8]/2.9]2.7[2.2[1.8]1.3]0.5]0.0]0.0]0.0]0.0] 0.0[0.0| 18.5 [kwh
kW 5.0

4.0

3.0

20

1.0

0.0 +— T T T T —T 1
0 4 8 12 16 20 24

Figure 2.16: Power generation profile of a 5 kWP solar PV system
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1| 2 3| 4 S| | 7] 8] of 10] 11] 12| 13] 14 15| 16] 17] 18] 19] 20 2] 22| 23] 24

Time
Power consumption in KVA daily energy
Lights 0.3/0.3/0.3/0.3|0.3/0.3 1.8 |[KVAh
v 0.4/0.4/0.4/0.4/0.4|0.4]0.4|0.4|0.4 3.6 [KVAh
Fridge 0.4 0.4 0.4 0.4 0.4 0.4 2.4 |KVAh
Sec. lights |0.2/0.2/0.2]0.2|0.2( 0.2/ 0.2 0.2/0.2|0.2|0.2(0.2( 0.2 2.6 |KVAh
Laptops 0.2/0.2{0.2/0.2(0.2| 0.2/ 0.2(0.2 1.6 |KVAh
Peak power| 0.6 0.2 0.2/ 0.2/ 0.6] 0.2 0.2/ 0.0 0.6] 0.2] 0.2 0.2| 0.6| 0.6/ 0.6| 0.6/ 0.8/0.7[ 0.9] 0.9] 1.30.9/ 0.5/ 0.2 12 [KVAh
kVA 1.4
1.2 //\\
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Figure 2.19: Load profile of a family home
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Figure 2.18: Typical generation profile of a hydropower plant
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Figure 2.20: Generation profile of a wind generator
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» Load optimisation

Load optimisation means using the provided power source in the most efficient way. This
can be accomplished through either of the following:

* Reducing electric consumption by eliminating unnecessary loads or replacing electric
consumers with more efficient ones, e.g. replacing an old fridge with a modern A+++
rated appliance or disconnecting electronic devices from the socket to avoid standby

consumption.

Timing electric consumption to avoid peak loads which might overload the generator or
switching on loads during top electricity-producing hours. For a solar system, this could in-
clude switching on a water pump to refill a storage tank at noon when the Sun is strongest.
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3. GENERATION TECHNOLOGIES

About this module
Solar power provides viable options for solving Nigeria's energy problems. This module introduces
participants to the fundamentals of solar power and the technologies used to harness solar energy.
Learning outcomes
At the end of this module, the participant is able to

=  Explain the photovoltaic (PV) principle

=  Measure characteristics of PV cells

=  Carry out solar resource assessments

= Identify and describe solar technologies for generating electricity

3.1. SOLAR POWER (FOCUS TOPIC)

THE SUN, SUNLIGHT AND ITS PROPERTIES

“The largest and most impressive source of energy in our world and the source of life for
every plant and animal, yet a source so little used by mankind today is the Sun... Solar ener-
gy will continue to flow toward us almost indefinitely.” — Ben Gurion (1956).

» Describing the solar resource

The Sun supplies energy in the form of radiation, without which life on Earth would not ex-
ist. This energy is generated in the Sun’s core through the fusion of hydrogen atoms into he-
lium. Part of the hydrogen mass is converted into energy. In other words, the Sun is an
enormous nuclear fusion reactor. Because the Sun is such a long way from Earth, only a tiny
proportion (around two-millionths) of the Sun’s radiation ever reaches the Earth’s surface.
But this tiny portion contains enough energy to cover the energy demand of the planet many
thousands of times over and even sustain it for the next 5 billion years. If just half of Nige-
ria’s surface were covered by solar panels, the output would be enough to supply the whole
planet with electricity.

We mostly perceive solar energy on Earth in the form of visible light. To understand light,
there are two broad approaches used by scientists:

= Geometric optics, a more classic approach which is important to investigate the light
falling on a solar collector, as well as the shading and design of passive solar systems.

= Quantum mechanics, an approach which is important to understand the interaction
between a solar collector and the incident light impinging on it.

The electromagnetic spectrum presents light as a wave at a particular wavelength. For solar
energy, however, it is difficult to describe light as just waves, since this perspective does not
explain the interaction of light with solid matter, which is the basis of the photoelectric effect.
Albert Einstein explained this relationship in 1905 by describing light as quantum particles
or packets of energy with no mass called photons.
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Figure 3.1: Electromagnetic spectrum

» Terminology and units

RADIATION
= Direct radiation: Radiation that reaches vl
the Earth’s surface directly instead of be- 4@"

ing reflected or scattered. This is called
direct radiation (Gs) and is the radiation
from the visible Sun which is not covered
by clouds.

= Diffuse radiation: Radiation that is scat-
tered before reaching the Earth’s surface
is called diffuse radiation (Gp). Natural

occurrences in the atmosphere such as Figure 3.2: Direct, diffuse and reflected radia-

Reflected

clouds, dust and smoke particles, water tion reaching an object
molecules, etc. increase the occurrence of

diffuse radiation. This type of radiation is why the blue of the sky appears blue or the
white of the clouds white.

* Reflected radiation (Gr) is the radiation reaching Earth’s surface after reflection from
objects not in the atmosphere like clouds, snow or mountains.
= Total global radiation (G) is the sum of three above: G = Gs + Gp + Gr.
For example, on a clear afternoon, direct radiation could comprise up to 85% of total irradi-
ance reaching Earth’s surface, with diffuse and reflected radiation making up the remaining
15%.
SOLAR POWER — IRRADIANCE

Solar radiation is power and the unit for measuring power is watt (W). The term irradiance is
used to describe solar radiation as a source of power. The unit for irradiance is E. However,
irradiance must be defined as power per unit of area, so its unit of measure is often W/m? or
kW/m2.

On a cloud-free day in northern Nigeria, the solar irradiance can reach an intensity of 1
kW/m?2. In some regions, such as deserts, it can reach up to 1.3 kW/m?2.

SOLAR CONSTANT

The solar constant is the measure of the flux density of solar energy, including all wave-
lengths and not only visible light. It is the mean solar irradiance per unit area that would be
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incident on a plane perpendicular to the Sun’s rays received per unit area at the top level of
Earth’s atmosphere. The solar constant varies by about 0.3% over the 11-year solar cycle but

averages about 1,368 W/m?2.

i

Solar Constant:
Entry point into atmosphere:

12,800km

Figure 3.3: Solar constant — Courtesy: Green Rhino Energy Ltd., Green Rhino Energy Ltd.,

AIR MASS

This refers to the length of the
path through the atmosphere to
sea level that is traversed by solar
radiation. The entry point into the
atmosphere is called “air mass 0”
or “AMO0”, where “0” indicates
that there is no air for the light to
pass.

At sea level the radiation from the

Sun at its zenith (0z) corresponds

to an air mass of 1 (AM1). AM1.5

is used to calibrate and gauge the
efficiency of solar cells. Air mass is
an indicator for the spectrum of
radiation reaching the Earth’s sur-
face. At AMO the full spectrum of
radiation as emitted by the Sun is
present; after travelling through the
atmosphere to sea level (AM1), a
part of the original spectrum of
radiation is filtered out, e.g. a large
share of ultra-violet (UV) radiation.

When radiation hits the surface at
an angle other than vertical this
also changes the space of air the
radiation has to travel through,
meaning that the air mass increases.

www.greenrhinoenergy.com

. | Sunrays
 +atnoon

Sunrays
© afternoon
Outer space (AM 0)

AM 1

Earth’s surface

AM 2

b

Figure 3.4: Effect of angle of incident on AM

g

A

Figure 3.5: Determination of AM according to angle of incident -
Courtesy: C. Honsberg and S. Bowden, www.pveducation.org
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1

AM =
cos6

Where 0 = angle of deviation from vertical zenith
SOLAR ENERGY — IRRADIATION

Irradiation refers to the total amount of solar energy received on a given surface during a
particular time period. It is represented by the symbol H and measured in watt-hour per
square metre (Wh/m?). In solar system design it is necessary to know how much solar energy
can be harvested during one day, one month or one year. Therefore solar energy is measured
in kilowatt-hours per square metre per day (kWh/m?/day) or per month or per year.

PEAK SUN HOURS (PSH)

The average daily solar irradia- tiants
tion (kWh/m?/day) incident on t Sun at noon
the Earth’s surface at a particular R i T T

location is sometimes also re-
ferred to as peak sun hours. Peak
sun hours denote the cumulative
number of hours that a solar ra- Son &t mering
diation of 1 kW/m? can be har-
nessed. At morning the sun does
not have its full power of 1 kW/m?2 Figure 3.6: PSH as integration of irradiance over time
and the same applies in the even-

1
[
|
|
|
|
|
5 h x 1000 W/m?
= 5000 Whim* |
|
|
l
i
N

Sun at evening

.. Sunshine

- 5 hours 6pm hours

ing. However, over the course of the day, the solar radiation power at different hours sums
up to a certain amount of energy. The peak sun hours are found by integration of the irradi-
ance over a one-day period.

On a sunny day in northern Nigeria, it is common to experience approximately five hours
with a solar radiation of 1 kW/m?, meaning we have five peak sun hours which is the same
as 5 kWh/m?/d.

» Weather and meteorology

MEASURING THE SOLAR RESOURCE

Solar photovoltaic system design requires that the amount of solar energy available at a par-
ticular site at a given time is known. There are two commonly applied methods for measur-
ing insolation (the amount of solar radiation that reaches the earth’s surface). .

The most common instruments used to measure solar radiation are presented below:
Pyranometer

The pyranometer is designed to measure global radiation. It is normally mounted on a hori-
zontal surface to collect general data for global radiation. However, it is also often mounted
in the plane of a photovoltaic generator in order to measure the global radiation incident on
the PV generator.

Main pyranometer components:

= Thermopile sensor with black coating: Absorbs all solar radiation and has a flat
spectrum covering the 300 to 50,000 nanometre range.
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= Glass dome: Limits the spectral response from 300 to 2,800 nanometres (cutting
off the part above 2,800 nm), while preserving a 180-degree field of view. Another
function of the dome is that it shields the thermopile sensor from heat loss
through convection.

The black coating on the thermopile sensor absorbs solar radiation. This radiation is convert-
ed to heat. The heat flows through the sensor which generates a voltage output signal pro-
portional to the solar radiation. This signal is recorded for long-term solar energy measure-
ments.

OUTER GLASSDOME

INNER GLASSDOME
THERMISTOR

SENSING ELEMENT
COMPENSATION

ELEMENT
SUBFRAME

DESSICATOR

Figure 3.7: Pyranometer in action (left), schematic of pyranometer (right)

Pyrheliometer

A pyrheliometer is an instrument used for the
direct measurement of solar irradiance; it
cannot measure diffuse radiation. In terms of
its major components and principle of con-
verting irradiance to an electric signal, the
pyrheliometer is similar to the pyranometer.
Sunlight enters the tube of the instrument
through a window and is directed onto a
thermopile sensor, which then converts heat
to an electrical signal that is directly propor-
tional to irradiance. It is used with a solar
tracking system to keep the instrument aimed
at the sun. A pyrheliometer is often used in
the same setup with a pyranometer. Pyranometers and pyrheliometers are very expensive
high-precision instruments.

Bt ISR e

Figure 3.8: Pyrheliometer

Campbell-Stokes recorder

Alternatively, the Campbell-Stokes recorder measures solar radiation by focusing the Sun’s
rays and burning them into a card of heat-sensitive material. The intensity of the traces of
heat gives information about solar radiation intensity. This method is less precise but also
cheaper in comparison to the use of a pyranometer or a pyrheliometer. The technology for
Campbell-Stokes recorders was invented almost 150 years ago and is rarely used today.
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Photovoltaic sensor

A photovoltaic sensor is a calibrated PV cell
which is used to measure irradiance via the
output of generated current. These sensors
cost much less than pyranometers but are less
accurate and cannot capture the full spectrum
of irradiance. They are often used in handheld
instruments for a fast and rough estimate of Figure 3.9: Photovoltaic sensor
solar irradiance at an installation site.

METEOROLOGICAL DATA

Yearly average of daily sums of global horizontal irradiation
(HelioClim-1/PVGIS data, period 1985-2004)

NIGERIA
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PVGIS (¢) European Communities 20022006 http:#ire.jre.cec.eu.intpvgisipy!
HelioClim-1 (c) Ecole des Mines de ParistArmines 20012006 http:/Awww . soda-is.com/

Figure 3.10: Average global horizontal irradiation for Nigeria

The amount of solar radiation on the Earth’s surface depends mainly on four factors:

* Location (latitude)

= Time of year

= Time of day

* Local weather

= Latitude and time of the year

The latitude of a location determines the solar radiation received at that location. Throughout
the year the Sun travels between the Tropic of Cancer (latitude 23.45° N) and the Tropic of
Capricorn (latitude 23.45° S). On 20t or 21¢ June the Sun appears vertically above the Tropic
of Cancer and on 21¢ or 22" December it appears vertically above the Tropic of Capricorn.
The angle between the line joining the centres of the Sun and the Earth and the equatorial
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plane is called the solar declination and is denoted mn
by d. This angle is zero at the equinoxes on 20%
March and 227 or 23+ September. Seasonal varia- -
tions increase with an increase in latitude from the
Equator. This is why Nigeria, which is located be-
tween latitudes 3° N and 10° N, experiences only
two main seasons and Germany, which is located
between latitudes 47° N and 55° N, experiences four

sunrays

30
seasons. e | ' '
im
Time of day - the Earth rotates around its axis every o k
24 hours. Relative to Earth, the Sun stays in its posi-  Figure 3.11: Intensity of sunlight as it im-
tion. On the Earth we perceive the Sun as “rising” in pinges the Earth’s surface

the morning and “setting” in the evening. At noon

the Sun is at its “highest” point, meaning the angle of incidence is closest to 90°. At an angle
less than 90°, as in the morning and afternoon, the Sun’s rays have to travel through more air
(higher air mass value) until they reach the Earth’s surface, which results in less irradiance as
the atmosphere absorbs some of the radiation spectrum. Also, the radiation power is spread
over a bigger surface of incident when the sunrays come from the side.

Local weather - the local weather is different in every part of the world and is constantly
changing. However, some regions have a “typical” weather, e.g. the Sahara with its constant-
ly high irradiation or mountainous regions that are constantly cloudy with low irradiation.

Collecting meteorological data - meteorological data can be obtained from many sources.
National meteorological institutes can provide data as solar radiation tables for certain sites.
These institutes often publish relevant data on their websites. For example, NASA provides a
free and comprehensive set of meteorological data for every location on Earth that is also
highly relevant to renewable energy systems.!

The most important data for the design of solar electric power supply systems are tables
which indicate the daily irradiation or peak sun hours (PSH) for the desired site throughout
the year. These tables are sometimes called insolation tables.

Table 3.1: Average monthly insolation on a horizontal surface in kWh/m?d for Kainji, New Bussa (latitude
9.86° N) — Source: NASA

Month Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Annual
average

22-yr

avg 573 6.02 6.27 613 575 517 465 438 483 539 573 574 5.47

Table 3.2: Minimum PSH for the same site as a percentage of monthly average values for Kainji, New Bussa
(latitude 9.86° N) — Source: NASA

Month Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

'1—.day 523 456 172 200 126 125 731 171 476 278 403 61.8
minimum
3-day
- 818 769 637 594 636 589 589 533 485 529 723 77.9
minimum

! Meteorological data by NASA:https://eosweb.larc.nasa.gov/cgi-bin/sse/grid.cgi?email=skip@larc.nasa.gov
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Month Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
7-day
. 843 828 89 742 694 687 718 725 739 675 836 838
minimum
14-day
. 875 861 909 836 781 823 79.0 8.8 767 79.2 90.8 88.5
minimum
21-day
. 913 883 930 8389 862 8.5 8.3 843 806 820 928 925
minimum
30-day
. 942 918 936 993 883 932 935 894 8.0 901 935 952
minimum

Table 3.3: Average monthly midday irradiance on a horizontal surface for Kainji, New Bussa (latitude 9.86° N)
- Source: NASA

Month Jan.  Feb.
0.82 0.86

Mar.
0.88

Nov. Dec.

0.81 0.82

Apr.
0.81

May  Jun. Jul.
0.75 0.69 0.60

Aug. Sep. Oct.

22-yr avg. 056 0.65 0.74

PHYSICS OF PHOTOVOLTAICS

A photovoltaic cell converts sunlight directly into electricity. Photovoltaic stands for photo
(light) and voltaic (electricity), whereby sunlight photons move electrons inside the photo-
voltaic cell. The photovoltaic effect was first observed by Alexandre-Edmond Becquerel in
1839. The first photovoltaic cells for commercial use were developed in 1950 at Bell Laborato-
ries, USA, and were initially intended above all for space applications.

» Semiconductors

Semiconductors are the foundation of modern electronics. A semiconductor is a material
which possesses electrical characteristics that are midway between metals and non-metals. A
semiconductor is an element or a compound of two or more elements. Semiconductor ele-
ments are sometimes called metalloids. In the periodic system of elements they are placed
between the metals and non-metals. However, the definition of a semiconductor in the peri-

odic system of elements has » o]
. ey e

changed as the newer definition
. Li Be B C N O F Ne

relates more to the physical struc-
ture of the element than the chemi- N@M9 R S C!Ar
K CaSc Ti V Cr Mn Fe Co Ni CuZn Ga Ge As Se Br Kr

cal and electrical characteristics

emphasised in previous definitions. Rb Sr Y 2ZrNbMo Tc Ru Rh Pd AgCd|ln Sn Sb Te | Xe

CsBala* Hf Ta W Re Os Ir Pt AuHg Tl Pb Bi Po At Rn

Semiconductor materials are char-
Fr Ra Ac ** Rf Db Sg Bh Hs Mt Ds Rg Cn

acterised as perfect insulators at a

temperature of absolute zero, with
* Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

charge carriers being made availa-
*Th Pa U Np Pu AmCm Bk Cf Es Fm Md No Lr

ble for conduction as the tempera-

ture of the material is increased. It
is imperative to note that different
semiconductor materials have dif-

Figure 3.12: Periodic system of elements. Metalloids after the
old definition are highlighted in orange, yellow and green,
metalloids after the new definition in grey

ferent electrical and physical properties. Silicon (Si) is the most commonly used semiconduc-
tor material which forms the basis for electronics and solar photovoltaics.
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PHYSICAL STRUCTURE OF SEMICONDUCTORS

Silicon is the most commonly used semiconductor material in the world today. Pure silicon is
rarely found in nature and as such, it often occurs in the form of silicate compounds like
those in common sand. Silicon is a tetravalent element (it has four electrons on its outer
shell). An individual silicon atom is electrically neutral, possesses an equal number of elec-
trons (negatively charged particles) and protons (positively charged particles) and forms
covalent bonds with other silicon atoms. When two atoms share electrons to complete the
structure of their outermost shells, this bond is termed a covalent bond. Each silicon atom
forms four covalent bonds with its four surrounding atoms as shown in the figure below:

Co-valent PN
Bonds —p,/ \ Valence
A Silicon Atom, H » < Shell(m)
Atomic number = “14" \ /
\ — /
- //..\\ ):_:( //..\
PN T X X
~ ~
o0 @ | o9 \ \' \I 4
\\‘\‘:’/ N // N g — 7N //
= L e ~e9o- x__;" ~ .-
-~ / \
/ \
¢
\ @ /’ Shared
A / Electrons
\_.//

Figure 3.13: Silicon atom showing four electrons in outer shell (left), silicon crystal lat-
tice (right) — Courtesy: Electronics Tutorials, wwuw.electronics-tutorials.ws/diode/diode_1.html

ELECTRICAL CHARACTERISTICS OF SEMICONDUCTORS

Semiconductors change their properties relative to the temperature. At low temperatures,
semiconductors act as insulators whereas at high temperatures, they act as conductors. At
higher temperatures, the electrons in the outermost shell of the atom gain enough energy to
break away from the bonds holding them in place, thus enabling them to move freely about
the lattice structure, as is the case in metals. In reality, electrons are never stuck in the cova-
lent bond, except at an absolute zero temperature (0 °C or -273 K). The minimum energy re-
quired to excite an electron, i.e. to enable it to break free of its covalent bond and participate
in conduction, is called the band gap. The space left behind by these “excited” electrons al-
lows the covalent bond to move from one electron to another, thus appearing to be a positive
charge moving through a crystal lattice. The band gap is important because it enables excited
electrons to remain in high-

er energy levels for long EmPtVEO”d“C“On

. and Almost full
enough to be exploited to Aimost emply conduction band
form electric current. cogduc;tion. bagd
An excited electron leaves o leV
behind a hole which can be
filled by an electron from a Valence band
neighbouring atom. This
second electron, on moving Insulator Semiconductor Conductor

to fill the hole created,
leaves behind another hole
which is filled by yet another electron. This constant movement of electrons and the creation
and filling of holes can be illustrated as the movement of positively charged particles

Figure 3.14: Band gaps of various materials
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through the crystal structure of a semiconductor. Thus, holes and electrons are commonly
called carriers.

INTRINSIC SEMICONDUCTOR

A semiconductor material without a significant amount of dopant (impurities) is referred to
as an intrinsic semiconductor. In intrinsic semiconductors, the number of free electrons and
holes is equal, since the creation of an electron in the conduction band creates a matching
hole in the valence band.

Doping - doping refers to a method used to increase the population of holes and electrons by
introducing impurities into the lattice structure of an intrinsic semiconductor. These impuri-
ties contribute more (N-type, negative) or fewer (P-type, positive) electrons to the silicon
crystal than native elements. A doped semiconductor is an extrinsic semiconductor.

N-type semiconductors are created when atoms with one more valence electron (e.g. group
V) are introduced as impurities into an intrinsic semiconductor. The spare electron roams
freely about the lattice structure of silicon thereby increasing its conductivity due to the in-
creased number of available electrons.

P-type semiconductors are created when the dopant carries one less valence electron (e.g.
group III). The result is a material with a spare hole as four electrons are required to com-
plete the bonding for an intrinsic semiconductor. P-type materials increase conductivity due
to the increased number of holes in their structure. For use in photovoltaic cells both types of
doped silicon are necessary.
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Figure 3.15: Arrangement of electrons in intrinsic silicon (left), N-type silicon (centre) and P-type silicon (right)

Table 3.4: Summary of doping in silicon

N-type (negative) P-type (positive)
Dopant Group V (e.g. phosphorous) Group Il (e.g. boron)
Bonds Excess electrons Missing electrons (holes)
Majority carriers Electrons Hole
Minority carriers Holes Electrons

P-N JUNCTION

A P-N junction is formed by joining P-type and N-type semiconductor material. On one side
of the junction, there is an excess of electrons (N-type region) and on the other side, there is
an excess of holes (P-type region), an arrangement which creates a concentration gradient
across the junction. This concentration gradient causes the free carriers to diffuse across the
junction in a process called recombination. During recombination, excess electrons from the
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the recombination process leaves
phosphorus atoms with 14 elec-
trons instead of 15, thus leaving
these atoms positively charged.
The movement of free carriers across the junction creates a layer of fixed charge due to the
positively and negatively ionised (i.e. impure) atoms on either side of the junction. This
space charge sets up an electric field that opposes further migration across the junction and
stops the diffusion process. Devoid of free carriers, this region is called the depletion region.
As a result of the electric field, a voltage is induced over the junction.

Figure 3.16: P-N junction when first assembled (left) and after
recombination (right)

PHOTOVOLTAIC EFFECT
The photovoltaic effect refers to the

conversion of light to voltage and Photon$§ Accumulated negative charge

. . . Photon
electrical current. This is possible R

when a photovoltaic material is F‘ } 'n_m')e" T

exposed to light. 4 T TR f. 2 57 veptn
When light (photons) with more l Q.@-{ ......... Q ---E'.e.ct.'?".sl-.}g.‘-------@. i
energy than the band gap hits an 4

electron in the valence band of a plype

silicon atom, it lifts that electron Fr T et PP

into the conduction band. If this Accumulated positive charge

happens close enough to the P-N Figure 3.18: Photovoltaic effect

junction, then the electric field pre-

vents the electron from falling back

to its original position (recombina- Blectrical contacts

tion) and directs that electron from Photons \ a i i

the P-side over the P-N junction to VLH\ = = l B

the N-side, accumulating a negative ’_L N-type

charge on the N-side. The second v Load
result of the movement of electrons |

to the N-side is movement of holes —>

to the P-side, where a positive
charge is accumulated. This accu-
mulation of negative and positive
charge creates a voltage, typically
0.6 V, across the solar cell.

Bottom contact

Figure 3.17: Basic circuit showing electron flow from an N-

type semiconductor material

When a conductor connects to the P-layer and to the N-layer to create a circuit, the electrons
which have accumulated in the N-layer travel back to the P-layer and fill the holes there. As
light (photons) continues to strike into the PV cell, the process of movement of electrons con-
tinues.
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This conversion of light mostly happens in the P-layer since it is much thicker compared to
the N-layer. Most photons simply pass through the N-layer, making it a fleeting stop. The P-
layer is the bottom layer of a solar cell.

LOSSES IN SOLAR PHOTOVOLTAIC CELLS

Efficiency and electric conversion losses - efficiency refers to the percentage of solar radia-
tion that is converted to usable electric energy. Not only the visible light is converted to elec-
tric energy but also invisible radiation as UV and infra-red (IR) radiation. Short-wave UV
radiation is more powerful than long-wave IR radiation.

Losses due to the non-usable radiation spectrum - photons must have enough energy to lift
an electron from the valence band to the conduction band. That band gap differs with the
type of material which is used for the solar cell. Depending on the PV cell material, a major
portion of the solar spectrum cannot be used for lifting electrons into the conduction band
and thus remains ineffective. Either the photons do not have enough energy or they have too
much energy which cannot be fully used.

Losses due to recombination - after the electron is lifted into the conduction band, it might
simply fall back into its original position or into another empty space in a different valence
band. Should this occur, the electron is then lost as part of usable electric current. This pro-
cess is called recombination and depends mainly on the quality of the material. Impurities in
the material and multi-crystalline structures increase the recombination rate of electrons.

Losses due to reflection - a small part of solar radiation never penetrates the semiconductor
material because it is reflected on the material surface or already on the cover glass. Fine
electrical contacts on the upper layer also reflect some of the radiation. Reflection can be re-
duced by using an anti-reflective (AR) coating and by keeping the electrical contacts as thin
as possible.

Electrical losses - electrical losses occur due to the ohmic resistance which the electrons face
on their journey through the semiconductor. This series resistance is mainly influenced by
the electron-emitting N-layer and the surface contacts; it is dependent on the design and
quality of the cell. Internal short-circuits can also occur, mainly due to manufacturing defects
or cell damage, an effect which is referred to as shunt resistance.

In a typical commercial silicon solar cell with an efficiency of 18%, the losses are approxi-
mately distributed as follows:

1: Reflection 3: Recombination
ML Efficiency Si 18%:
| 1 | = o
® "[:]. 60% non-usable energy
(’ 13% reflection
'\ ® 3% recombination
2 3 ® 4 "l:] 6% electrical losses (R)
2: Non-usable energy 4: Resistance 180 W electric
(too much or too little) ~ (of material) e
Figure 3.20: Losses in a silicon photovoltaic solar Figure 3.19: Losses in a PV cell due to reflec-
cell tion and recombination
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» Photovoltaic cell design and material Antireflective
) texture

PHOTOVOLTAIC CELL DESIGN AND STRUCTURE Front contact—/ ;

The basic solar cell is a semiconductor wafer
grown or deposited on a conducting sub-
strate. The area of a solar cell is usually in the
range of 10 to 100 cm?2. The front surface is
usually coated with an anti-reflection (AR)

N-layer (0.002 mm)
P-N junction
P-layer (0.25 mm)

material and contacted with a fine metal grid Rear contact (reflective)
which serves as a conductor for the electrons.
The upper layer where the sunlight first strike Figure 3.21: Typical structure of a solar cell

is the N-layer, which is very thin compared to

the lower P-layer. Under the P-layer is the rear electrical contact. This contact simultaneously
serves as a reflector to reflect unused light particles (photons) back into the solar cell. Cells
are usually connected in series to deliver a useful voltage (17 V to 34 V as standard) before
being encapsulated into modules. A typical device structure is shown above

PHOTOVOLTAIC CELL MATERIALS

There are many semiconductor materials which can be used for solar cells. However, few are
suitable for large-scale manufacturing and commercial use from an economical and envi-
ronmental standpoint. Some are used only in special applications where material costs and
environmental sustainability are not important factors (e.g. space applications). Furthermore,
these various semiconductor materials can be combined in the form of thin layers to create
solar cells that are capable of absorbing a broader spectrum of light, thereby increasing their
efficiency.

The most common material by far is monocrystalline or polycrystalline (multi-crystalline)
silicon. Silicon is relatively cheap, abundant and non-toxic, and benefits from the extensive
development of silicon technology for the microelectronics industry.

The best lab efficiency obtained with a simple silicon solar cell is 24.7%. In mass production,
16 to 20% can be achieved depending on the device technology used. Polycrystalline silicon
is cheaper to produce but delivers a lower efficiency (around 15 to 18% in the best cells).

Thin-film solar cell materials include amorphous silicon, cadmium telluride (CdTe) and cop-
per indium gallium selenide (CIGS). Amorphous silicon has been used as the base material
for inexpensive consumer PV products such as solar-powered calculators, but suffers from
material degradation (Staebler-Wronski effect), which may inhibit its use in higher power
applications.

Figure 3.22: Types of cells: Monocrystalline silicon (left), poly-crystalline silicon (centre) and amorphous sili-
con (right)
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Table 3.5: Comparison of different PV cells
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Cell type Efficiency Advantages Disadvantages
Higher efficiency High amount of waste during manufac-
Good low-light performance turing
M Good power-to-size ratio High retail cost
ono- . . .
tall 16-20% Outstanding performance in cool Poor performance in high-temperature
EHTEOi ine —eY0 conditions environments
Excellent lifespan
Well understood technology
Non-poisonous material
Less expensive to produce than High amount of waste during manufac-
monocrystalline turing
Poly-crystalline 15-18% Slightly better performance in hot-  Low performance in high temperature
silicon °  ter conditions Less aesthetically pleasing appearance
Excellent lifespan
Non-poisonous material
Optimal performance in hotter Expected lifespan is less than crystalline
A h climate panels
morphous . .
- P 6-9% Cheaper to manufacture than Requires 2 to 3 times more panels and
silicon
mono- and poly-crystalline surface area for same output as crystal-
Non-poisonous material line
Low cost of manufacturing Cadmium is very poisonous
Aesthetic appearance Requires a lot of space
Cadmium -10% Can be manufactured to be flexible  Faster degradation than crystalline
telluride ° Excellent performance in high tem-  silicon
peratures
Galli Temperature resistant Very expensive to manufacture
allium arse-
nide 20-30% Suitable for use in space explora- Arsenide is very poisonous

tion

ELECTRICAL CHARACTERISTICS OF PHOTOVOLTAIC CELLS

Equivalent circuit - the complex physics of the photovoltaic cell can be represented by the
equivalent electrical circuit shown Figure 3.23. The circuit parameters are as follows: The
current I at the output terminals is equal to the light-generated current I, less the diode cur-
rent ID and the shunt-leakage current Is. The series resistance Rs represents the internal re-
sistance to the current flow.

The shunt resistance R is inversely related to the leakage current to ground. In an ideal pho-
tovoltaic cell, Rs =0 (no series loss) and Rsh = (no leakage to ground).

In a typical silicon cell, Rs varies from 0.05 to 0.10 Q2 and R« from 200 to 300 €. The conver-
sion efficiency of a photovoltaic cell is sensitive to small variations in Rs, but is insensitive to
variations in Rs.. A small increase in Rs can decrease the output significantly. In the equiva-
lent circuit, the current delivered to the external load equals the current I. generated by the
illumination, less the diode current ID and the shunt leakage current L.
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Figure 3.23: Simplest equivalent circuit of a solar cell

The open-circuit voltage Voc of the cell is obtained when the load current is zero, i.e., when I

=0.

Voltage output - the voltage generated by a solar cell depends mainly on three factors:

= Cell technology (semiconductor type, structure and junctions): A silicon cell usually
has an open-circuit voltage of approximately 0.6 V; other cell technologies can be

slightly higher or lower.

= Temperature: With increasing temperature the open-circuit voltage decreases slight-

ly, approximately 0.5% per Kelvin.

= Irradiance: A solar cell generates its full voltage already at a very low irradiance. This

voltage remains almost constant at any level of irradiance.

Open-circuit voltage (Voc) - this is the
voltage across a solar cell when the re-
sistance between the positive and nega-
tive terminals is infinite. It is the voltage
across the cell under no-load conditions.

Current output - the current generated
by a solar cell depends mainly on three
factors:

= Cell technology (semiconductor
type, structure and junctions):
Certain cell designs can convert a
broader spectrum of solar radia-
tion to electrical current than
others.

= Cell size: A solar cell with a
larger area can absorb and con-
vert more radiation than a
smaller cell.

= Irradiance: The output current
of a solar cell is directly propor-
tional to the irradiance which it
receives.

Short-circuit current (Isc) - this is the
current flowing through a solar cell
when it is not connected to any load
and the voltage across it is zero.

Voc
0.6V

Open-circuit voltage

0.0 '
900 1000

E/Wm-2

: + ‘ ‘ ‘ ‘ ‘
0 100 200 300 400 500 600 700 800

Irradiance

Figure 3.24: Relationship between irradiance and open-
circuit voltage of a solar cell

&
o

Short-circuit current

300 400 500 600 700 800 900 1000

. EWm?
Irradiance ™

Figure 3.25: Relationship between irradiance and short-
circuit current of a solar cell

49



MODULE 3: GENERATION TECHNOLOGIES

I-V curve - the IV curve is often used to illustrate cell performance. It shows the relationship
of current and voltage at open-circuit, load and short-circuit conditions. I-V curves at differ-
ent irradiance levels illustrate that an increase in light intensity causes a clear increase in
short-circuit current and load current and only a minimal increase in the open-circuit volt-
age.

Effect of temperature - higher tempera- | 1000 Wi

tures increase the conductivity of the semi-

conductor, therefore decreasing the effi- EERRERELLL.L

ciency of the solar cell. This occurs because

increased conductivity balances out the = .

charge within the material, which reduces g Aaman:

the magnitude of the electric field at the ©

junction. Charge separation is inhibited mn

and the voltage across the cell lowered. It

should be noted though that a higher tem- ool \

perature increases the mobility of elec- o 06V
trons, which causes the flow of current to

) ] T ] Figure 3.26: Effect of changing irradiation on a solar cell
increase slightly. This increase in move-

ment is, however, minor and insignificant 40
compared to the decrease in voltage. In 35
essence, I-V curves at different temperature 3.0 1

levels show that the open-circuit voltage is
rapidly decreasing with rising temperature e
while the short-circuit current decreases

Sllghﬂy 0.5

Current (A)
N
o

T =60°C 25°C

Power output - when recording the I-V o o1 o0z 03 04 05 06 07
curve of a PV cell under changing load Voltage )

conditions at a constant irradiance and  Figure 3.27: Effect of temperature on the I-V curve of a

calculating the resulting power, it can be solar cell

observed that each solar cell has a certain .

Cell with High Fill Factor

point where maximum performance with  Power
Isc

regards to power output is achieved. This
point is called the maximum power point
(MPP). The voltage level at this point is
approximately 80% of the open-circuit
voltage (Voc). The voltage at this MPP is
called the maximum power voltage (Vwrr).
The current at this MPP is called the max-
imum power current (Imrp).

FF=ImpxVmp
IscxVoc
=area
areaB

Yoc Voltage

Fill factor (FF) - a solar cell does not gen-
erate any power at Voc or at Isc. However,
this theoretical power which is the product
of Voc and Isc is used to determine the fill

Figure 3.28: I-V (red) and power (blue) curves of a
solar cell — Courtesy: C. Honsberg and S. Bowden,
www.pveducation.org

factor of a solar cell. The fill factor is indicated as a percentage and used as a measure of the
quality of a solar cell. The fill factor of a good quality solar cell should be greater than 80%.
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COMPONENTS OF PV SYSTEMS

» PV modules

PV cells are connected electrically in series
to PV modules in order to produce higher
voltages and power levels. Most PV mod-
ules consist of 30, 36, 60 or 72 cells connect-
ed in series. These cells generate an open-
circuit voltage (Voc) of 18.5 V to 22.5 V or 37
Vto45 V.

Figure 3.29: Field of solar panel arrays
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Figure 3.30: Circuit diagram of 36-cell PV module

Primary PV module components:

* Tempered glass cover with antireflective texture

* Laminate for additional sealing of solar cells from environmental impacts such as
moisture

= Solar cell circuit with electrical

contacts
= Second layer of laminate persd gle
n B aCk Sheet Ethyl-\/(ig)\//l;\/?ce(ale

High performance cells

= Aluminium frame

* Junction box for wiring connec-
tions

Aluminium frame
Backsheet
Ethyl-Vinyl-Acetate

= Bypass diode(s) inside the junction
box

Aluminium Thermo Collector

J-box connection with IP-54
(with diodes by pass)

Figure 3.31: Cross-section of PV module
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» Performance of PV modules and STC

Manufacturers of photovoltaic modules provide the technical specifications for their prod-
ucts on a data sheet and on the label on the rear facing of the solar module. However, most
of the stated performance specifications are not real-life values, i.e. values that refer to opera-
tion in a realistic environment, but are based instead on certain laboratory conditions. This
somewhat artificial environment is also known as STC or standard test conditions.

Standard test conditions are used globally by photovoltaic module manufacturers to specify
performance and to compare different modules. STC are based on the following values:

* Temperature = 25°C
= Jrradiance = 1,000 W/m?
=  Airmass=AM1.5

A data sheet section for a “Lorentz LC80-12M”photovoltaic module is shown below. The
tolerance of +3% refers to the power output. The high open-circuit voltage of 22.4 V is typical
for a 36-cell photovoltaic module. The negative temperature coefficient for Pmax and Voc indi-
cates the power and voltage loss with increasing temperature. The positive temperature coef-
ficient for Isc indicates the current gain with increasing temperature.

Electrical Data

Peak power Pmax [wp] 80
Tolerance (%] +3/-3
Max. power current Imp (A] 4.6
Max. power voltage Vmp V] 17.2
Short circuit current Isc (A] 5.0
Open circuit voltage Voc V] 224
Temperature co-efficient for Pmax [%/°C) -0.50
Temperature co-efficient for Voc [%/°C] -0.35
Temperature co-efficient for Isc [%/°C] 0.09
Max. system voltage V] 600

All technical data at standard test condition:
AM = 1.5, E = 1,000W/m?, cell temperature: 25 °C

Figure 3.32: Data sheet section of Lorentz LC80-12M photovoltaic module

Example: At noon and under intense sunlight, the Lorentz LC80-12M PV module reaches a cell tem-
perature of 65°C.

= This temperature is 40°C higher than STC.

= The power loss would be 40 x 0.5% = 20%.

The power output at 1,000 W/m? and 65°C would be 80 W —20% (80 W) =64 W.
The reduction of open-circuit voltage would be: 40 x 0.35% = 14%

Voc would be 19.3 V.
The power output at 600 W/m? and 65°C would be 80 W x 0.6 —20% = 47.8 W.

R

At very low operating temperatures, the voltage and power output of a photovoltaic module
increase. This increase has to be considered when sizing charge controllers. Modules with a
higher number of cells and higher voltages are preferable in off-grid installations at sites
with high temperatures as the output voltage decreases with rising temperature.
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Figure 3.33: Losses in a PV module
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» Operation out

of MPP

* High temp.

* Dust, shading

Shade on a solar module, whether full or partial, has a highly adverse effect and causes a
massive reduction in power output. A shaded cell is not only lost as a generator of electric
power, it also reverses its behaviour from generating current to resisting its flow. As the oth-
er cells still work and generate electricity, they are forced to “push” their current through the
shaded “resistor cell”, which consumes power generated from the other cells. Therefore, a
shaded cell becomes an electrical power consumer.

PV cells

W

|4/ Current

Shaded cell
(Resistor)

T"— ra

Ly L

o

W

I

-

ra L L

Voltage drop

Ly

Figure 3.34: Current pattern in shaded cell

Important - even small amounts of shading — as little as 2% — on a photovoltaic module can
reduce the power output of the module by up to 100%

HOT SPOT EFFECT

When a photovoltaic module is shaded, the shaded cell behaves like a resistor, thereby caus-
ing a voltage drop in the cell. Electrical power is consumed as the shaded cell heats up.
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Figure 3.35: Hotspot in a PV module
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Under certain conditions [see later sec-

tion on shunt (parallel) controllers], this g - - -
one cell can consume the power gener- 1 b - D !
ated by one whole PV module or even \ ¥ Current

by all PV modules connected in series

and therefore become so hot that the cell | ]

and the complete PV module will be scc [ 5239, charge controlier)
destroyed. To avoid this scenario, pow-
erful modules connected in series must Figure 3.36: Bypass of current over diode

be equipped with so-called bypass di-
odes. As Figure 3.36 shows, with a
bypass diode, current is now able to
bypass a shaded cell. Power generated
by other cells is not consumed and the
other modules are protected from
damage caused by a hotspot.

100 ¢

90 5 A 8- cleaned
80 | - ‘ ‘ weekly
70
60 |-
o s
SHADING CAUSED BY DUST 40

. 30
Dust is a source of shade and a very

Relative output as a percentage

+ Never - ™

. o (e 20 '
common factor that significantly re- | cleaned :
10 i .
duces the output of a PV system, espe- ra
0 e S
Claﬂy when the System is mounted on 0 30 60 90 120 150 180 210 240 270 300 230 260

a hard-to-reach site like a tilted roof on
a high building. Dust causes even
shading of all cells and modules and
therefore does not result in hotspots,
but it can easily and quickly lower the system’s performance.

Figure 3.37: Solar array output at different cleaning inter-
vals in % for an installation in Senegal

Table 3.6: Some maintenance activities for solar panel arrays

Frequency of cleaning Effect

Weekly Approximately 10% loss towards the end of the week during dry season, out-
put returns to 100% after cleaning

Monthly Approximately 30% loss towards the end of the week during dry season, out-
put returns to 100% after cleaning

Never Approximately 80% loss towards the end of the dry season, output returns to
100% with beginning of rainy season

» Lifetime

Today’s photovoltaic modules are extremely safe and reliable products, with minimal failure
rates and projected service lifetimes of 20 to 30 years (crystalline silicon) and 7 to 10 years
(amorphous silicon). Most major manufacturers offer warranties of twenty or more years as
the modules maintain high percentage of the initial rated power output.

» Solar array

The connection of several photovoltaic modules to achieve a higher power output is called a
solar array. Depending on how the photovoltaic modules are connected, whether in series or
parallel, it is possible to increase either the voltage or current.

= Series connection to achieve higher voltages:
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Figure 3.38: Connecting identical PV modules in series

The array voltage is the sum of the individual voltages of each solar panel. The array current
is determined by the solar module with the least current.

= Parallel connection to achieve higher currents:

i

Module

Solar t Solar

Panel Panel :
\
|

12V/I9A 12V/9A 12V/I9A

Figure 3.39: Connecting identical PV modules in parallel

The array current is the sum of the individual currents of each solar panel. The array voltage
is determined by the solar module with the lowest voltage.

= Series-parallel connection to achieve higher voltages and currents:

g3sssess SN i
B

Module Array

Figure 3.40: Series-parallel configuration of solar panels

When connecting photovoltaic modules, it is important to remember the following important
points:

= The array voltage is the sum of the individual voltages of each solar panel in a string.
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= The string with the least voltage determines the array voltage.

= The array current is the sum of the individual currents of each string.

= The string current is determined by the current of the photovoltaic module with the

least current.

It is very important that all of the panels in
your array are as identical as possible. In an
array, you should use panels of the same
brand and the same characteristics, because
any difference in their performance will
have a large impact on the health and over-
all performance of your system. Even panels
that have identical performance ratings will
usually display some variance in their char-
acteristics due to manufacturing processes.
The operating characteristics of two identical
panels from the same manufacturer can vary
by as much as #10%. Whenever possible, it is
a good idea to test the real-world perfor-
mance of individual panels to verify their
operating characteristics before assembling
them into an array.

» Mounting

Solar modules and arrays can be mounted
in many ways; however, most systems are
installed on poles, rooftops, or on the
ground, either as fixed-tilt or tracking sys-
tems.

Figure 3.43: Ground-mounted solar PV array —
Courtesy: Melissa Van Hoorne,
http://blog.solarmicronics.co (accessed Jan. 28, 2016.)

Figure 3.41: Rooftop-mounted

Fe N RN

Figure 3.42: Pole-mounted PV array — Courtesy:
Accutrack Solar Systems, www.accutrack.com

Figure 3.44: Tracking systems mounted on poles
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When choosing a location and structure for mounting, achieving the maximum energy yield
is the number one concern. That means aiming to install the system with the best possible
angle and orientation and to avoid shading as much as possible. When mounting on poles or
on the ground, the space between the arrays must be considered to minimise shading in the
early morning or late afternoon. Anti-theft measures should also be taken to protect the pho-
tovoltaic modules. This can be done in several ways:

=  Mounting out of reach (pole, rooftop, perimeter fencing)

= Anti-theft mounting techniques (anti-theft screws, locks)

= Electronic alarm

= Surveillance measures (guards)

Table 3.7: Advantages and disadvantages of mounting sites and techniques

Advantages Disadvantages Application
Simple construction Difficult to clean Inner-city installations
Possible on almost any Signposts and parking lots
terrain
Pole mounting Can be adjusted to opti-

mise tilt and direction
Good protection against

theft

Installation is close to the Feasibility depends on Privately owned systems

consumer resulting in less  roof All buildings with suitable

energy loss Not usually possible to roof

Less mounting infrastruc- optimise direc- Domestic and commercial
Rooftop mounting ture required compared tion/orientation

to other mounting types  Difficult to clean
Less land required

Good protection against

theft
Easy to clean Poor anti-theft protection Suitable for applications
Ground mounting Can be adjusted to opti- that require large arrays

mise tilt and direction

Higher energy yield per Extra cost Suitable for applications
unit area Extra maintenance that require maximum
Higher output power in output on limited space
Tracking systems the early morning and Applications that require
late afternoon increased output in morn-

ing and afternoon, e.g.
pumping systems

A tracking system can achieve an energy yield that is up to 30% higher than that of fixed-tilt
systems. However, tracking systems also involve extra investment and maintenance costs. In
some cases, that extra money might be better spent on extra fixed-tilt solar modules, especial-
ly since the prices for solar modules have greatly decreased in recent years.

» Batteries

A battery is a device that produces electrical energy from chemical reactions. Batteries are an
integral component of every solar-powered off-grid system and account for up to 40% of

57



MODULE 3: GENERATION TECHNOLOGIES

capital costs. They also require maintenance and replacement as they have a finite lifespan
which is less than that of the photovoltaic modules.
CLASSIFICATION OF BATTERIES

Batteries can be broadly classified into primary and secondary batteries, with a number of
subtypes.

/ LAST:
MUCH LONGER

: AVE MONEY'!
T
| f
Electrolyte E(':lﬂ;t())ly)le | : :
(H,80,) U, :’o =
i r
Electrode 2 ’E
Electrode (Pb/Pb0,)
(Pb/PHO,) 13 e

N

Figure 3.46: Electrode structure of starter battery (left)
and deep cycle battery (right) — Courtesy: Professor Ingo
Stadler

Figure 3.45: 1.5 V alkaline batteries

Primary batteries - primary batteries cannot be recharged after use and are discarded fol-
lowing discharge. Most primary batteries are contained within absorbent (semi-solid) mate-
rial and are thus termed dry cells. Examples include 1.5 V alkaline batteries.

Secondary batteries - a battery that can be electrically recharged after use to its original pre-
charge state by passing current through it is called a secondary battery. Examples include car
and laptop batteries.

TYPES OF SECONDARY BATTERIES

Lithium-ion batteries - these batteries are often found in electronic devices such as laptops
and mobile phones. They are currently one of the most common types of secondary batteries
in the market. In this battery, a lithium ion moves from the anode to the cathode during op-
eration, whilst the reverse is the case during the charge process.

Advantages Disadvantages
e High energy density. e Moderate discharge current.
e 1,000 charge cycles. e High manufacturing costs.
e Low self-discharge. e Susceptible to explosion due to mechanical,

e High efficiency. thermal or chemical stress.

e High open-circuit voltage. e Requires built-in protective circuit to keep
current and voltage within safe limits.

e Subject to ageing even when unused.

Nickel-cadmium (NiCd) batteries - the anode of the NiCd battery is made of cadmium, a
poisonous metal, whilst the cathode is made of nickel hydroxide. The anode and cathode are
separated by a layer of nylon. The electrolyte is potassium hydroxide. A typical NiCd battery
weighs about half the weight of a lead-acid battery of comparable capacity and is more toler-
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ant of a wide range of temperatures. However, the NiCd battery is generally being replaced
because of the adverse environmental effect of cadmium.

Advantages Disadvantages
e Simple charger technology e  Memory effect, must be completely dis-
e Long cycle life charged regularly to prevent capacity loss
e Very robust, allows deep discharge and *  Poisonous material

storage in discharged state

e Wide temperature range

Nickel-metal hydride (NiMH) batteries - these batteries are similar in construction to the
NiCd battery with the exception of cadmium, which is a poisonous metal. The anode is made
of metal hydride while the cathode is made of nickel hydroxide. The energy density is more
than twice the energy density of a NiCd battery.

Advantages Disadvantages
e Easyto store and transport e Performance begins to decline after 300
e  More environmentally friendly than cycles
NiCd e Sensitive to faulty charge

e High self-discharge

Table 3.8: Characteristics of different battery types

Nickel- Nickel-metal

Type Lead-acid Lithium-ion cadmium R Nickel-zinc
Cell voltage (V) 2 3.7 1.2 1.2 1.65
Specific energy (Wh/kg) 33-42 100-200 40-60 60-120 100
Energy density (Wh/I) 60-110 200-300 50-150 140-300 280
Self-discharge

(% per month) 2-5% 8-15% 10% 20-30% >40%
at 20°C

Cycles until 80% DoD 200-400 1,000-2,000 1,000 300-500 400-1,000
(c(),g)erat'”g temperature range -20°C-50°C 0°C-50°C  0°C- 60°C 0°C-60°C  0°C-60°C
Relative cost per Wh NGN 60 NGN 200 NGN 600 NGN 400 NGN 120

Leud-ucid battery - the lead- Positive terminal Negative terminal

acid battery is a rechargeable vent cans S
battery in which the electrodes —
are grids of lead containing
lead oxides that change in
composition during charging e donide)
and discharging. The electro-
lyte is dilute sulphuric acid.
The lead-acid battery is the
most common battery used in

Electrolyte solution
(dilute sulfuric acid)

Cell connectors

Protective casing

Cell divider

] Figure 3.47: Components of a lead-acid battery
solar PV systems. It is an estab-

lished technology that is robust and cheap compared to other types of batteries. With proper

59



MODULE 3: GENERATION TECHNOLOGIES

operation it can reach a long lifespan (up to 10 years). Lead-acid batteries are commercially
available in 2V, 6 V, 12V and 24 V as they are made up of cells with nominal voltage of 2 V
each. Hence, a 6 V battery is made up of three individual cells just as the 12 V and 24 V bat-
teries are made of 6 and 12 cells, respectively.

DISCHARGE PROCESS

When the battery is connected to a load, at the positive plate the lead dioxide (PbQO2) reacts
with the sulphuric acid (SOs) ion to produce lead sulphate (PbSO2) and two parts of water.
At the negative plate, lead reacts with acid to produce lead sulphate. Since with the dis-
charge reaction, acid is reduced and water is produced, the acid concentration in the cell
drops with increasing discharge. The discharge process is defined by the following chemical
reaction:

discharge

PbO, + Pb + 2H,S0, ——— 2PbS0, + 2H,0 + 2¢

CHARGE PROCESS

When a current source is connected to a battery, it drives electrons through the battery caus-
ing the lead sulphate to become lead oxide (positive electrode), while the lead sulphate be-
comes lead (negative electrode). The charging process is defined by the following chemical
reaction:

charge
PbO, + Pb + 2H,S0, «—— 2PbS0, + 2H,0 + 2e~

Diffusion

Figure 3.48: Chemical reaction in a lead-acid battery during the discharge process

Table 3.9: Advantages and disadvantages of a lead-acid battery

Advantages Disadvantages
e Mature and dependable e Heavy
e  Cost-effective e Low cycle and deep discharge stability
e Low self-discharge e Cannot be stored in discharge mode

e Low maintenance
e High cell voltage

e  Recyclable

There are two main construction types for the lead-acid battery, namely:
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FLOODED BATTERY

This type of lead-acid battery consists of a lead anode and lead-oxide cathode immersed in a
liquid electrolyte such as sulphuric acid. The lead-acid battery is the most common type of
commercially available battery and has been used for
decades in various applications.

VALVE-REGULATED LEAD-ACID (VRLA) BATTERY

Also known as the sealed or dry battery, the VRLA bat-
tery operates based on the same basic chemistry as the
flooded battery but it uses a semi-solid electrolyte.
Sealed batteries are constructed to prevent gas develop-

ment, which means that they do not require topping up

with distilled water.
Figure 3.49: Typical 12 V dry cell bat-

There are two common types of sealed batteries, name- tery — Courtesy: Wellsee Solar Supply
ly: www.chargeinverters.com

= Absorbed glass matt (AGM) battery: Contains electrodes separated by a mat of glass
fibres which completely absorbs the electrolyte. Most common type of sealed battery
in the Nigerian market.

= Gel battery: Battery electrolyte contains silicic acid which forms a gel. Features a
longer life cycle than the AGM battery.

= Gel battery with tubular plate: Features a high cycle stability and long lifespan

APPLICATION OF LEAD-ACID BATTERIES

Starter batteries - starter batteries are designed to deliver high currents for short periods of
time. They are not designed to be discharged by more than 10% of their capacity. In the event
of a deep discharge, the structure of the lead electrode changes and the lead sulphate which
usually dissolves in the acid crystallises onto the lead electrode in a process known as sul-
fation. Starter batteries can be flooded or sealed. Car batteries are a common example.

Deep cycle batteries - deep cycle batteries are specifically designed for off-grid energy stor-
age and deep cycling. Unlike starter batteries, deep cycle batteries can withstand a discharge
of up to 80% of their rated capacity. This is because their electrodes are made of solid lead
rather than sponge. The thicker plates thereby allow for more cycling of the battery. Deep
cycle batteries can be flooded or sealed.

BATTERY SPECIFICATIONS 120

100h
Capacity - capacity refers to the total amount 100 — 20h
of electrical charge that can be drawn from a 80 . ah
fully charged battery until it is discharged to & 4// " h
a specified voltage. It is measured in ampere- % 0= P 1
hours (Ah). S 40 e

§ . V7

A battery’s rated capacity is measured under 20
specific conditions, usually 20°C, whereas its 0
actual capacity depends on a number of real- 20 <10 0 10 20 30 40 50 °C

life factors including its charge mode, dis-
charge current (a low discharge rate permits
a greater actual capacity) and operating tem-
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perature. The graph below shows the relation between capacity, discharge rate (time) and
temperature of a lead-acid battery.

State of charge (SoC) - state of charge refers to the charge level of a battery. It is expressed as
a percentage. The state of charge is a battery’s actual capacity in proportion to its rated ca-
pacity. If a 100 Ah battery is charged with only 60 Ah, then its SoC is 60%. The SoC can be
determined by measuring the open-circuit voltage across the battery terminals. The table
below shows the indicative SoC for different types of 12 V batteries that are common in PV
and hybrid systems.

Table 3.10: Reference voltage levels depicting various SoC levels for different battery types

Type of battery
SoC Gel Absorb(e: C?"I/’a)ss matt Flooded
100% 12.95 >12.8 12.60
75% 12.74 12.55 12.36
50% 12.54 12.30 12.10
25% 12.34 12.20 11.90
0% 12.10 12.00 11.80

Note that determining SoC by measuring voltage is only accurate when the battery has been
disconnected from charging or discharging for some time. For a small 8 Ah battery you
should wait 30 minutes, while for a large 200Ah battery you need to wait several hours.

Depth of discharge (DoD) - depth of discharge refers to the amount of charge discharged
from the battery in proportion to its rated

capacity. It is expressed as a percentage. For 100

example, if a battery is rated at 200 Ah and \

160 Ah are discharged, then its DoD is 80%. 80 \

Life cycle - the process of discharging and E k'“"“’;’i" batteries
recharging is called a cycle. Battery life is | \<'

expressed in cycle life, meaning a battery can é \ \

be used for a certain number of cycles only. £ Y Consumer \( N |
Manufacturers usually specify the number 8 g‘::r?;l\ y”
after which the battery’s capacity is reduced 20 N i ~—

to 80% of its rated capacity. The cycle life of a

battery depends on the type and quality of 0 e mw  ww e o
the battery and on the daily rate of discharge. 100 Cycle life [cycles]

The deeper the battery is dlscharged during a Figure 3.51: Relationship between cycle life and
cycle, the shorter the cycle life. In solar sys- DoD for a lead-acid battery

tems, a cycle is usually one day, as the battery
is discharged during the night and recharged
during the day.

Self-discharge - irrespective of whether it is connected to a load, a lead-acid battery will lose
energy in a process called self-discharge. The rate of self-discharge of the battery depends on
ambient temperature, as well as the battery type, quality and age.

62



MODULE 3: GENERATION TECHNOLOGIES

Float life - the float or shelf life is the time —
that an unused battery will last when stored 100%
by maintaining a fully charged condition 20°C
through periodic recharging. The float life 75%1
depends on the battery quality and the stor-

age temperature. A high storage tempera- sonc a0°C
ture shortens the battery life significantly.

For example, a high-quality long-life gel
battery can have a float life of 20 years
when stored at 20°C, but its lifespan is re-
duced to 10 years if stored at 30°C.

25% 60°C

T T T
2 months 4 months 6 months

Figure 3.52: Self-discharge rate of lead-acid battery
at different temperatures

Table 3.11: Float life of different lead-acid batteries at different temperatures

Average operating

D AGM, deep cycle Gel, deep cycle Gel, long life
20°C 7-10 years 12 years 20 years
30°C 4 years 6 years 10 years
40°C 2 years 3 years 5 years

CHARGE EFFICIENCY IN BATTERIES

Not every ampere-hour (Ah) going from the charger to the battery is used for charging. The
charge efficiency depends mainly on the battery’s state of charge. Up to a SoC of 70% the
charge efficiency is almost 100%. Above a 70% SoC, the charge efficiency drops rapidly until
it reaches 0 when the battery is 100% charged. Therefore, it is not possible to give a precise
number for the charge efficiency as it depends greatly on the mode of operation and the type
of charger. Overall, charge efficiency generally ranges from 70 to 95%.

Charging of lead-acid batteries - when a battery is being charged, it simply means that a
voltage is applied across the battery which causes current to flow into the battery. As current
flows, the voltage across the battery increases. This phase is called bulk charging.

When the maximum charging voltage is reached, the current must decrease so that the maxi-
mum charging voltage remains constant until the battery is fully charged and current almost
zero. After that, the current and voltage are regulated to maintain the float voltage. The max-
imum charging current should not exceed 10% of the battery’s Ah rating, meaning a 100 Ah
battery should be charged with not more than 10 A, however, some manufacturers allow
higher charging currents up to 30% of the Ah rating.

Charging voltages for different types of lead-acid battery cells are shown in the table below.
However, it is necessary to study the data sheet of each battery as there might be differences
among different manufacturers.

Table 3.12: Cell voltage of different battery types with respect to temperature

Maximum charge absorption V/cell

Battery type 0°C 10°C 20°C 30°C
Flooded 2.55 2.51 2.47 2.43
VRLA AGM 2.53 2.49 2.45 2.40
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Maximum charge absorption V/cell
Battery type 0°C 10°C 20°C 30°C
VRLA gel 2.50 2.45 2.42 2.38

Discharging of lead-acid batteries - when discharging a lead-acid battery, the voltage across
the terminals drops. The higher the discharge current, the greater the voltage drop. In order
to promote a long battery life, the final discharge voltage should not drop below 11.8 V per cell;
however, some manufacturers of high-quality batteries permit a value of up to 11.6 V per
cell.

BATTERY BANKS

When a larger energy storage is needed, several batteries can be interconnected.
In a series connection the voltages of the individual batteries will add up to determine the
voltage while the capacity stays the same. When batteries are connected in parallel, the ca-
pacities (Ah) add up while the voltage remains the same.

+ 48V

-

EHESEES T

Figure 3.53: Connection of batteries in series (left) and in parallel (right)

Batteries can also be connected in a combination of series-parallel connections in order to
simultaneously increase the voltage and capacity.

Note: Make sure to only connect identical batteries, i.e. of same type, age, and with the same

ratings for voltage and capacity.
g g pacity + + o+ T+ o+
. e 12V 12V 12v 12V 12V
However, if larger capacities and 200an | | 200an | | 200an | | 200an | | 200an
higher voltages are required, the T T T 7 T

. . . . 24V 1 1000Ah

more reliable solution is to build a + + + + +
12v 12V 12v 12V 12V
battery bank of 2V cells. Such cells Jav v |y Yy

are generally called OPzS batteries - - - - - .
for flooded batteries or OPzV batter-
ies for VRLA type batteries. When
building a large battery bank, it is
advisable to use as few cells as possible, since each cell is prone to fail.

Figure 3.54: Connection of batteries in series-parallel com-
binations

Figure 3.55: Series connection of 12 units of 2 V cells, forming a 24 V battery bank

For instance, to create a 24 V/1,000 Ah battery bank by combining 12 V/200 Ah batteries in
series-parallel connections, 10 batteries are required. Since each 12 V battery consists of 6
cells, there are now 60 potential sources of battery bank failure. On the other hand, using
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2V/1,000 Ah batteries requires 12 batteries
(cells). 2 V cells are available with capaci-
ties of up to 3,000 Ah.

LEAD-ACID BATTERIES IN OPERATION

Gassing - at the point during charging
when the battery reaches 80% of its capaci-
ty, there is a slight development of gas in
the battery. This occurs because most of
the sulphuric acid has been withdrawn
from the electrodes leaving behind lead
peroxide (PO). Since the battery is almost
fully charged, smaller portions of charge  Figure3.56: 2 V/800 Ah to form a 24 V/800 Ah battery
current are required for the charge process. bank

The remaining current then splits the wa-

ter molecules into oxygen and hydrogen which escape the battery as gas. In flooded batteries
this gas escapes into the environment. This mixture of hydrogen and oxygen is highly com-
bustible and thus the battery should be installed in a well-ventilated room.

In VRLA batteries, the gas stays inside the battery under low pressure and recombines to
form water. If too much gas develops due to high charging voltages, the gas escapes into the
environment through a valve. In VRLA batteries the escape of gas must be avoided as no
battery water can be refilled to balance the loss of water.

Gassing leads to:

= Loss of electrolyte thereby increasing acid concentration
= Loss of electrode material as gasses blast of some of the electrode material

= Possible short circuit due to blasted electrode particles settling at the bottom of the
cell

= Equalisation

Gassing in a flooded battery also mixes the electrolyte which creates a desirable effect for
battery maintenance. Many chargers can perform a so-called equalisation programme. This
activity increases the charging voltage slightly in order to start gassing for a period of ap-
proximately 1 hour. The recommended equalisation voltage for a flooded battery is in the
region of 2.6 volts per cell at 20°C.

Note: Do not apply equalisation to VRLA batteries, as it will result in loss of water which cannot be
refilled.

Sulfation - sulfation occurs when large lead sulphate crystals grow on the electrodes (in con-
trast to tiny crystals that can easily be broken down during charging). These large crystals
block the electrode pores thereby increasing the internal resistance of the battery. This in turn
leads to a reduced surface for the chemical reactions taking place in the battery. Over time
with extreme sulfation, the battery will stop working. Sulfation usually occurs when:

= A battery is stored too long in a discharged state;

* The electrolyte level is very low due to evaporation and gassing;

= The battery is never fully charged.
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Take the following steps to prevent sulfation:

= Charge the battery completely as soon as possible.

= Increase the acid concentration in the cell, since lead sulphate becomes more soluble
with lower acid density.

= Avoid excessive discharging of the battery.

= Equalise flooded batteries (but never VRLA types!).

BATTERY STORAGE AND MAINTENANCE

Follow these guidelines for battery storage.

= Never store a battery in a discharged state.
= Recharge batteries regularly to prevent sulfation.

= Store batteries at low temperatures since high temperatures increase the rate of self-
discharge.

= In terms of battery maintenance, for lead-acid batteries make sure to clean the battery
terminals periodically to avoid short circuits or surface leakage. Also check the con-
nections periodically to make sure they are firm. Flooded batteries require the follow-
ing additional maintenance procedures: Top up electrolyte with distilled water once
it falls below the indicated threshold.

= Charge completely according to the recommended maximum charging voltage and
allow gassing for an appropriate period to ensure that the battery acid is well mixed
(equalisation).

= Disposal of old batteries

Batteries which have reached the end of their lifetime should be sent to recycling. Lead is a
valuable resource. Disposal into nature is very harmful due to the corrosive sulphuric acid
and poisonous lead contained in batteries. Always dispose of dead batteries properly.

» Charge controllers
In a solar photovoltaic system, a charge controller is a device that, as the name implies, regu-
lates the state of charge of a battery bank. The charge controller performs the following func-
tions:

= Charges the battery bank optimally

= Protects the battery bank from deep discharge which could damage the batteries

= Protects the battery bank from overcharging

= Protects the photovoltaic module from damage caused by reverse currents from the
batteries

= Prevents unwanted discharge of the battery bank into the solar modules at night
= Indicates the state of charge (S0C) on a display or using LED indicators

Some charge controllers automatically schedule battery equalisation as a maintenance meas-
ure.

FUNCTION OF CHARGE CONTROLLER

Most solar charge controllers for lead-acid batteries use the three-stage charging algorithm:

* Bulk stage: Maximum current is supplied until the absorption voltage is reached. The
absorption voltage for a 12 V gel battery is approximately 14.4 V.
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Absorption stage: Absorption voltage remains constant and current is reduced until

the battery is fully charged.

Float stage: Constant supply of reduced current for a float voltage of approx. 13.6 V

to maintain charge.

Bulk Stage Absorption Stage Float Stage
Charging B Bulk Volts Setting
Started

Charging Absorption Time Float Volts Setting

Voltage
V Batt. Increasing Voltage Constant Voltage Reduced Voltage

. Max Amps
Chargin,
ging (max 10% C)

current
0Amp. Constant Cumrent Reducing Cument Reduced Current
Time B

Figure 3.57: Three-stage charging algorithm

All charge controllers regulate the voltage from the solar modules to the battery via pulse-
width modulation (PWM). Pulsing occurs at a high frequency with pulse lengths of a few
milliseconds so that a con-

stant voltage is provided.

TYPES OF CHARGE CONTROLLERS

Series (linear) controller -
the series controller pro-
vides the correct charging

voltage

disconnecting the photovol-

by connecting and

taic modules in pulses. Con-
versely, when the battery is
discharged to a set point, and to prevent further discharge (deep discharge), the switch S>
opens and isolates all loads from the circuitry (see Figure 3.59). This switch is automatically
closed once a predetermined voltage level is exceeded during charging.

Series charge controller
S2

Constant on

Pulsing with increasing time between each pulse

Figure 3.58: Pulse-width modulation

+

S oy cument Load current 22~
+ l Battery

A current

. FRRR 1L S—

Charge Rechargeable

controller | | |solar battery

Battery

Photovoltaic generator

[

voltage

Load

Photovoltaic generator

§1

Shunt charge controller

PV current Load current S2

- —r ., *
i

Battery |
8 current |

LT TTTTTTTTTTTTTT PrOraArs e .

__|Charge Rechargeable

el
controller | | [solar battery S I:]

Battery
voltage

Figure 3.60: Basic electrical circuitry of a series
charge controller — Courtesy: Solar Energy Foun-

dation

Figure 3.59: Basic electrical circuitry of a
shunt charge controller — Courtesy: Solar

Energy Foundation

Shunt (parallel) controller - the shunt controller provides the right charging voltage by
short-circuiting the solar modules in pulses. To protect against deep discharge, as in the se-
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ries controller, the switch S:is opened to disconnect the battery bank from the load (see Fig-
ure 3.60).

Table 3.13: Comparing shunt and series controllers

Pros Cons
Series e No risk of hotspots on PV e Higher charging currents lead
modules to high system losses in the
e Charging current from PV mod- form of heat
ules can be interrupted
Shunt e Losses only occur when there is e Short circuit can create a
an excess of energy flowing from hotspot on the PV module.
the PV array. e Charging current from PV

module cannot be interrupted

Maximum power point tracking (MPPT) charge controller - this type of charge controllers is
mostly used in systems larger than 1 kWe. MPPT charge controllers allow solar modules to
always operate in their maximum power point regardless of the required charging voltage
for the batteries. MPPT regulation is performed by scanning and locating the characteristic I-
V curve of the photovoltaic array and then determining the maximum power point. The de-
vice is essentially a DC/DC converter with a capacitor that releases stored energy to match
the known maximum power point of the array.

Common MPPT charge controllers allow a PV input voltage of up to 150 V (depending on
the type) and still charge at battery voltages of 12V, 24V, 48 V or 60 V. In this way the mod-
ules can be connected in series to a maximum open-circuit voltage of 150 V. MPPT charge
controllers increase the efficiency of the system by up to 20%.

SPECIFICATIONS OF CHARGE CONTROLLERS

Charge controllers are rated based on their input voltage and current. Many charge control-
lers can operate at different system voltages, e.g. 12V, 24 V and 48 V. Voltage detection usu-
ally happens automatically once the battery is connected.

The current rating is a fixed value. For example, a charge controller which can operate at a
battery voltage of 12 V and 24 V could have a fixed current rating of 30 A which applies for
both voltages. If the charge controller has a controlled load output, then that same current
rating is also the maximum current which the load output can supply. Good quality charge
controllers have a very low internal consumption of just a few milliamperes (mA) for the
display or indicator lights.

FEATURES OF CHARGE CONTROLLERS
Many charge controllers have a setup function or control buttons for various options includ-
ing:

= Battery type (flooded vs. VRLA)

= Specific charging voltages

= Low-voltage disconnect set points

= Manual or timed switching of load output

= Automatic or manual battery equalisation
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Note: Factory settings for most adjustable charge controllers are adjusted for charging flooded batter-
ies. This algorithm can be harmful for VRLA batteries.

Other features may include:

= Display of battery state of charge

= Display of solar charging parame- : ) sovanes
@ wonws !
ters SOLAR CHARGE CONTROLLER .m

* Temperature compensation

The optimised charging voltage for a lead-
acid battery depends on the temperature
and on the age of the battery. To monitor
these conditions and adjust accordingly,
many charge controllers have an inbuilt
temperature sensor. Some controllers have
a connection point for an external tempera-
ture sensor to be placed directly on the
battery.

Figure 3.61: 30 A charge controller featuring an external
temperature sensor connection

The diagram below shows the charging voltages for a new and an old 12 V lead-acid battery.
At 30°C a new battery should be charged with approximately 14.3 V (absorption stage).
Charging
voltage ‘
V)
16 4

15 4
New battery

14
Final charging voltage,
Aged battery dependent on
0 T T P battery temperature
-20 0 +20 50 (°C)

Battery temperature

Figure 3.62: Charging voltage of lead-acid batteries based on temperature

CHARGE CONTROLLERS IN OPERATION  —=====—————————————

hot air
When connecting charge controllers it is important to always Space
connect the battery first. This initial voltage determines the
system voltage for charge controllers with variable system
voltage. If by mistake the solar modules are connected first, -
then the high open-circuit voltage (21 V for use in 12V sys- EA=)
tems) could set up an incorrect system voltage. It is also pos- ———
sible to damage a charge controller with the open-circuit volt- t t

space

age of the PV generator. h

cold air

During normal operation, charge controllers accumulate a
considerable amount of heat and grow very hot. Proper venti- ~ Figure 3.63: Air flow in a charge
lation must be provided at the installation site. controller
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Connection of several charge controllers to one battery bank - if a single charge controller
with the required rating is not available; it is possible to connect several charge controllers to
the same battery bank. Each
charge controller must then be >
connected to a separate array. The N
charging algorithm of the control- / ECC /
lers must be the same. However, PV array 1 H ; PV array 2
in such configurations scheduled |

automatic battery equalisation will
not work properly as the timing of IIK
the controllers most likely will not

match. In this case, equalisation ’-:Batt.- * Batt.!_‘

must be done manually.

/
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Figure 3.64: Schematic of two charge controllers connected to a
» Inverters battery bank

Inverters are the essential step between a battery’s DC power and the AC power required by
standard household electrical systems. In a grid-connected home, an inverter connected to a
battery bank can provide an uninterruptible source of backup power in the event of a power
failure. It could also be used to sell extra power back to the utility company.

INVERTER FUNCTION

Batteries supply low-voltage DC power that
cannot be used to run most modern household
appliances. Utility companies and combustion
engine generators, on the other hand, provide
sine-wave alternating current (AC) power,
which is suitable for most commonly available

appliances. Inverters electronically convert DC
to AC power.

In countries with a stable electricity grid, grid- Figure 3.65: Inverter — Courtesy: Alessi
connected homes can use inverters and alterna-

tive energy generators to sell power back to the utility company. When attached to solar pho-
tovoltaic, wind or hydro generators, the inverter can use the utility grid as its battery bank.
Utility power will be used when alternative power sources are insufficient. In a stand-alone
renewable power system, whether in residential, industrial, marine or recreational vehicle
(RV) applications, the inverter allows AC electrical appliances to be run from the storage
battery bank.

CLASSIFICATION OF INVERTERS

By waveform - apart from a variety of power ratings, inverters are distinguished primarily
by the shape of the alternating current wave they produce. The major waveforms are square
waves, modified sine waves and true sine waves. Square wave inverters are largely obsolete,
as the waveform shape is not well suited for running many modern appliances. They are
gradually being displaced by the superior modified sine wave and true sine wave inverters,
whose prices have come down considerably.

Modified sine wave inverters - the least expensive type of modern inverter produces modi-
tied sine wave power. The waveform looks like a stair step, where power rises from zero to
upper peak voltage, falls straight back to zero and then goes straight to lower peak voltage,
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resting for a moment at each
point. Modified sine wave in-
verters will run many house-

hold appliances such as televi- / \ \
sions, radios and microwaves “ ’ \
with occasional minor electrical \ /
“noise”  present.  Sensitive \\ // \\ //
equipment like some Dbattery S S S
chargers, tools with variable !

Speed motors, laser printers and Figure 3.66: Comparison of output waveforms
certain heating controllers will

run erratically or not at all with modified sine wave power. For a rural dwelling with only

- Modified Sine Wave

Voltage
‘\

) «— Square Wave
- Pure Sine Wave
/ A

/ Time
/
/

basic electrical appliances, a modified sine wave inverter is an economical choice. Modified
sine wave inverters are also often well suited for solar-powered electrical systems.

True sine wave inverters - the power supplied by utility companies and combustion engine
generators has a pure sine wave form. This is the most reliable waveform as it is suited for all
AC appliances of the specified frequency. True sine wave power passes from the upper and
lower peak voltages in a smooth curved wave, rather than in the stair-step pattern of the
modified sine wave. True sine wave inverters will produce AC power in a quality that is
consistent with or better than utility power, ensuring that even sensitive equipment will run
properly. While true sine wave inverters are more expensive than modified sine wave mod-
els, the quality of their waveform can be an advantage. For office buildings considering a
backup power inverter, a true sine wave model will allow proper functioning of all electronic
office equipment and fluorescent lights. For residential applications, whenever battery
chargers, electric drills, digital radio clocks or other sensitive electronics are in operation, a
true sine wave inverter should be considered to ensure proper functioning of all household
appliances as well. Various inverters may have different features making them better suited
for specific applications. Very small inverters are available that connect to a vehicle cigarette
lighter, with a single three-prong AC outlet as the output. Large inverters are generally de-
signed to be hardwired into a building electrical system.

By application

PV inverters - PV (solar) inverter is

an inverter optimised to convert DC Solar module Inverter Meter

power from the solar panels to the == KwWh

AC power grid. PV inverters are petn AcOut | o
usually connected to the grid via an o T

electricity meter, since they are used
to sell electric energy to the utilities,
hence the designation “grid-tied in-
verters”. These inverters are also termed “grid following” because they are unable to gener-
ate the AC output power without the grid voltage, meaning that when the grid is off they are
also off. This sort of inverter would be difficult to use in Nigeria since the grid is unstable,
with frequent blackouts, hence most of the energy generated by the solar panels would be
lost.

Figure 3.67: Connection of a PV inverter
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PV inverters are rated in terms of their in- 100

put voltage range, input power, grid volt- S
age and maximum output power. Another
important parameter is efficiency, specify-
ing which part of the solar-generated ener-
gy will actually be fed into the grid.

An additional important specification is
the MPP voltage range. Grid-tied inverters

INVERTER EFFICIENCY (%)
(o]
«

75

are mostly equipped with maximum pow- 70

er point tracking. However, this tracking 0 10 20 30 40 50 60 70 80 90 100
only works within a certain voltage range. INVERTER POWER OUTPUT (% OF MAX OUTPUT)
With low-level sunlight and voltage, the

Figure 3.68: Relationship between inverter efficiency
MPPT feature does not work properly and and output power

the efficiency decreases. Moreover, below a

certain voltage the inverter does not work at all. Good quality inverters can have an efficien-
cy of more than 95%, but this efficiency can only be reached if the input power is above a
certain percentage of the inverter’s rated power. For example, if a 10 kW inverter only re-
ceives a solar input power of 1 kW, its efficiency can be as low as 80%.

PV inverter features include:

= Follows the grid
= Anti-island protection S ——
= MPP tracking

= Single-phase or three-phase

* Low to medium voltage level

PV INVERTER CONNECTION TYPES

PV inverters can be classified into three
types according to their point of connec-
tion.

] } Figure 3.69: Central inverter in a PV power plant
Central inverter: When one PV inverter

is connected to a PV array which serves

the whole system, it is called a central inverter. It is often the cheapest solution when design-
ing a PV system to use a central inverter. However, there is a high risk of system blackout
due to inverter failure. Central inverters in large-scale PV power plants usually have a PV
input voltage of 1,000 V and an AC output voltage of up to 35 kV.

String inverter: A string inverter is an inverter which connects to one section of the whole
array. For instance, a PV array may be composed of multiple strings, each string having its
own inverter, which then feed into the grid. This configuration is more expensive than a cen-
tral inverter due to the increased number of inverters as well as higher installation costs. On
the whole, however, it is a more reliable system.

Module (micro) inverter: Module inverters are small inverters connected directly to individ-
ual solar modules. Each module has an AC output. While the most expensive solution, it is
also the most reliable from an availability standpoint. Installation is simple as there is no DC
wiring. This again saves costs, since AC wiring is cheaper than DC wiring because of the
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lower currents. However, the lifetime of these inverters is shorter compared to central or
string inverters as they are constantly exposed to weather.

BATTERY INVERTER

A battery inverter is designed to convert

Inverter
the DC power from a battery to AC power =/
as required by most common electrical + - DC In / AC Out
appliances (230 V/50 Hz). It has a DC input Battery |—— —»— /
and an AC output. In an off-grid ,\_,

standalone PV system, the battery inverter
sets the parameters (frequency and volt-

Figure 3.70: Battery and inverter relationship

age) for the mini-grid. Thus it is called the “grid forming” element of the system.

Battery inverter specifications - battery inverters are rated according to their input voltage,
output voltage and output power. For example, an inverter with the designation 24/1,200
connects to a 24 V battery and provides 1,200 VA output at 230 Vac. The continuous output
power is dependent on temperature. At high temperatures the power output from the in-
verter can be reduced drastically. Most inverters are capable of providing a brief power
surge to supply power which is above their rating. This might be twice the nominal power of
an inverter for one second, or four times the nominal power for 0.5 seconds. This information
is useful for managing the high start-up currents often required by motors (e.g. fridges).

The DC input allows for a cer-
tain variance from the nominal
voltage. For example, a 24 V
inverter could operate at an
input range between 19 V and
33 V. If the input voltage falls
outside of this range, the in-
verter will disconnect and usu-
ally issue a warning.

The efficiency of an inverter is
defined as DC input power

divided by AC output power.

100%

80%

60%

Efficiency

40%

20%

0%

25% 50% 75% 100%
Rated power

Figure 3.71: Typical inverter efficiency across the load spectrum

Some power is always lost, that is, converted to heat or used to drive the fan for cooling. The
efficiency of a high-quality battery inverter can reach up to 95%; however, it always depends
on the operation mode. At a low load the efficiency can be very poor. For instance, if a 1 kVA
inverter is used to power only five CFL bulbs that add up to a total of 50 W, then the efficien-
cy can be as low as 20%, meaning the DC power draw from the battery would be 250 W.

Battery inverter features

Most battery inverters have the following features:

= Low voltage disconnect

= Load detection mode (search mode)

= Overload protection

=  Short-circuit protection

= Brief overload that exceeds rated power (even by several times)

= Status indication (normal, overload, over-temperature, overvoltage, under-voltage)
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= Advanced features

= Relay output (programmable)
= Operation parameter setup

= 50Hz/60Hz

= Parallel configuration

= Three-phase configuration

* Remote monitoring

Load detection - many modern inverters offer the feature of load detection which recognises
whether a load is connected. If no load is connected, the inverter switches to standby mode
to reduce energy consumption. In load detection mode the inverter sends a voltage pulse
approximately once every second to the output and if a load is connected and current is
flowing, the inverter switches to constant output. This requires a minimum load of a few
watts. A high-efficiency modern LED lamp might not be recognised by this means of load
detection. The load detection mode can be disabled, which means the inverter can be
switched to constant power output.

Auxiliary output - advanced inverter chargers have a programmable auxiliary output, either
a relay or a contact, which is energised with DC voltage in order to connect a relay or anoth-
er low power consuming DC device (e.g. signal lamp). This auxiliary output can be used to
start a diesel generator at a certain battery voltage level or to disconnect heavy loads.

Inverter charger - an inverter

charger is a combination of a Inverter

battery inverter and a charger. It =  / AC Out
has an additional AC input to - / >
connect to an external AC 1}:))ower ' Battery EC n* Ou.t

supply such as the utility grid or , - ACIn

a generator. £

An inverter used for backup Figure 3.72: Battery and inverter charger relationship

power in a grid-connected

home will use grid power to keep the batteries charged and, when the grid power fails, it
will switch to drawing power from the batteries and supplying it to the building electrical
system. This switching happens so quickly that consumers (especially electronic devices and
computers) are not affected; thus it provides an uninterruptible power supply (UPS). For a
business or home office, a reliable power source is invaluable for preventing data loss on
computer systems.

Inverter chargers feature the following functions:

= Optimised charging and battery maintenance (battery temperature sensor)
= ACinput detection
= Uninterrupted switching of AC output from DC to AC input and vice versa

74



MODULE 3: GENERATION TECHNOLOGIES

12 Volt C 12/800/35 C 12/1200/50 C 12/1600/70 C 12/2000/80 12/3000/120
48 Volt 48/3000/35 48/5000/70
Yes
No

PowerControl Yes Yes Yes Yes Yes

PowerAssist Yes Yes Yes Yes Yes

Transfer switch (A) 16 16 16 30 16 or 50 50

Parallel and 3-phase operation No No No No Yes Yes

INVERTER

Input voltage range (V DC) 95-17V 19-33V 38-66V

Output Output voltage: 230 VAC + 2% Frequency: 50 Hz £ 0,1% (1)

Cont. output power at 25 °C (VA) (3) 800 1200 1600 2000 3000 5000

Cont. output power at 25 °C (W) 700 1000 1300 1600 2500 4250

Cont. output power at 40 °C (W) 650 900 1200 1450 2000 3350

Peak power (W) 1600 2400 3000 4000 6000 10.000

Maximum efficiency (%) 92/94 93/94 93/94 93/94 93/94/95 94 /95

Zero-load power (W) 8/10 8/10 8/10 9/11 15/15/16 25/25

Zero load power in AES mode (W) 5/8 5/8 5/8 7/9 10/10/12 20/20

Zero load power in Search mode (W) 2/3 2/3 2/3 3/4 4/5/5 5/6

CHARGER

AC Input Input voltage range: 187-265 VAC Input frequency: 45 — 65 Hz Power factor: 1

Charge voltage 'absorption’ (V DC) 14,4/28,8/57,6

Charge voltage 'float' (V DC) 13,8/27,6/55,2

Storage mode (V DC) 13,2/26,4/52,8

Charge current house battery (A) (4) 35/16 50/25 70/40 80/50 120/70/35 120/70

Charge current starter battery (A) 4 (12V and 24V models only)

Battery temperature sensor yes

Auxiliary output (A) (5) n.a. n.a. n.a. n.a. Yes (10A) Yes (25A)

{;r)ogrammable [SRyoRlay iver relay driver (7) relay relay driver (7) relay driver (7) relay relay

Figure 3.73: Data sheet section for Victron MultiPlus inverter charger series
CONNECTING INVERTERS Master
Some advanced battery inverters or inverter DCIn N
chargers can be connected in parallel in order ] "L
to increase the power output or to provide a =
- i i i sl
three-phase power supply. This type of s?mp is . "a"e
usually called a master-slave configuration. In + - oo™ N
order to be connected in parallel, the inverters Battery < L2
must communicate so that the phases of the g ~
3
individual inverters match exactly (single E  Shave
o
phase) or so that they have the correct phase =
. DC In o

sequence for three-phase systems. One inverter —
is the grid-forming inverter (master), while the ~

other inverter is the grid-following inverter
(slave). Usually the communication between
the inverters flows via a network cable from Master
inverter to inverter or to a central hub.

Anti-island protection - if the grid fails or gets

Figure 3.74: Three-phase inverter configuration

AC Out

disconnected, the inverter must stop convert- . | [
ing DC to AC. This is a safety measure which + -
is required for all grid-connected inverters to Battery
protect technicians from hazardous voltages

during maintenance work. DG In

Communication

Figure 3.75: Single-phase connection of two

inverters



StecaGrid 9000 3ph

DC input side (PV-generator)

Maximum start voltage 830V
Maximum input voltage 830V
Minimum input voltage 350V
Minimum input voltage 350V

for rated output

MPP voltage 350V...680V
Maximum input current 32A
Maximum input power 10,500 W
Maximum recommended PV power 12,000 Wp

automatic when
- input power is higher
- the device is not cooled sufficiently

Derating / limiting

MODULE 3: GENERATION TECHNOLOGIES

Characterisation of the operating performance

Maximum efficiency
European efficiency
MPP efficiency

Power derating at full power

Switch-on power
Standby power
Safety

Isolation principle

Operating conditions

Area of application

- input currents > 32A
(higher currents are limited by the equipment

and therefore will not damage the inverter) Ambient temperature

AC output side (Grid connection) Relative humidity

Grid voltage : 320z 48.0 v y Noise emission
[depending on the regional settings]

Rated grid voltage 400V Fitting and construction
Maximum output current 17A Degree of Frotection -
Maximum output power 9,900 W DC Input side connection
Rated power 9,900 W AC output side connection
Rated frequency 50 Hz DirrTensions XxYx2)
Frequency 47.5Hz .. 52 Hz Weight

[depending on regional settings] Communication interface
Night-time power loss <1W DC circuit breaker
Feeding phases three-phase Cooling principle

Distortion factor < 5% (max. power) Test certificate

96.2 %

95.3 %

>99 %
from 50 °C (T,,)

20w
9w

no galvanic isolation,
transformerless

indoor rooms with or
without air conditioning,
outdoors with protection

-20°C... +60°C
0% ...95%
< 60 dBA

1P 54
MultiContact MC4 (5 pairs)
Wieland RST25i5 plug
405 x 845 x 224,5 mm
42 kg
StecaGrid Vision interface
yes
temperature-controlled fan
CE mark

Figure 3.76: Specification of a StecaGrid 9 kW inverter

Inverters in operation - when connecting inverters, it is im-
portant to mind the polarity. Most inverters sustain immediate
damage when the polarity is reversed. Inverters grow hot dur-
ing operation, so adequate space for ventilation must be con-
sidered when choosing the installation site. Most inverters
have a fan for cooling. The ventilation slots must never be cov-
ered.

» Cables

Cables on the DC side of a solar system, whether grid-tied or
off-grid, require particular attention. This is because on the DC
side, voltages are usually low and currents high. Cables can be
a big part of the investment, especially if the solar array is far
away from the battery or inverter.
Ideally, the voltage drop on the DC
side should not exceed 3%.

For example, if a 4 kW PV array feeds
the inverter/charge controller via a 10-
metre cable of 2 X 6 mm? into a bat-
tery bank at a 48 V system voltage,
the voltage drop is 7%, which equals
a 7% power loss. To mitigate this ef-
fect, you may step up from 48 V to a
higher system voltage by using a
DC-DC boost converter. This could
reduce the required cable size and
therefore the overall cost.
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Cold air

Figure 3.77: Airflow through
an inverter during operation

Figure 3.78: Male and female MC4 connectors (left) and
solar module wiring with MC4 connectors (right)
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Solar panels often come with a piece of solar wire with a so-called MC4 (multi-contact 4
mm?) connector. These connectors are weatherproof and easy to plug together. There are
male and female connectors for positive and negative terminals, which makes it convenient
to connect solar modules in series.

» Electrical protection of PV systems

Renewable energy systems, like all elec-
tricity generating systems, are susceptible
to faults and failures. To protect lives and
property, various types of protective de-
vices are used.

DC CIRCUIT BREAKERS AND FUSES

DC fuses and DC circuit breakers are dif-
ferent from their AC counterparts. When
current is disconnected in a DC circuit,
the resulting arc is much stronger than
when disconnecting AC current. This arc
can be long-lasting and very destructive. Figure 3.79: 100 A DC fuse (left), 150V/6 A DC circuit
AC fuses and circuit breakers are unable breaker (right)

to manage such an arc and might be de-

stroyed or catch fire. Because DC fuses and circuit breakers are far more expensive than
equally rated AC breakers and fuses, it might be tempting to buy the cheaper AC equivalent,
but this must be avoided at all costs. DC circuit breakers and fuses must be chosen according
to the DC system voltage.

SURGE PROTECTION DEVICES (SPDS)

A SPD is a device which under normal
operating conditions isolates two con-
nected potentials (e.g. PV+ and PV-)
from each other. If a certain voltage is
exceeded (e.g. due to a lightning-induced
surge), a varistor inside the SPD becomes
conductive, creating a short circuit and
bringing the potential to zero. This short
circuit remains for as long as the surge
persists, which in the case of a lightning Figure 3.80: PV surge arrestor, max. 500 VDC in com-
strike can last for some microseconds. biner box (left) and wiring of an SPD (right)

Ground

The DC input of charge controllers or inverters is very sensitive to overvoltage. Lightning-
induced surges can destroy the device immediately. However, a short circuit of some micro-
seconds is not dangerous for the DC input of a charge controller or inverter and also releases
only minimal energy from the battery. For DC equipment a DC SPD with matching voltage
must be chosen.

DC MAIN DISCONNECT

If a PV array is disconnected under full sunlight, the result will be a powerful arc which can
ionise air and maintain itself over a large air gap. DC main switches are specially designed to
extinguish that spark. AC equipment will not work in this case, as it cannot manage power-
tul sparks.
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ENCLOSURES

Enclosures are all housings which protect the live parts of the system from environmental
impacts and protect people from making accidental contact with system parts, for instance
with junction boxes or the combiner box. Enclosures are usually rated with an IP code (in-
gress protection rating) consisting of two numbers, the first indicating the level of protection
against water ingress, the second indicating the protection level against penetration by solid
bodies. :

SHIELDED CABLE

Shielded cables are available in many de-
signs and sizes and for many purposes.
While data cables are usually shielded to
avoid electromagnetic induction, AC cables
are shielded (armoured) to protect against
mechanical impacts and even rodents. How-
ever, any metal shield around a cable also
protects the inner wires from electromagnetic

induction, for example due to nearby light- Figure 3.81: Shielded cable connecting inverter,
ning strikes. charge controller and ground

Note: When using a shielded cable, ensure that the cable shield is grounded.

PROTECTIVE MEASURES ON THE DC SIDE

Large PV arrays can operate at high voltages and high currents. These high voltages and
currents require appropriate protective measures.

Maximum system voltage - manufacturers
specify a maximum system voltage for the
solar module as the maximum voltage of the
whole array which must not be exceeded. If
a manufacturer specifies a maximum system
voltage of 1,000 V, for example, the complete
array in which the solar panel is installed
must not under any conditions generate
more than 1,000 V.

Disconnect device - for installation and
maintenance work on powerful solar arrays,
it will be necessary at one point to discon-
nect and reconnect the solar array input

from the charge controller or inverter. One
possibility is to use the DC circuit breakers
in the array combiner box to disconnect in-
dividual strings. Another possibility is to install a DC main switch which is powerful enough
to manage the array voltage and current.

Figure 3.82: PV module specification label indicat-
ing maximum system voltage of 1,000 V

String protection - in larger arrays with several strings connected in parallel, it is necessary
to protect each string from reverse currents. Under certain conditions where the voltage of
one string drops significantly compared to the other strings, for instance, when one module
is lost due to a short circuit or complete shading, then the other strings with higher voltages
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will feed current into that string. Depend-
ing on the voltage difference and the
number of strings, this reverse current can
be several times the designed string cur-
rent. To prevent damage to the modules
and wiring, string fuses with a very exact
rating to match the nominal string current
must be installed. Alternatively, the string
can be protected with string diodes in
order to avoid reverse currents.

Figure 3.83: DC combiner box with string circuit

Battery fuse - a short circuit of the two ox -
breakers (left) and PV main disconnect (right)

poles of a battery releases a very high cur-
rent; the larger the capacity the higher the
current. On a large battery this can easily
melt connected wires and start a fire.
Therefore, the battery or battery bank
should be protected with a suitable DC
fuse. DC circuit breakers can only be used
if they are rated to manage the high short-
circuit current which occurs in a battery

To charger controller
or consumer

+ -
12V /100 Ah 12V /100 Ah

short circuit. AC fuses cannot be used as
they cannot handle DC sparks. For smaller
batteries and smaller DC load currents,
automotive fuses can be used. In contrast, larger currents and battery banks require DC fuses
with higher ampere and voltage ratings.

Figure 3.84: Automotive fuse (left) and sample wiring
diagram in smaller DC circuits (right)

PROTECTIVE MEASURES ON THE AC SIDE

The AC side of a photovoltaic system is - : . axl
either connected to a common AC instal- ™/ B2 [ e ':"Ve"e’ °’t :
. . . . . = < - charge controller

lation with AC appliances or directly to = H HY HD ="
the national grid on a low or medium S < N |

. => = > M —
voltage level. If the inverter connects to a ' : |

N\ \ \ N\ .

common AC installation, in a domestic, ™ [/ [/ [/ Dases DC disconnect
commercial or industrial environment,

then the common protective measures Figure 3.85: Array protected with string fuses and main
according to the local regulations will disconnect

apply. These could include a main dis-

connect, circuit breakers and residual current devices. If the inverter is connected to the grid,
there must be a means to isolate it from the grid when performing maintenance activities.

Anti-islanding protection - islanding of a grid-connected photovoltaic system occurs when a
section of the utility system containing such a photovoltaic system is disconnected from the
main utility voltage source. However, if the photovoltaic system continues to feed the utility
lines in the isolated section, it is known as an island. Such isolated islands may cause serious
danger to personnel, who may believe the load is inactive while, in reality, the photovoltaic
system is feeding power to the utilities. Islands may also substantially complicate a normal
reconnection of the section to the utility network due to damage to the load inside the island.
Depending on the transformer connection, islanding may create an ungrounded system. An
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unidentified island is hazardous for maintenance work. Furthermore, for those utility cus-
tomers located in the island, their connected equipment may be damaged, because the sup-
plying power will not be able to maintain the required power quality. For these reasons, is-
landing is considered one of the most important issues in designing photovoltaic systems,
and in maintaining reliable utility grid operation.

Formation of islands must be swiftly detected and the generators energising the island dis-
connected. This is commonly known as anti-islanding protection or loss-of-main protection.
Passive methods for detecting islanding conditions make use of undervoltage relays and
overvoltage relays. The downside of voltage relays is their slow detection speed.

AC surge-protection devices (SPD) - PV array
. . Air t inati d

the AC output of an inverter is very T erminaton o R Charge cortroller

i

sensitive to voltage surges such as
those caused by the switching of
inductive loads (motors) or light-
ning-induced surges. Many photo-

voltaic inverters have inbuilt SPDs,

whereas battery inverters are usual-

ly not equipped with an SPD.

-------------- R SR S S S S —

MEASURES TO PROTECT AGAINST LIGHTNING- EOHRRISIALRATED conclienr ?
INDUCED SURGE VOLTAGES —L Ground termination rod

_________

The tropical belt around the Equator

. ) ) L Figure 3.86: External and internal lightning protection systems
is the area with the highest risk of equipotential bonding of all metal housings, shielded and
lightning strikes on Earth. In Nige- grounded cables and AC and DC surge protective devices

ria, on average, each square kilome-

tre is hit by 10 to 50 lightning strikes each year. Buildings exposed in their surroundings are
much more likely to be hit by lightning than non-exposed buildings. Nearby lightning strikes
are a much more common source of damage than direct lightning strikes; however, direct
lightning strikes are often much more devastating.

Lightning protection - in photovoltaic systems, the need for lightning protection depends on
the risk of lightning strikes and the value of the system. A home solar PV system in an area
with a low lightning risk and with a value of not more than NGN 100,000 will not need a
lightning protection system (LPS) which costs NGN 60,000.

Sometimes, certain types of buildings require an LPS due to their function and relevant regu-
lations (e.g. public buildings or certain industries). If lightning protection is required for a
building, the photovoltaic system must be integrated in the LPS. System installation does not
increase the risk of lightning striking into a building as long as it does not significantly
change the building’s shape.

Primary measures to protect against surge voltages include cable shielding, grounding,
equipotential bonding, laying conductors to be as short as possible and avoiding loops. In
practice, however, ideal conditions in accordance with the above-mentioned primary
measures cannot be achieved. It is therefore also necessary to install SPDs. Complete equipo-
tential bonding requires the inclusion of all active conductors such as the power supply and
data lines.
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Figure 3.88: DC surge arrestors (left) and ground connection of cable shield (right)

Note: If the cable length between two pieces of equipment is longer than 10 metres, the in-
stallation of an SPD on both ends is recommended. For instance, a main cable from the com-
biner box to the charge controller which is longer than 10 metres should have one SPD in the
combiner box and one at the charge controller.

External lightning protection - the function of external lightning protection is to prevent
physical damage to a structure and risk to life due to lightning current and sparks resulting
from a direct lightning strike into the structure. An LPS for external lightning protection to
lead a lightning strike safely to the ground consists of these components:

= Air termination rod (lightning arrestor)

= Down conductor

* Ground termination system (earthing rod)
Internal lightning protection - the function of internal lightning protection is to prevent risk
to life and damage to electrical and electronic systems due to lightning-induced voltages
from nearby lightning strikes. An LPS for internal lightning protection consists of these com-
ponents:

* Equipotential bonding of all metal housings and structures

= Equipotential bonding of conductors by surge protection devices (SPD)

= Shielding of equipment and conductors against electromagnetic induction

= Appropriate installation site for equipment in order to reduce electromagnetic induc-

tion and to prevent flashover from sparks

Chapter 4.4 explains in detail the occurrences and reasons for adequate lightning protection.
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» Application and configuration

GRID-TIED AND OFF-GRID PHOTOVOLTAIC SYSTEMS
Grid tied solar systems are connected
directly to the electricity grid and
rarely include a battery bank. They ” —|

Solar generator Solar generator

range from small residential and

commercial rooftop systems to large
utility-scale solar power stations. Res-
idential, grid-connected systems are
designed to meet the load demand of
most consumers and feed excess

Charge controller

O

1
CB

o+
ol

Inverter

—~_ | .|. Battery

power into the grid for consumption
by other users. This feedback is done "

eter KWh
through a meter to monitor power —~ =
transfers. The photovoltaic wattage ] Inverter AC loads
that is generated may be less than a Grid | ~
household’s consumption, in which  gigure 3.8: Grid-tied PV system (left) and off-grid system
case the consumer will continue to (right)
purchase grid energy, but in a lesser
quantity than before. If generated photovoltaic wattage substantially exceeds the house-
hold’s average consumption, the energy produced by the panels will far exceed the demand.
In this case, the excess power can be sold back to the grid to yield revenue. Utility-scale solar
power plants, in contrast, are designed for the sole purpose of selling electricity to consumers
via the national grid.

DC loads

Off-grid systems or stand-alone systems are systems that are not connected to the national
grid. These systems are mostly used in remote areas where an electricity supply is important
but the grid is not present. Some examples of applications include telecommunication re-
peater sites, rural electrification, community lighting, etc.

» Grounding

Photovoltaic systems as with all electrical systems pose a threat due to electrical shocks due
to surges caused by equipment malfunction, hence the need ground them. There are two
ways to ground solar systems:

EQUIPMENT GROUNDING

This means connecting all metal bodies of the equipment to the ground electrode. These in-
clude solar panel frames, inverter and charge controller housings, metal junction boxes as
well as potential earth conductors on the AC side of the installation. When grounded proper-
ly, in the event of lightning strike the induced high voltages on all metal parts of the system
are on the same voltage and zero potential to earth. No current flow is possible, which can
injure people and damage equipment.

SYSTEM GROUNDING

Of a solar system means connecting either the positive or the negative wire of the battery to
ground. System grounding is necessary when manufacturers demand it for the proper func-
tion of their equipment. Certain types of PV modules must be negatively grounded, other-
wise they lose power output due to the accumulation of electrostatic charge. Also, some pro-
tective devices such as DC RCDs will not function without system grounding.
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WHEN TO GROUND STAND-ALONE SOLAR PHOTOVOLTAIC SYSTEMS

In locations where the PV
array is exposed and
could be susceptible to
lightning strikes the array
should be grounded by
connecting the negative
terminal to ground. Even
for smaller systems such
as our example, a bare
copper cable of minimum
size 10 mm? should be
used to connect the metal
frame of the PV array to a
grounding electrode. If
the solar panel array is
installed on a roof of a
building with an existing

Figure 3.90: Grounded solar array: Ground mounted (left) and roof mount-
ed (right)

lightning arrester, it is usually not required to ground the metal frame of the solar panel ar-

ray. Otherwise, grounding the metal frame of the solar panel array is not necessary.

STAND-ALONE SYSTEM SIZING

» Sizing a PV system

TERMINOLOGY

1. Worst month: Month of the year in which the available solar resource is lowest with

respect to energy demand.

Total energy demand: Energy consumption of all electrical equipment which has to
be powered. Includes losses due to DC/AC conversion by an inverter.

Days of autonomy: Maximum number of days that the system can work without the
battery bank being recharged.

Peak power: Amount of power of the solar panel array (Wr).

Runtime: Duration that an electrical load is used. For instance, for a TV set, the daily
runtime could be 8 hours, but for a bathroom lamp no more than 1 hour.

Performance ratio (PR): Measure of the efficiency of a photovoltaic system. It is repre-
sented as a percentage and describes the relationship between the actual energy out-
put and theoretical energy output of a PV array. The performance ratio is a factor
which takes into account all losses (due to heat, dust, charge and discharge efficiency,
losses in cables etc.) inherent in the system. Factors that influence performance ratio
include:

* Ambient temperature

* Module and cell temperature
=  Wiring losses

= Shading

83



MODULE 3: GENERATION TECHNOLOGIES

= Efficiency factor during battery bank charging and discharging
= Orientation of PV array

= Ditference between solar module MPP and battery charging voltage

A realistic performance ratio for a stand-alone solar system would be 60%.The performance
ratio of a photovoltaic system is calculated as:

Actual plant output of array in kWh

PR =
Calculated, theoretical output of array in kWh

Some criteria to consider when designing and selecting components for a stand-alone sys-

tem:

Low life-cycle cost: Cost of the system over its lifetime (initial investment, maintenance
and replacement costs). Can be up to three times the initial investment, with battery
life extensions having a strong impact on life-cycle cost reduction.

Tolerance of load and insolation variations: Seasonal climatic variations are a key factor
as they will determine how much electricity can be generated in the rainy season
months.

Modularity and flexibility: How flexible is the system? Can it be expanded with a sub-
sequent increase in loads?

Ease of maintenance and repair: Maintenance information for selected system compo-
nents is important. Are spares readily available? Is the technology easy to maintain
by the consumer?

Quality of power supply: Different load types to be powered determine the type of in-
verter (modified or pure sine wave) to be used.

Reliability: Expected system reliability is another consideration. When powering tele-
communications equipment, for instance, a system is expected to be 100% reliable.

Table 3.14: Role of system components

Component Role
Inverter Converts DC to AC for use with conventional appliances
Battery Primary energy storage device in a stand-alone system

Stores energy generated by the solar generator
Releases the stored energy to the inverter or directly to DC loads when needed.

Charge controller  Regulates the charging and discharging of a battery
Prevents overcharging
Prevents deep discharge by disconnecting the load whenever the battery is
empty
Indicates state of charge
Schedules battery maintenance measures

DECISION-MAKING ALGORITHM

When choosing equipment to meet certain power needs, you will need to determine the fol-
lowing:

Minimum capacity of the battery, which is determined by the load demand to be met.
The battery bank stores enough energy to provide power at night and through days
with little sunlight, and will determine your number of days of autonomy.
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* Number and type of solar panels required to capture enough solar energy to provide
adequate energy to the loads and charge the batteries.

= Specifications of all other components (regulator, wiring, etc.) needed to support the
amount of power generated and stored.

Three main steps must be followed to calculate the proper size of a photovoltaic system:
Step 1: Estimate the required electrical energy (the demand)

Develop a load profile by recording the power consumption of the equipment as well as the
estimated usage time. Then calculate the electrical energy required on a monthly basis. Con-
sider the expected usage fluctuations due to variations between the rainy and dry season,
school and vacation periods, etc. The result will be 12 energy demand values, one for each
month of the year. The power consumption must include the inverter efficiency in the case of
DC-AC conversion.

Step 2: Determine the available solar energy (the resource)

Based on statistical data of solar irradiation available from meteorological institutes or web-
sites, determine the solar energy available while paying attention to the orientation and op-
timal inclination of the solar panels. Solar energy data is usually stated in monthly intervals,
reducing the statistical data to 12 values. This estimation is a good compromise between pre-
cision and simplicity.

Step 3: Combine energy demand and energy offer (the matching)

The so-called “worst month” is the month with the least favourable relationship between the
energy demand and the available solar energy. To determine that ratio, divide the energy
demand by the energy resource (peak sun hours). The month with the highest resulting fig-
ure is the month with the least favourable relation between energy demand and availability.
Solar energy and energy demand data from that month are what we use to size the photovol-
taic system. For the table below, solar irradiation data for the Kainji Dam in Nigeria was
used.

Table 3.15: Example comparing resource, demand and match

Month Resource (kWh/m®/d) Daily demand (kWh) Match
January 5.73 11 1.92
February 6.02 12 1.99
March 6.27 12 1.91
April 6.13 12 1.96
May 5.75 11 191
June 5.17 9 1.74
July 4.65 9 1.94
August 4.38 8.5 1.94
September 4.83 9 1.86
October 5.39 10 1.86
November 5.73 11 1.92
December 5.74 11 1.92

As the table shows, in February we have the least favourable relationship between available
solar energy and energy consumption: 6.02 peak sun hours have to cover an energy demand
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of 12 kWh per day. Using solar energy data and energy demand data for this particular
month we calculate:

= Necessary energy storage capacity of the battery bank

= Energy generation capacity of the solar array

= Size, number and type of solar panels

* Required electrical characteristics of the regulator

* Length and diameter of cables required for electrical connections
SIZING THE BATTERY BANK

System voltage is determined by the battery bank, which needs to provide enough capacity
to meet the energy demand when there is not enough solar radiation. The energy demand is
the amount of energy which is supplied from the battery and provided to the DC loads or
converted to AC via an inverter. To estimate the required battery capacity, you need to know
the load demand on the solar system in the worst month as well as the desired days of au-
tonomy. When sizing a battery bank in Nigeria, the following should be taken into account:

= Batteries should discharge no more than 30% of their rated capacity each day (DoD =
30%), assuming a deep cycle or “solar” battery is used.

* Total number of days of autonomy should be at least one and can increase depending
on the application and the holdover time required.

* Energy demand should be chosen from the “worst month” according to definition
above.

The total energy required to be stored in the battery bank can be calculated using

_ EloadTaut
Ebattery - W

Where

Ejpqqa = Load energy demand
Taut = Days of autonomy

Example: The consumer energy demand of a small residence in the determined worst month is
12 kWh/d. Energy storage capacity of the battery: (12 kWh x 1)/30% = 40 kWh. To determine the bat-
tery capacity, divide the energy storage capacity by the system voltage.

CHOOSING THE SYSTEM VOLTAGE

The higher the energy demand, the higher the currents from the photovoltaic array and from
the battery to the loads. Choosing a higher system voltage will allow the system to operate
with lower currents and reduce costs for the charge controller and cables.

Table 3.16: Recommended system voltage based on peak energy demand

Mean daily energy Peak power in minutes Peak power in seconds Minimum system
consumption (kWh/d) (kw) (kw) voltage (V)
0-2 0-1 0-2 12
2-4 1-2 2-4 24
4-14 2-4 4-8 48
10 and above 4-8 8-16 60
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Example: For our solar system which has to cover a daily energy consumption of 12 kWh, we
choose a system voltage of 48 V. The battery capacity will be 40 kWh/48 V =833 Ah.

CHOOSING THE RIGHT TYPE OF BATTERY
Batteries used in stand-alone photovoltaic systems must fulfil the following requirements:
= High capacity
* Low maintenance
= Long cycle life
= Capability to withstand deep discharge up to 80%
= Low self-discharge

= Good ampere-hour efficiency

Example: For our solar PV system, we need a battery bank of 48 V/833 Ah. However, that exact size
will be difficult to find on the market. We could choose a smaller battery bank with 48 V/800 Ah
and accept a slightly deeper DoD or we could move up to the next available size and choose

48 V/1,000 Ah. The battery bank could be configured as shown in Figure 3.91 below.

- e -t . -
T L T T

12V 12V 12V 12V
200Ah 200Ah 200Ah 200Ah

48V /800Ah

Figure 3.91: Series-parallel interconnection of 12
V/200 Ah batteries for a 48 V/800 Ah battery
bank
The problem here is that designing a battery bank out of 16 units of 12 V batteries results in a
96-cell battery bank, which is an unreliable configuration. The far more preferable solution is
to use as few cells as possible to build the battery. The diagram below shows a more robust
and redundant configuration:
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+ + + + + +
800Ah 800Ah 800Ah 800Ah 800Ah 800Ah
v v v v v v
800Ah v 800Ah v 800Ah v 800Ah v 800Ah v 800Ah v
- Il +— || +— |+ || +H—= |+ || +—F—
48V /800Ah
+ + + + + + .
800Ah 800Ah 800Ah 800Ah 800Ah 800Ah
v v v 2V v v
800Ah v 800Ah v 800Ah v 300Ah v 800Ah v 800Ah v
1 1 41 41 1 1
- L . T - LN — LN L L - T

Figure 3.92: Series-parallel interconnection of 2 V/800 Ah batteries for a 48 V/800 Ah battery bank

As a rule of thumb, always try to use the lowest number of strings possible — that is, if using
a battery with smaller capacity would give a large number of strings in parallel. The above
configuration is a single string.

Example: We decide to build the battery bank out of 2 V/800 Ah cells to achieve an increased reliabil-
ity and lifetime. Below is part of a data sheet for the “OPzV Solar Power” series by Hoppecke. The
expected cycle life at 30% DoD is estimated to be 3,600 cycles, which is approximately 10 years, as-
suming one cycle per day.

-7, Service life in cycles depending on capacity withdrawn
‘ 6000
vl € 5000 \
064 - P
= S 4000 \
& \\
2 3000 <
g ™~
3 2000 —
1000
0

0 10 20 30 40 50 60 70 80 90 100 110 120
Capacity withdrawn in (%)

Figure 3.93: Hoppecke 2 V/ 800 Ah battery (left) and service life chart (right)

SIZING THE PV ARRAYS: YIELD CALCULATIONS

The size of the solar array depends on the energy demand of all electrical consumers, the
available solar irradiation at the site of installation and the performance ratio of the solar
system. Whenever energy demand varies throughout the year, we choose the data from the
worst month, determined as described above; the same applies for the available solar energy.
To calculate the solar energy availability we use peak sun hours. The performance ratio for a
stand-alone photovoltaic system is approximately 65%.The size (required power) of the solar
panel array can be calculated as follows:

= We divide the daily energy demand (kWh) by the performance ratio in order to get
the theoretical daily energy output of the solar array (energy generated if there were
no losses).

= We divide this theoretical energy output (kWh) over the peak sun hours, as these
hours indicate the length of exposure of our solar array to full sunlight (1,000 W/m?2).
The result is the array size in kWe.

Example: Our photovoltaic system will be installed at Kainji Dam and needs to cover a daily con-
sumer energy demand of 12 kWh. The performance ratio is 65%.
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= Theoretical energy output of the PV array = 12 kWh/65% = 18.46 kWh.
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= Awailable solar energy in Kainji Dam in the worst month = 6.02 kWh/m?/d.
= Required power of the solar array: 18.46 kWh/6.02 PSH = 3.066 kWhr.

CHOOSING THE CORRECT TYPE AND NUMBER OF PV PANELS

After calculating the required size of the photovoltaic array, the system designer must select
appropriate modules. Considerations include:

= The maximum power voltage (Vwmrr) of the solar panels must be larger than the nomi-

nal system voltage.

= Proper battery charging requires a higher voltage than the battery nominal voltage.

= Voltage loss due to high solar panel temperatures during intense sunlight should also

be considered.

The figure below shows the effect of
a voltage decrease on the maximum
power point of a solar panel with a
nominal voltage of 12 V as well as
its relation to the battery charging
voltage range.

By combining solar panels in series
and in parallel, we can obtain the
desired voltage and current. When
panels are connected in series, the
total voltage is equal to the sum of
the individual voltages of each
module, while the current remains
unchanged. When connecting pan-

Relative current, I

/
N { 0°C
~ /
™~
\ 25°C
50°C '
charging voltage ~— 750¢
12V lead acid
battery
Voltage, V
1 T i
12 16 20

Figure 3.94: Relationship between voltage decrease and
maximum power point of solar panel

els in parallel, the currents are summed together while the voltage remains unchanged. It is
important to use panels of identical characteristics when building an array. It is also advisa-
ble to use modules that are as large (and powerful) as possible, since this will reduce the
number of modules required to complete the array and make wiring easier and less costly.

Example: Our battery bank with a system voltage of 48 V shall be charged by the solar system. The
maximum charging voltage (absorption stage) for this type of battery is approximately 2.45 V per cell.

= Charging voltage for the whole battery bank: 24 x 2.45 V=588 V.

= We assume the solar panel heats up to 65°C when exposed to intense sunlight and the solar panels can
therefore achieve only 85% of their STC voltages. In order to properly charge the battery we need solar
panels which have a MPP voltage at STC of no less than 58.8 V/I85% =70 V.

= By consulting the table below, we can determine the required system voltage to be 48 V.

Table 3.17: Guideline values for MPP voltage of solar panels

System voltage

12v
24V
48V
60V
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Most solar panels on the market are designed for a system voltage of either 12V or 24 V. In
order to enable a 48 V system voltage, we need to connect two 24 V modules in series and we
will always have an even number of solar modules in the array.

Example: Our 3.32 kWr solar array shall be built of an even number of modules, using as few solar
panels as possible.

= Next even integer = 3,200 Whr.

= Figure 3.94 below shows part of a data sheet for a Solarworld SW320XL PV module. Two of these
modules connected in series would result in a maximum power voltage of 73.4 V at STC. Losses due to
high temperatures would bring the MPP voltage down to 63.9 V, which is more than adequate to
charge the 48 V battery.

= Ten of these solar panels would combine to form a PV array of 3.2 kWer. The maximum current (Lurr)
would be of 5 modules in parallel: 5 x 8.78 A=43.9 A

= A suitable configuration is shown in the diagram below:

Impp = 43.9A
SIZING THE CHARGE CONTROLLER ‘ | I l I >

The charge controller must be able
to control the maximum array cur-
rent under any conditions. A pho-
tovoltaic module operating under I | | | |
real-life conditions can generate a
much higher current than that spec- 320Wp | |320Wp | |320Wp | |320Wp | |320Wp
ified for STC. Unlike the voltage,
the current of a solar module in- I I [ I I

320Wp | |320Wp | |320Wp | |320Wp ||320Wp

Vmpp = 73.4V

creases slightly as the temperature

] ] PERFORMANCE UNDER STANDARD TEST CONDITIONS (STC)*
rises. Moreover, midday solar ra-

diation can, in some regions and ~ Maximum power Pmax 220 WP
under certain weather conditions, Ope'f £l Yoiteg t Vec 229

Maximum power point voltage Vinop 36.7V
be much Stronger than Short circuit current I 9.41A
1,000 W/m?2. To ensure safe and Maximum power point current Lo 878A
proper performance, a solar  Moduleefficiency o 16.04 %

charge controller needs to be able  ‘sic:1000w/mz, 25°C,AM15

to operate Wlth a current at least 1) Measuring tolerance (P,.,) traceable to TUV Rheinland: +/- 2% (TUV Power Controlled).
20% greater than the maximum THERMAL CHARACTERISTICS

power point current of the array.

NOCT 46°C
TCI, 0.042 %/°C
TC . -0.304 %/°C
TCP,,, -0.43 %/°C
Operating temperature -40°C to 85°C

Figure 3.95: Data sheet of Solarworld SW320XL

Example: Our 3.2 kWr solar array generates under STC a maximum current (Imep) of 43.9 A.

= Minimum rating of the charge controller: 43.9 A + 20% =52.7 A.
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Below is a part of the data sheet for the Steca Power Tarom series. The 4055 model would be
the right choice; otherwise the next possible controller would be the 70 A controller.

2070 2140 1055 411( 4140

haracterisation of the operating performance

System voltage 12V (24V) 48V
. Own consumption 14 mA
l DC input side
’ 9 , ! 2%?1?;]2{(“ voltage solar <47V <82V
“. Module current 70 A 140 A 55A 110A | 140A
DC output side
Load current 70 A 70 A 55A 55 A 70 A
End of charge voltage 13.7V(Q74V) 54.8V
M:a %é Boost charge voltage 144V (28.8V) 57.6V
E Equalisation charge 14.7V (294 V) 58.8V
- tr | =) % ?Secc)gn/nLevc’;;on voltage > S(()z";‘oé 1\/2)6 % > 50%/50.4V
al - o
(léegg/d@cg)arge protection < 3(()2;2 1\/1)1 Vv <30%/44.4V
Operating conditions
Ambient temperature -10°C ... +60 °C
itting and construction
Terminal (fine / single wire) 50 mm?/ 70 mm? - AWG 1/00
Degree of protection IP 65

oimensons Y2 943 20 PG5 0 PR B 0T

Weight 10 kg
Technical data at 25 °C/ 77 °F

Figure 3.96: Steca Power Tarom charge controller (left) and data sheet (right)

SIZING THE INVERTER

When choosing an inverter, keep in mind that the inverter performance varies according to
the quantity of power requested. Oversizing an inverter not only leads to inefficient opera-
tion but also adds unnecessary costs. Correct inverter sizing is important for optimal system
performance. In addition, the size (or nominal output) of an inverter cannot be raised or up-
graded once purchased. In the point, the inverter differs from modules and batteries, which
can be added at a later time in case the system design or sizing proves to be insufficient.

When choosing an inverter, the inverter’s output capacity must be matched to the size of the
electrical loads it will run. By choosing which electrical circuits the inverter will power (all
circuits or only selected essential circuits), the power draw of all electrical loads on each cir-
cuit can be added together to arrive at a minimum necessary inverter capacity. Extremely
power-hungry appliances such as electric water heaters and electric clothes dryers should
either be replaced with gas-powered energy-efficient models, or be run on non-inverter sup-
plied power.

Example: Our daily 12 kWh energy consumption is distributed over the day according to the load
profile shown below. The peak consumption rate of 1.3 kVA occurs at around 9 pm.

Minimum inverter characteristics: at least 1.4 kVA continuous power output with 48 V DC
input. The inverter must also supply the high start-up power of the fridge for a short peak.
Below is a part of the Steca XPC series data sheet, from which we can see that the 2200-48
model would be the right choice. Its peak power can easily supply the start-up power of the
fridge.
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Time 1| of 3| o S| 6 7] & o 10] 1] 12] 13| 14] 15| 16] 17] 18] 19| 20| 21| 22| 23] 24]
Power consumption in KVA daily energy
Lights 0.3/0.3/0.3/0.3]0.3/0.3 1.8|kvan
v 0.4/0.4{0.4|0.4]0.4| 0.4| 0.4 0.4| 0.4 3.6|kvah
Fridge 0.4 0.4 0.4 0.4 0.4 0.4 2.4|kvan
Sec. lights |0.2[0.2]0.2[0.20.2] 0.2 0.2 0.2{0.2|0.2[0.2] 0.2[ 0.2 2.6[kvah
Laptops 0.2(0.2|0.2[0.2| 0.2 0.2/ 0.2] 0.2 1.6|KVAh
Peak power| 0.6] 0.2] 0.2/ 0.2[ 0.6 0.2] 0.2] 0.0/ 0.6] 0.2] 0.2] 0.2] 0.6] 0.6] 0.6| 0.6] 0.8] 0.7[ 0.9] 0.9] 1.3]0.9| 0.5[ 0.2 12|kvan
1.4
KV n
12 f%‘
[\
1.0
/ \
0.8 / "\‘w&w‘ \
o . / \
- ] 7\ \ 7 - \
\ [\ [\ / \
0.4 \ 4 3 ’l \
\\ 4{' \‘ w'l ‘\ / \
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\
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0.0 : - . . "
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Minimum inverter characteristics: at least 1.4 kVA continuous power output with 48 V DC
input. The inverter must also supply the high start-up power of the fridge for a short peak.
Below is a part of the Steca XPC series data sheet, from which we can see that the 2200-48
model would be the right choice. Its peak power can easily supply the start-up power of the

fridge.

1400-12 | 2200-24 2200-48
Characterisation of the operating pcrforﬁm‘incc
System voltage 12V 24V 48V
Continuous power 1,100 VA 1,600 VA 1,600 VA
Power 30 min. 1,400 VA 2,200 VA 2,200 VA
Power S sec. 3,300 VA 4,800 VA 4,800 VA
Max. efficiency 94 % 95 % 95 %
Own consumption 06W/4W 09W/7W 1.3W/7W

standby / ON

AC input side

Input voltage

Charging current adjustable

Max. current / power on
transfer system

Switching time transfer relay
DC output side
Battery voltage

Battery monitoring

AC output side
Output voltage

Output frequency

Load detection (standby)

adjustable: 150 V AC ... 230 V AC

0A..45A | 0A..37A | 0A..20A
16A/3.7 kVA
< 20 ms
[osv..16v[ 19v..32v | 38v..6av |

LVD, HVD, floating and equalisation voltage adjus-
table by user via optional remote control RCC-01

230 V AC +0/-10 % (true sine wave)
50 Hz +/-0.05 %
adjustable: 1 W ... 25W

Figure 3.97: Steca XPC inverter (left) and data sheet (right)

CABLE SIZING AND SELECTION

Cable sizing is an extremely important, yet often neglected, part of system design. This ne-
glect stems partly from conventional AC wiring systems in households, where currents and

92



MODULE 3: GENERATION TECHNOLOGIES

voltage drops are relatively small compared to low-voltage DC systems. For solar systems,
cables need to be purposefully sized, considering not only the maximum current for each
part of the system but also the length of the connection. Cross-sections are usually much
higher than those used in conventional AC wiring in households.

Once you know the number of panels and batteries, along with the type of regulator and
inverter to be used, it is necessary to calculate both the length and the thickness of the cables
to connect the components. Cable lengths should be minimised, as this reduces power loss
and the cost of cables. The maximum voltage drop on the DC side of a PV installation should
not exceed 3%, meaning that from the solar modules to the battery no more than 3% should
be lost. This source of voltage loss depends on four factors:

= Length of cable

= Current on cable

= Thickness of cable
= Material of cable

The absolute voltage loss can be calculated using the following formula:

aV=2xLxl
n Xq
Where
= Cable length (m)
I= Current (A)
n= Conductivity (uS/m). The conductivity of copper is 58 uS/m

= Cross-sectional area of cable (mm?)

The voltage loss is calculated as a percentage by dividing the absolute voltage loss by the
system voltage. The minimum cross-sectional area of the cable can be calculated as follows:

A= 2pLcapielratea
YVsystem
Where:
A= Cross-sectional area of cable (mm?)
p= Resistivity of copper (0.0179 Omm?)
Lable = Length of cable of run (m)
Irated = Maximum current flowing through the cable (A)
Y= Maximum power loss allowance

Example: Our 3.2 kWr solar array generates under STC a maximum current (Imep) of 43.9 A. The cable
length from the combiner box to the battery via the charge controller is 12 m.

= The required cable cross-section is (2 x 0.0179 Qmm?m-1 x 12 m x 43.9 A) / (= 0.3 x 48 V) = 13 mm?.
We need a cable with a minimum 13 mm?2 cross-section; the next available size would be a 2x16mm?
cable.

= The voltage drop for a 16mm? cable would be (2 x 12 m x 43.9 A) / (568 uS/m x 16 mm?) =1.14 V. The
voltage drop would be 1.14 V / 48 V = 2.4%, which is within the permissible range.
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» System design

ORIENTATION OF SOLAR PANELS

Solar panels should be positioned to face the Sun. However, it changes its position during
the day and also during the year. The angle of incidence of the Sun at noon in January is dif-
ferent than in June and this must be taken into account when siting the array. To capture
most of the available sunshine all year round, advanced tracking systems are employed. In
practice, however, most systems are mounted in a fixed position, which requires some level
of compromise. In this case, the best mounting angle for the solar panel is facing the Sun di-
rectly at noon. The orientation of the photovoltaic modules depends on the azimuth (a) and
inclination (or elevation) ((3) of the Sun.

Azimuth (a): During the day, the Sun travels from east to west. In the Northern Hemisphere,
the Sun travels from east to west via south, reaching its zenith in the southern position at
noon. Irradiance is strongest at noon. Therefore, in the Northern Hemisphere, where Nigeria
is situated, solar modules should always face south.

Inclination (B): During the
day, the Sun rises over the
horizon, reaches its highest
point at noon and sets at the
edge of the horizon in the
evening. At noon when the
irradiance is strongest, the
solar modules should be in-
stalled so that the angle of
incident of the sunrays on the
solar module is 90°.

The maximum height that the
Sun reaches every day varies

during the year. At or near the
Equator, even the Sun’s direc- Figure 3.98: Inclination of Sun and tilt of solar module

horizontal plane

tion can change from south to

north and back again. For

installations with consistent (or nearly consistent) consumption throughout the year, it is
preferable to optimise the installation to capture the maximum radiation during the months
of the rainy season. The panel inclination should never be less than 15° to minimise the accu-
mulation of dust and allow condensing humidity to run off. For specific sites, the inclination
angle can be found online. Data sets from NASA Surface Meteorology and Solar energy are
particularly recommended.

Example: Our 3.2 kWr solar array shall be installed at Kainji Dam. Below we have listed the inclina-
tion data for that site obtained from the NASA website. Latitude: 9.863°; longitude: 4.613°

= August is the month with the least sunshine in Kainji (according to data from an irradiation table
from the same website). In August the angle of incidence at noon is 86°. The perfect mounting angle
for the solar modules in August would be: 90° — 86° = 4°. In order to facilitate rainwater runoff, we
will choose a slightly larger angle of 15° to 20°.
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Table 3.18: Monthly averaged maximum solar angle relative to the horizon

Month Average angle
January 59.3°
February 67.7°
March 78.3°
April 89.8°
May 81.0°
June 76.7°
July 78.6°
August 86.0°
September 83.2°
October 71.6°
November 61.9°
December 57.2°

When deciding on a suitable location for solar panels, it is very important that no part of the
panel is ever shaded. The location and effect of structures such as trees, buildings, walls, as
well as other panels must be factored into the decision, including the position of their shad-
ows throughout the seasons. Make sure to rule out all sources of shade on the panels for all
times of the day and year.

The complete solar PV system from our example would look like this:

Array 3200 Wp / 48 V, facing south, 15-20° tilt

| DC combiner box
with 10A CB
=) Charger controller
L= Steca power tarom 4055
320Wp | [320Wp | [320Wp | |320Wp ||320Wp o
L | sSCC Inverter
et Steca XPC 2200-48
" ) I = -
1T = s 33 6e =
| I ] L
| ol 1 -
320Wp | [320Wp | [320Wp | |320Wp ||320Wp ] | 2 x 16mm? N
t | ~
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Figure 3.99: Wiring for our 3.2 kWP solar system
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(January to June)

SHADE ANALYSIS AND SUN PATH CHART

As described above, when deciding on the location of a solar PV array, you must always
consider the possibility of shading caused by trees and nearby man-made objects such as
buildings, poles and telecommunications towers. The Sun chart is a useful tool which allows
system designers and installers to understand the availability of sunshine throughout the
year as well as to understand the shadow that would be cast by the PV array. The Sun chart
has two axes, the solar elevation and the solar azimuth.
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The first Sun path chart explains the location of the Sun in the sky for 7 months (December
through June) in Kainji, Niger state, Nigeria. The solar azimuth axis (horizontal axis) indi-
cates the direction of the Sun in the horizontal plane for a given location. Accordingly, the
north is defined to have an azimuth of 0° while the south has an azimuth of 180°. The east
and west, where the Sun rises and sets, have an azimuth of 90° and 270°, respectively.

On the other hand, the solar elevation axis (vertical axis) indicates the height of the Sun over
the sky during the day. These two axes are connected via the blue lines which indicate a par-
ticular day of the year in which the values were measured. In this case, the 20t, 21t or 22nd
day of every month.

The Sun path chart would be incomplete without information on the time of the day at
which the Sun is at a particular location. By tracing the intersection of the red lines, which
show the time of day, and the blue lines, which show the day of the year, you can reasonably
deduce the location of the Sun all year round. When working on site, a Sun path analysis
instrument such as a solar pathfinder may be used to determine the shading effect of trees
and other objects (houses, telecoms equipment) in the vicinity of the PV array.

From the chart above, we can deduce that at 9.00 am on April 20, the Sun is at an elevation of
36° to the horizontal and at an azimuth of 83°.

Note: For every project, the Sun charts need to be generated and reviewed.

INTER-ROW SHADING

When you install a solar PV array with nu-
merous strings, you have to consider the
possibility of inter-row shading. This effect
occurs when the solar PV module in front
casts a shadow on the module behind it.

When considering inter-row shading, you
should assess the following criteria:

= Effective period of operation: PV
modules will work whenever there
is sunlight. Determine the times at
which some shading is acceptable. It
is recommended that if there is
shading, it should not be between
the hours of 8.00 am and 4.00 pm (8
hours without shading).

= Installation latitude for the PV array:
The latitude (¢) determines the loca- Figure 3.102: Shadow caused by poorly spaced solar
tion of the Sun in the sky at different PV modules

times, which in turn affects the length of the shadow that could be cast.

= Size of the solar panels: The length and width of solar PV modules also directly corre-
lates with the length of the shadow that is cast.

= Orientation of the PV array: The angle of inclination and azimuth of the array play a
major role in the occurrence of inter-row shading. At a larger angle of inclination, a
longer shadow will inevitably be cast by the preceding photovoltaic module.
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Required area for inter-row spacing - as discussed earlier, inter-row shading could drastical-
ly reduce the amount of energy that is obtained from a PV array. To mitigate this effect, you
will need to apply the Sun path diagram or use industry-accepted rules of thumb. But first
you need to identify the following parameters:

= Module length and width

= Required array length, width and area
= Module orientation

= Tilt angle

* Sun path chart Sizing a Tilted Array
Once you have the above pa-
rameters, determining the dis-
tance between rows becomes a
simple case of multiplication.
As a general rule, in Nigeria a
row spacing factor of 1 is rec-

Height
. 90 l
ommended when determining : i
Array tilt angle 9{(— Base —)|
the row space to be used be- ad o -Row space

tween 8.00 am and 5.00 pm. For Figure 3.103: Calculating for inter-row shading — Courtesy: TheSolar-
planner.com

example, if you have an array
(module) table of a height of 2 metres, the minimum spacing required to the next module is 2
metres.

In situations where the solar array does not face true south, a more complicated method
must be used to determine the required row spacing. Here, you would need to read values
off the Sun path chart and interpret them using trigonometric laws and principles. To do
this, you must apply the following formula:

Module height
tan(solar altitude or elevation angle

Space between rows = x cos (corrected solar azimuth)

The module height is the vertical distance from the module to the ground and may be calcu-
lated it using Pythagoras” theorem as follows:

Module height = module length x sin (array tilt angle)

Module height xsin(array tilt angle)

Space between rows = x cos (corrected solar azimuth)

tan(solar altitude or elevation angle

Combining the two formulae above, the space between rows can be calculated as described
in the following example.

Example: Spacing calculation

Using the Sun path charts provided above for Kainji, Nigeria, calculate the spacing required if inter-
row shading is to be avoided between 8.00 am and 4.00 pm on December 21#, the day when the Sun
is at its lowest point in the Northern Hemisphere. Let us assume that the PV modules to be used are
each 1.985 m by 0.955 m and that only one row of solar panels is to be installed.

= From the Sun path chart we obtain:

= Elevation angle at 8.00 am = 15° azimuth angle at 8.00 am = 120°;
= Elevation angle at 4.00 pm = 31°; azimuth angle at 4.00 pm = 235°
= Elevation angle at 5.00 pm = 20°; azimuth angle at 5.00 pm = 240°
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= With the formula above for 8.00 am, 4.00 pm and 5.00 pm, respectively, we obtain
1.985 X sin 15°

Space between rows = —anise X cos(180°—120°) = 0.95m
1.985 X sin 15°

Space between rows = a3l X c0s(235°—180°) = 0.5m
1.985 X sin15°

Space between rows = X c0s(240°—180°) = 0.7 m

tan 20°

Once you have calculated the required inter-row spacing, you can determine how many so-
lar photovoltaic modules you can install in the area that you have available.

Thus, in order to design your solar PV array in a way that would harness most of the Sun
during the day, you would require a substantial amount of space to mitigate inter-row shad-
ing. Therefore, there must a trade-off between how much of the Sun’s energy you wish to
harness and the amount of space that is available to you.

Exercise: Calculate the minimum inter-row spacing required for August 22 at 7.00am and
5.00 pm

» Photovoltaic system costs

The initial costs of a solar system often o

seem high in relation to the energy demand

they are supposed to cover, especially * $76.00
when compared with the investment costs 0
of a diesel generator which could do the 60

. . Price history of silicon PV cells
same job. Yet when factors such as reliabil- 50 inrzss e ek

ity, sustainability, life-cycle costs and noise o

$lwatt

pollution are considered, solar photovoltaic

systems clearly come out on top. *

20
This was not the case three decades ago
when photovoltaic modules were sold at ° |I"I""""""""I - $0.30
[ TR
USD 30 per Watt and as SuCh were Only 1977 1981 1985 1990 1995 2000 2005 ;0.10 2015
used for military or research activities. For-

’ Figure 3.104: Photovoltaic module prices since
tunately, the prices for solar modules have 1977 - Courtesy: Wikipedia

been declining over the past three decades,

largely due to the improved commercialisation of PV modules as well as technological ad-
vancements along the production chain. Below you will see a graph indicating the price de-
velopment for solar photovoltaic cells since 1977. Note that these figures are not module
prices, which are approximately triple the cell price on average. The US market price for a
100 Wr solar module is about USD 90 or 0.9 USD/Wr. Module prices in Nigeria are about
NGN 300/Wr, which is comparable, albeit slightly higher than US pricing for the same com-
ponents.

When costing a system, the following criteria must be applied:

= Initial investment: Sum of the cost of all components including installation costs.

= Running costs: Applies to paid labour for maintenance work such as cleaning, sched-
uled replacement of limited-lifetime components such as batteries, repair or replace-
ment of faulty components, system inspections.
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= Cost of generated energy: Cost of the whole system over its entire lifetime in relation
to the electrical energy generated during its useful life.

= Lifetime of system: Solar systems are usually assigned the same lifetime as the solar

modules, which is at least 20 years.

Example: Life cycle cost

Example: For our 3.2 kWpr solar system, we want to create a cost estimate in order to determine the

total investment, lifetime cost, daily running cost and energy generation cost.

Initial investment

Item Quantity Cost/Unit (NGN) Total costs (NGN)
Solar module 320 W; 10 96,000 960,000
Battery OPzV 2 V/800 Ah 24 120,000 2,880,000
Charge controller Steca 48 V/55 A 1 90,000 90,000
Inverter Steca 48 V/1.6 kVA 1 100,000 100,000
DC combiner box including circuit breakers 1 30,000 30,000
Cable 2x16 mm?/m 12 1,500 18,000
Mountings for solar modules 10 2,500 25,000
Connectors, fasteners (lump sum) 1 15,000 15,000
Labour 1 40,000 40,000
Sum total 4,158,000

Running costs over 20 years
Item Quantity Cost/Unit (NGN) Total costs (NGN)
Weekly cleaning 1,040 500 520,000
Quarterly system check 80 4,000 320,000
Replacement of faulty charge controller 1 90,000 90,000
Replacement of faulty inverter 2 250,000 500,000
Replacement of batteries 1 2,880,000 2,880,000
Sum total NGN 4,310,000
Total costs NGN 8,468,000
Cost / year 423,400
Cost / month 17,642
Cost / day 1,160
Energy generation/day 12 kWh
Cost / kWh 96.67

A battery-based stand-alone solar power supply system, where the most expensive part is
energy storage, cannot compete with the energy prices of the utility grid. Battery prices have
not followed the same trend as prices for solar modules and have not decreased over time.
This is not expected to change in the near future.
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Example: Comparison with generator

Instead of our 3.2 kWr solar system we consider another generation source and calculate the costs of
energy generation by a petrol-driven generator of 2 kVA:

Power generation by petrol driven 2 kVA generator, with a 10-year lifetime

Initial investment NGN 140,000
Replacement after 10 years NGN 140,000
Maintenance over 20 years NGN 300,000
Petrol over 20 years NGN 15,000,000
Sum total NGN 15,580,000
Daily running cost NGN 2,134
Cost / kWh NGN 177.85

Conclusion: The initial investment in a petrol generator is extremely low — not even 5% of the initial
investment for a solar power PV system; however, the daily running cost over the 20 year period and
the cost per kWh of generated electric energy are 2 to 3 times higher than those for the solar generator.
Considering the life-cycle costs, the solar PV system costs less than the petrol generator.

SOLAR THERMAL ENERGY

This is a form of technology that deals
with harnessing the energy from the Solar hot water heater
Sun and converting it into thermal or
electrical energy. Solar thermal sys-

tems for electricity require high tem- Preheated

peratures for operations in the range

of 300°C - 1,500°C whilst systems for

heating (domestic and commercial), *

lower temperatures in the region of Cold water -‘Blﬁl
65°C — 70°C are more common. r Existng tank | | ot water
Collectors are the main component of EQEE?{}EF‘} r ﬁ F
most solar thermal systems. The col- II?:'" = J —]
lector absorbs sunlight and converts it — “Racwen™ —eee

into heat energy. Other components in W/ e / vl / s
a solar thermal system include the Figure 3.105: Residential solar water heating system

solar circuit which transfers the heat

energy via a transport medium (fluid) to the heat store. These heat stores such as in insulated
water tank ensure that the generated thermal energy is available when needed. Solar thermal
energy systems can be divided into the following groups:

» Solar water heating system

A solar water heating system consists of a flat plate or an evacuated tube solar collector, a
storage tank and connecting pipes. The system is generally installed on a rooftop or on open
ground, with the collector facing the Sun and connected to a continuous water supply. In the
Northern Hemisphere, The collectors are generally mounted on a south-facing roof. Water
stored in the tank remains heated overnight as the storage tank is insulated and heat loss is
minimal. Two main collector technologies are employed in its application.
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SOLAR FLAT PLATE COLLECTOR

The flat-plate collector consists of an absorber, a
transparent cover, a frame, and insulation. Usu-
ally a low-iron safety glass is used as a trans-
parent cover as it lets through a great amount of
the radiation from the Sun. Simultaneously,
most heat emitted by the absorber stays trapped
beneath the cover (greenhouse effect) and only
very little escapes. In addition, the transparent
cover prevents wind from cooling the absorber.
Together with the frame, the cover protects the
absorber from adverse weather conditions. The
insulation on the back of the absorber and on
the side walls lessens the heat loss through
conduction. On better quality panels insulation
usually consists of mineral fibre-based insulat-
ing materials like glass wool or rock wool.

Figure 3.106: Solar water heater with flat plate
collector

EVACUATED TUBE COLLECTOR

For greater efficiency as
well as for colder cli-
mates and higher water
temperatures, evacuated
tube collectors are used.
Unlike flat plate collec-
tors, their efficiency does
not drop with ambient
temperature, making
them less dependent on Figure 3.107: Evacuated tube solar thermal collector

ambient temperature. In

this type of solar collector, evacuated glass tubes are used instead of copper, thus eliminating
the need for a separate cover sheet and insulating box. Water flows through the tubes, where
it absorbs solar heat and is then stored in a tank. This type of solar collector can reach tem-
peratures as high as 150°.

Evacuated tube collectors consist of two concentric glass tubes fused at the ends as shown in
the figure below. Air is evacuated from the gap between the tubes. The evacuated double-
walled glass tube provides thermal insulation similar to that of a thermally insulated ther-
mos bottle. The outer glass tube is clear, and the surface of the inner glass tube is coated with
a special heat material that absorbs the Sun’s energy.

Sunrays penetrate the clear outer glass and heat energy is absorbed by the coated inner glass.
The vacuum permits the heat radiation to enter the outer tube. The absorbent coating on the
inner tube converts shortwave radiation to longwave radiation, thus preventing re-radiation
into atmosphere. Since conduction cannot take place in a vacuum, heat loss due to conduc-
tion back to the atmosphere is also prevented. Because of this principle, more heat is trapped
compared to a flat plate collector. The heat loss in an evacuated tube collector is less than
10% compared to 40% for a flat plate collector. Water flows in through a third, innermost
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concentric feeder tube and hot water flows out through the annulus outside the feeder tube
in contact with the absorber tube surface.

)
— - » Outlet
(L> — % <— Inlet
)
Selecti Selective Coating
Evacuated elective
space Coating Return flow
Vacuum
Feed tube

Figure 3.108: Cross - section of evacuated tube

Sunrays penetrate the clear outer glass and heat energy is absorbed by the coated inner glass.
The vacuum permits the heat radiation to enter the outer tube. The absorbent coating on the
inner tube converts shortwave radiation to longwave radiation, thus preventing re-radiation
into atmosphere. Since conduction cannot take place in a vacuum, heat loss due to conduc-
tion back to the atmosphere is also prevented. Because of this principle, more heat is trapped
compared to a flat plate collector. The heat loss in an evacuated tube collector is less than
10% compared to 40% for a flat plate collector. Water flows in through a third, innermost
concentric feeder tube and hot water flows out through the annulus outside the feeder tube
in contact with the absorber tube surface.

» Concentrated solar power

Generating electricity via solar thermal processes requires higher temperatures than those
that can be achieved using the flat plate or evacuated tube collectors. In this case, concentrat-
ed solar power (CSP) is the preferred method. Concentrated solar power refers to the genera-
tion of electricity and process heat via the concentration of sunlight which is beamed to a
receiver usually located on a tower; the method is achieved with reflecting concentrators.
There are two main CSP technologies, power towers and parabolic trough collectors:

POWER TOWERS
Typical power tower operation can be described as follows:
= Sunlight is collected by a large field of heliostats (mirrors) and reflected to a receiver

on a tall tower. At the tower, the sunlight received from all heliostats is in a very con-
centrated form.

= Molten salt from the cold salt tank is pumped through the central receiver where it is
heated to more than 550°C.

= Heated salt from the receiver is stored in the hot salt thermal storage tank.

= Molten salt is pumped from the hot salt tank through a steam generator that creates
steam, which drives a steam turbine to generate electricity.

= Salt heated to nearly 300°C flows back to the cold salt thermal storage tank and is re-
used.
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PARABOLIC TROUGH COLLECTOR

Parabolic trough collectors are currently the
most proven solar thermal electric technology.
This system uses a series of specially designed
parabolic trough-shaped reflectors that focus
the Sun’s energy onto a receiver tube (or
trough) running at the focus of the reflector as
shown in the figure below. Because of their
parabolic shape, the troughs can focus sunlight
at 30 to 60 times its normal intensity onto the
receiver pipe. Heat transfer fluid (such as wa-
ter) in the receiver is heated to a temperature of
about 400°C.

Thermal
storage tank

Electricity

Generator |
Turbine

troughs

Figure 3.109: Parabolic trough collector system

Large arrays of these collectors are coupled to provide high-temperature water for driving a
steam turbine. The collectors are aligned on an east-west axis and the troughs are rotated to
follow the Sun to maximise the Sun’s energy input to the receiver tube. Such power stations
can produce several megawatts of electricity, but are confined to areas where there is suffi-
cient solar insolation.

CURRENT TECHNOLOGIES AND TRENDS

» PV modules

The main trend and most important news in solar module manufacturing industry today is
that module prices are expected to continue to drop. This is mainly due to increasing mass
production and cheaper manufacturing processes. Most installations in the future will use
the more efficient monocrystalline modules. Technologies such as the bifacial silicon cells,
which are basically ordinary silicon cells but can capture light from both sides, either reflect-
ed from the roof or when vertically installed, can catch both morning and afternoon sun and
more diffuse radiation compared to conventional cells. Other emerging cell technologies use
different semiconductors to decrease costs or create multi-junction cells to increase efficiency
by trapping a wider range within the spectrum of light. Concentrated photovoltaic solar
(CPV) is one of these emerging technologies. CPV solar modules use a lens or a mirror to
focus a large area of solar radiation on a small high-efficiency solar cell. Under laboratory
conditions, cell efficiencies of 46% and module efficiencies of 38% have been reached

» Batteries

Storage batteries are becoming an increasingly viable option even for grid-tied systems in
Western countries with reliable utility grids, a development which has made photovoltaic
system owners more or less independent. This is due to price drops for storage systems but
decreasing feed-in tariffs for photovoltaic power. At a certain point it becomes more econom-
ical for system owners to store and consume the energy generated by their systems.

In grid-tied systems, lithium batteries are leading the market. New technologies include
quick-charging lithium batteries which can reach 70% SoC in just two minutes. These batter-
ies present a useful option for electric vehicles, for example. Redox flow batteries, another
new alternative, are comparable to fuel cells as they offer energy storage in two different
electrolytes.
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» Inverters

Currently, there are no new major advances in inverter technologies. There has been an ob-
servable increase in the installation of three-phase inverters for smaller grid-tied systems up
to 35 kW, due to the sinking costs of these inverters.

REVIEW QUESTIONS

1.

ii.

Differentiate between solar thermal systems that employ flat plate collectors and
those that employ evacuator tube collectors.

What is concentrated solar power? How does it differ from solar photovoltaics?

iii. =~ What is doping?
iv.  Describe the basic structure of a solar cell.
v.  Explain the photovoltaic effect.

vi.  A1MW solar power plant was constructed using crystalline silicon and required one
hectare of land. Another 1 MW solar power plant was to be constructed beside it us-
ing amorphous silicon but it was found to require two hectares. Explain the differ-
ence in required land size.

vii.  Describe how increased temperature and irradiance affect the output of a solar cell.
viii.  Explain the relationship between the maximum power point of a PV cell and the rat-
ed power of the same cell.

ix.  How does a charge controller function?

x.  Describe the operation of an inverter.

xi.  You are to install a battery bank for an 18 kW load. The inverter system voltage is
48 V. Sketch a diagram of a battery bank, showing connections for the system layout.
Consider that the available battery is 200 Ah at 12 V.

xii.  You are to install a PV array to supply power to a 1 kW load. How would you inter-
connect 125 Wr/12 V panels to supply power to the load? Provide a sketch.

xiii. ~ Why do you need to create a load profile to size a system?
xiv.  What is the electromagnetic spectrum?
xv.  Describe the instruments are used to measure the solar resource at a given location.
xvi.  Why is it advisable to store batteries in a well-ventilated room?
xvii.  How do you mitigate corrosion and sulfation in a battery?
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3.2. MICRO HYDROPOWER (FOCUS TOPIC)

Chapter focus

Nigeria has an abundance of hydropower resources. This module introduces the participant to the
basics of small hydropower. It provides participants with the necessary information for selecting a
hydropower site and the components to be used for such a site.

Learning outcomes

At the end of this chapter, the participant is able to

= List and describe small hydropower system components with an emphasis on mechanical
and electrical components

= Conduct a resource and site assessment
=  Select an appropriate turbine design

* Understand the potential, risks and issues of small hydropower development

» What is small hydropower?

Small-scale hydropower is one of the most
environmentally harmless forms of energy
generation available to us today. When it
comes to defining “small” hydro, there is no
international consensus. Most countries gen-
erally accept a definition that assumes a total
capacity ranging from 10 MW to 30 MW.
Many hydroelectric plants, in contrast, are
built on a massive scale — the Three Gorges
Dam in China has a capacity of 22,500 MW —
making it the largest in the world.

Small hydro plants may feed into conven-

tional electrical grids as a source of low-cost

Figure 3.110: Layout of a typical micro hydropower
renewable energy. Alternatively, small hydro system — Courtesy of Winrock International

projects can supply isolated areas where
grid-based electricity would be uneconomical or areas where there is no national grid or dis-
tribution network for electrical power. Since small hydro projects usually involve minimal

reservoirs and civil construction work, they are seen as having a relatively low environmen-
tal impact compared to large hydro. This decreased environmental impact depends strongly
on the balance between stream flow and power production. A well-designed small hydro-
power system can blend with its surroundings with a near to nil impact on the environment.

SUB CLASSIFICATION OF SMALL HYDRO

Small hydro can be further subdivided into mini hydro, usually defined as less than 1,000
kilowatts (kW), and micro hydro, generally defined as less than 200 kW. Nevertheless, strict
boundaries do not exist. Micro hydro ordinarily refers to the use of hydroelectric power for
smaller communities, single families or small enterprises.

Micro hydro plants may use custom-built turbines or mass-produced centrifugal pumps,
connected in reverse to act as turbines. While these machines rarely have optimum hydraulic
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characteristics when operated as turbines, their low purchase cost makes them attractive for
micro-hydro class installations.

HOW DOES IT WORK?

Hydropower systems use the energy in flowing water to produce electricity or mechanical
energy. The water flows through a canal or penstock to a turbine where it strikes the bucket
of the wheel, causing the turbine shaft to rotate. The rotating shaft is connected to an alterna-
tor or generator, which converts the motion of the shaft into electrical energy. This electrical
energy may be used directly, stored in batteries, or inverted to produce utility-grade electric-
ity. A small hydroelectric plant requires a sizeable flow of water and its descent from a con-
siderable height, called head. These conditions are obtained without building elaborate and
expensive facilities. Small hydropower plants can be developed at existing dams and have
been constructed in connection with water-level control and irrigation schemes for rivers and
lakes. By using existing structures, the need for new civil works remains minor, which re-
duces the engineering costs of a scheme.

To generate energy from water, Intake weir

Desilting tank

Forebay tank /

two main factors are required:

Gross head - the vertical distance
between the water tapping point
and the water delivery point in a
power scheme is called gross

head. It is usually measured in ?TZLZ;E{E‘EE'?‘?
metres. Gross head provides the Head
potential energy which, when
converted into kinetic energy,

drives the turbine.

Flow rate - the quantity of water ﬂ@

which passes through the tur-
bine is called the flow rate.

Penstock

Figure 3.111: General layout of a hydro scheme
Power equation:
Power = Pressure X Head X Flow X efficiency X g
P=pX HXQ Xn Xg
Where Q is in m?/s and H is in metres. Simplifying this equation, we get:

_ Q
P=1000x H x 9.81 xm x 0.51

P=5xQ xH
Where Q is in litre/s and H is in metres, P in watts

The efficiency of a scheme is calculated by taking into account the efficiency of every indi-
vidual component in the process of converting water to power:
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Figure 3.112: Efficiencies of different components in a SHP

N

Pout = Ecivilworks X epenstock X €turbine X egenerator X etransformer X ejine X pover input

Table 3.19: SWOT analysis for hydropower

Strengths

Cheapest renewable energy option

Water remains available for other pur-
poses after use

Weaknesses
Mostly site-specific

Reliable site data must
be collected to guarantee

Opportunities

Large demand
and supply gap
Major opportu-

Threats

e Rising cost of

production

o Competition

Continuous availability of power on output nities in hydroe- from other
demand Lengthy planning and lectric consul- new and en-
Concentrated energy source given a permit procedures tancy in Nigeria vironmentally
reasonable head Seasonal variations affect and abroad friendly
Predictable quantity of available energy performance New sources of :Zl:\::(:S of

Requires no fuel and only limited
maintenance for low running costs

Dams and rivers collect
water for electricity pro-

power genera-
tion

e Local opposi-

(compared with diesel power) duction, which alters the Opportunity to tion to etn\ln-

Long-lasting and robust, systems can natural water flow sys- go global ronmin : d

| . L i tem and thus deprives through tie-ups IMmpacts an

ast 50+ years without major new in- displacement
other needs.

vestments of people

Simple enough to be transferred to and
used in remote rural areas

Potential for serious
disputes caused by

changes to the river
pathway and water

shortages

TYPES OF HYDROPOWER SCHEMES

» Schemes types based on flow condition
The capacity, unit size and selection of equipment, along with equipment characteristics and
specifications for the design of a hydro power station all depend upon the type of hydroelec-
tric scheme and its classification with respect to head and size. There are three main types of
hydropower schemes that can be categorised in terms of how the flow at a given site is con-
trolled or modified. These are:

= Run-of-river (ROR) plants (no active storage scheme in Nigeria)

= Plants with significant storage (for example, Kainji Dam)

= Pumped storage
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ROR plants are completely different in design and appearance from conventional hydroelec-
tric projects. Traditional hydro dams store enormous quantities of water in reservoirs, neces-
sitating the flooding of large tracts of land. In contrast, most run-of-river projects do not re-
quire a large impoundment of water.

A small dam is required to ensure that there is enough water to enter the penstock pipes that
lead to the turbines.

In the second type of scheme, plants with significant storage, the annual yield from the
catchment (the area of land from which water flows towards a river) is stored completely or
partially and then released according to some plan for the utilisation of storage. Water stor-
age may serve a single purpose such as power development or it may target multiple pur-
poses including irrigation, flood control, etc. Therefore, storage design will be governed by
the intended use(s) of the stored water. If the scheme is only for power development, then
the best use of the water will be to release controlled quantities based on power demand.
Schemes with limited storage may be designed as peaking units. If the water project forms
part of a large grid, then the storage is utilised for meeting the peak demands.

In the third scheme discussed here, pumped storage, the basic principle is to convert the sur-
plus electrical energy available in a system in off-peak periods to hydraulic potential energy.

The method stores energy in the form of gravitational potential energy of water, pumped
from a lower elevation reservoir to a higher elevation. Low-cost off-peak electric power is
used to run the pumps. During periods of high electrical demand, the stored water is re-
leased through turbines to produce electric power. Although the losses occurring in the
pumping process make the plant a net consumer of energy overall, the system increases rev-
enue by selling more electricity during periods of peak demand, when electricity prices are
highest.

Taking into account evaporation losses from the exposed water surface and conversion loss-
es, energy can be recovered at a rate of 80% or more. This technique is currently the most
cost-effective means of storing large amounts of electrical energy on an operating basis, but
capital costs and the presence of appropriate geography are critical decision factors.

» Based on head

There are three types:

1. Low head (up to 30 metres)
2. Medium head (30 to 300 metres)
3. High head (more than 300 metres)

Low-head schemes are typically built in river valleys. Two technological options can be se-
lected. Either the water is diverted to a power intake with a short penstock as in the high-
head schemes or the head is created by a small dam provided with sector gates and an inte-
grated intake powerhouse.

Medium-head and high-head schemes use weirs to divert water to the intake, from where it
is conveyed to the turbines via a pressure pipe or penstock. Penstocks are expensive and
consequently this design is usually uneconomical. An alternative is to convey the water by a
low-slope canal, running alongside the river, to the pressure intake or forebay, and then in a
short penstock to the turbines. If the topography and morphology of the terrain does not
permit the easy layout of a canal, a low-pressure pipe, with larger latitude in slopes, can be

110



MODULE 3: GENERATION TECHNOLOGIES

an economical option. At the outlet of the turbines, the water is discharged to the river via
the tailrace.

» Schemes based on load and interconnection

A base load plant operates continuously and generates constant power throughout the year.
Examples of this type of plant include storage plants and ROR plants. On the other hand, a
peak load plant supplies power during the peak hours only.

If a power station works independently it is referred to as an isolated plant. These plants are
generally installed in industrial settings (i.e. captive power plant). If a power station is con-
nected with grid, however, it is called an interconnected plant.

SYSTEM COMPONENTS

» General layout

A typical small hydropower plant will have the following components: Reservoir, diversion
structure, spillways, desilting arrangements, headrace canal, forebay (for micro hydro) or
surge tanks, penstock (a pipe), powerhouse consisting of electromechanical equipment and
controllers, tailrace to channel the water back to the riverbed and a transmission network to
evacuate the power generated. In smaller schemes, some of these components could be elim-
inated by designing a single structure that incorporates more than one function. For exam-
ple, the desilting and spillway functions could be integrated into one structure.

RESERVOIR

A reservoir is created by building a dam — a barrier that stops and stores water. The reservoir
not only suppresses floods but also provides water for various needs that include irrigation,
human consumption, industrial use, aquaculture and navigation. Hydropower is often used
in conjunction with dams to generate electricity.

In micro hydro schemes, the term weir is used instead of dam; because these schemes gener-
ally do not include a storage function. A weir is a low diversion structure built on the stream
bed to divert the required flow while allowing the rest of the water to continue on its natural
path.

INTAKE STRUCTURES

An intake structure is an arrangement that diverts water
for a specific purpose or use. The intake allows water to
be taken from its source and then discharged into the
conveyance system, from where it is led to the desired
application (e.g. for hydropower generation). Arrange-
ments for routing high flood discharge are also made.
Extreme care must be taken when selecting an intake loca-

tion for the development of small-scale hydropower, as
the intake facilities are a significant part of the project cost. Figure 3.113: Desilting basin
SPILLWAYS

Spillways are designed to permit controlled overflow at certain points along the channel.
Flood waters flowing through the intake can reach up to twice the normal channel flow, so
the spillway must be large enough to divert this excess flow. The spill flow must be fed back
to the river in a controlled way to prevent damage to the channel foundations.
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DESILTING / SETTLING BASIN

The desilting or settling basin is one of the most effective devices for removing sediment par-
ticles from flowing water. It is used to trap sand or suspended silt before water enters the
penstock. It may be built at the intake or at the forebay. Two effects must be avoided in the
design of this component: Turbulence which stirs up the silt and does not allow it to settle
down and flow separation which carries water quickly through the settling basin and also
does not allow enough time for silt to settle.

HEADRACE

The headrace for a small hydropower plant is usually designed as an exposed channel struc-
ture that is open or covered. It runs from the desilting tank to the forebay or the surge tank
and carries silt-free water. Headrace channels may be of the following types:

* Open channel made of reinforced concrete cement (RCC) or cut-and-cover and steel
pipes are used along stretches where the slopes are geologically unstable

= Earthen canals

= Polyvinyl chloride (PVC), high-density polyethylene (HDPE) or fibreglass

= Steel pipe

=  Tunnel

Figure 3.114: Examples of masonry: Lined (left), earthen (middle) and wooden (right) channels

FLUME FOR CIRCUMVENTING OBSTACLES

Canals can present various obstacles along their alignment. Bypassing these obstacles re-
quires solutions that go over, around or under them.

A flume is required to cross a stream. This element prolongs the canal while retaining the
same slope. Support for the flume can be provided by concrete or steel piles or it can span a
given distance as a bridge. Steel pipes are often the best solution, since they may be used as
the chord of a truss, which can be fabricated on site. Flumes do involve one potential prob-
lem: They make it hard to remove sediment deposited in the canal when it is filled with
standing water.

FOREBAY / POWER INTAKE

The main advantage of a forebay tank is to store sufficient water to prevent large fluctuations
of the water level during turbine operation. In case the water level drops, balancing of the
water volume prevents air from entering the penstock pipe, which would cause damage.
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PENSTOCK

Penstocks are pipes that are installed above or below ground, depending on factors such as
the nature of the terrain, the penstock material, the ambient temperatures and the environ-
mental requirements to convey the water to the turbine.

From an environmental point of
view, a buried penstock is optimal
because the ground can be re-
turned to its original state, and the
penstock does not constitute a bar-
rier to the movement of wildlife.

A penstock installed above ground
can be designed with or without
expansion joints. Variations in
temperature are especially im-
portant if the turbine does not
function continuously, or when the
penstock is dewatered for repair,
resulting in thermal expansion or
Figure 3.115: PVC penstock contraction.

Today there is a wide choice of materials for penstocks. For the larger heads and diameters,
fabricated welded steel is probably the best option. Nevertheless, spiral machine-welded
steel pipes should be considered due to their lower price, provided they are available in the
required sizes. For high heads, steel or ductile iron pipes are preferred, but at medium and
low heads steel becomes less competitive, because the internal and external corrosion protec-
tion layers do not decrease with the wall thickness and because there is a minimum wall
thickness for the pipe to be handled.

POWERHOUSE

The powerhouse is a building that protects the electromechanical equipment in the hydro-
power scheme from the adverse effects of weather. The number, type, configuration and
power of the turbo-generators, along with the head of the overall scheme and the geomor-
phology of the site are the relevant factors that control the shape and size of the powerhouse.

TAILRACE

After passing through the turbine the water returns to the river through a short canal called a
tailrace. Impulse turbines can have relatively high exit velocities, so the tailrace should be
designed to ensure that the powerhouse would not be flooded and its integrity weakened.
Rock riprap or concrete aprons should be provided as a safeguard between the powerhouse
and the stream. The design should also ensure that during relatively high flows the water in
the tailrace does not rise to a level that interferes with the turbine runner function.

TURBINE SELECTION

The hydraulic turbine is a mechanical device that converts the potential energy of water into
rotary mechanical energy. Although this handbook does not define guidelines for the design
of turbines (a role reserved for turbine manufacturers), it is appropriate to provide a few cri-
teria to assist in choosing the right turbine for a particular application and even to provide
appropriate formulae to determine its main dimensions.
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The conversion of potential energy happens in one of two fundamental and basically differ-
ent mechanisms employed in different turbine types:

= Water flows through the turbine expending its pressure along the runner surface.
Turbines that operate in this way are called reaction turbines. The turbine casing is also
exerted to the full operating pressure.

= Water pressure is converted into kinetic energy through high-speed jets which hit the
runner blades or buckets that are mounted on the periphery of the runner. These are
called impulse turbines. Because the water falls into the tailwater with little remaining
energy after striking the buckets, the casing can be lightweight and serves the pur-
pose of preventing splashing.

» Specific speed
For a given head, a turbine will have one speed for peak efficiency. This is the speed that
yields the smoothest water flow around the turbine. If the head is then increased, the water
will flow faster, and the optimum speed will be faster, but the directions of flow within the
turbine will remain the same.

Now imagine the turbine is run on a 1-metre head. There would be a runner speed at which
the water flowed in the same pattern, and this would be the optimum speed under that head.
You could also scale down the turbine so that it only produced one unit of power, and still
keep the same flow pattern.

This principle can be used to compare different turbine designs. By mathematically scaling
down turbines to a standard head and power you can compare different types and designs.

The specific speed for a particular turbine design is defined as the speed (in rpm) at which
the turbine, with its valves fully open, would give the best efficiency with a 1-metre head
and with its size scaled down to yield an output of 1 kW.

1.166x N x /P
s—metric (Hn)5/4)

Where:
H= Head (m)
P=  Power (kW)
N = Rotational speed (rpm)

CHOOSING A TURBINE

Turbines with higher specific speeds run, as would be expected, faster, and are usually light-
er and smaller than turbines with lower Ns values. Thus, it makes sense to use a turbine with
the highest possible specific speed. Advances in turbine designs and materials usually in-
crease the specific speed of individual models.

Nevertheless, specific speed is by no means the only criteria for selecting a turbine. The other
major factor is head, and high-flow turbines such as propeller turbines generally only oper-
ate with low heads. Pelton turbines, on the other hand, have low specific speeds but perform
efficiently under very high heads.

Other limiting factors for turbine operation and performance:
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= Efficiency at partial flow: If the turbine is required to run for substantial periods at
partial flow, its efficiency away from its optimum point is important.

= Strength and hydraulic stability: Under certain conditions, the turbine may not actu-
ally be able to function over the full range of powers and speeds deduced from its
specific speed and head limitations.

= Site-specific features: It may not be possible to excavate deep enough to fit a particu-
lar type of turbine, or the generator design may limit the allowable turbine speed.

TRANSMISSION / ISOLATED GRIDS

Hydropower plants that feed mini-grids should be constructed to be safe, efficient and, if
increases in loads should seem possible, expandable. They should not present any greater
hazard to the public than the ordinary power grid in urban areas. This means they should be
designed in compliance with the spirit of any electrical codes or standards in use in the coun-

try.

Note: The word “spirit” is critical here because accepted standards are sometimes designed for con-
ditions not present in rural areas where mini-grids might be found. For example, to reduce cost and
thereby increase accessibility to electricity in rural areas, small conductors may be recommended as
appropriate where loads will not, in the foreseeable future, even approach those found in urban are-
as. But the same conductor might be deemed unsafe according to the codes adhered to in an urban
environment because increased current demand there could lead to a fire hazard. In such cases,
blindly abiding by these standards makes electrification unnecessarily more expensive and less ac-
cessible to rural populations. — Mini Grid Design Manual”, Allen R. Inversin, National Rural Electric
Cooperative Association.

LOAD CONTROL AND PROTECTIVE DEVICES

» Electronic load controllers

Electronic load controllers (ELC) are used in small hydropower plants to govern the rota-
tional speed of the turbine and the frequency of the voltage generated. The speed of the tur-
bine is directly related to the speed of the generator. The turbine is generally connected to the
generator by a drive which could be directly driven, belt driven, or in some cases gear driv-
en. The turbine speed is selected for optimal performance; the generator speed is selected to
run at the rated speed indicated on the name plate. This rotational speed will generate the
electricity indicated on the name plate and it will be similar to that supplied by the grid. The
three-phase ELC will work at 415/240 volts AC and at 50 Hz.

There are two methods to control the speed of a water turbine. One is to regulate the amount
of water entering the turbine to keep the speed constant over the full range of the load. The
other is to keep the water entering the turbine unregulated or at a pre-regulated position and
keep the load applied to the turbine equal to that generated by the turbine. The second case
is known as load control. In this case, the speed is set by the ELC and the controller main-
tains the speed constant at 3,000 rpm (50 Hz) by loading the generator into a ballast load. The
ballast load is a dummy load, electrically connected to the ELC and made up of a set of heat-
ers. The ELC diverts the power generated by the turbine generator into the ballast to main-
tain a constant speed. The amount of power diverted into the ballast load is adjusted by the
voltage across the ballast load. This is shown in the diagram below.
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The generator is connected directly to the ELC. The ELC, contained in a panel fitted on the
wall, consists of a set of thyristors, a control circuit board, meters, a main contactor and a
power supply.

The ELC will monitor the generator speed and divert power to the ballast load to maintain
the supply frequency at 50 Hz.

1. Turbine at — Generator ELC maintains User load
full power (il produces — frequency at o 0kW
e.g. 120 kW 100 kW 50 Hz =
after losses
Ballast
consumes
100 kW

Figure 3.116: ELC case 1: No load conditions

2. Turbine at — Generator ELC maintains User load
full power i produces . frequency at _| consumes
e.g. 120 kW 100 kW 50 Hz " 30 kW
after losses
Ballast
consumes
70 kW

Figure 3.117: ELC case 2: 30% load conditions

3. Turbine at — Generator ELC maintains User load
full power el produces » frequency at consumes
e.g. 120 kW 100 kW 50 Hz 90 kW
after losses

Ballast
consumes
10 kW

Figure 3.118: ELC case 3: 90% load conditions

The three block diagrams above show how the ELC will maintain the generator frequency at
the required 50 Hz. The ELC continuously monitors the generator frequency; if it rises above
the set value of 50 Hz, the ELC will begin to increase the ballast load. This increases the load
on the generator causing the frequency to drop. If the frequency drops below the set value

due to an excess user load, the ELC will reduce the ballast load to compensate for this loss in
frequency.
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As shown in Figure 3.118, the user load is switched off and therefore does not consume any
electricity. This will cause the ELC to divert all the power generated by the turbine into the
ballast, which is about 100 kW. Figure 3.118 illustrates part of the power generated by the
turbine, in this case 30 kW, being consumed by the user load. As a result, the ELC diverts the
balance, 70 kW, into the ballast. Figure 3.119 shows the case where the user load consumes
90 kW and the ballast only has 10 kW. At all times in the above cases, the water entering the
turbine remains constant and the generator produces 100 kW. The ELC balances this power
output between the ballast and load to ensure that the generator runs at the required fre-
quency.

During the dry period of the year, the turbine may operate on a partial flow and the ELC will
continue to control the frequency as shown in the diagram below. If the generator is over-
loaded by the user load, there is no additional power available in the ballast to supply this
extra need. At this point, the generator frequency will begin to drop below the set value.

Turbine — Generator ELC maintains User load
half power » produces ' frequency at _ | consumes
e.g. 80 kW 60 kW 50 Hz | 20 kW
after losses
Ballast
consumes
40 kW

Figure 3.119: ELC operation during dry season

The ELC has an electronic circuit board which senses the frequency of the generator and
sends a signal to a set of thyristors. These thyristors are connected to the ballast load, which
is a large resister. To maintain the frequency at the pre-set value of 50 Hz, the ELC will con-
tinuously change the voltage across the ballast load. If the frequency tends to rise, there will
be corresponding increase in ballast volts and therefore the power dissipated in the ballast
will increase. This will increase the load on the generator and bring down the frequency. In
the same way, if the speed drops the ELC will reduce the ballast volts allowing the generator
to return to its set frequency.

The ballast load should be rated 15 to 20% higher than the turbine output. It should be in-
stalled in a well-ventilated place as it will get hot. For powers of 100 kW the use of water-
cooled heaters is recommended.

The electronic load controller works in conjunction with a synchronous generator and is
used only to control the speed of rotation of the turbine-generator set. It is not an automatic
voltage regulator (AVR) for the synchronous generator and therefore it will not regulate the
voltage of the generator. The AVR is generally part of the generator and is installed inside
the generator. Its function is to maintain a constant generator voltage. But in some cases
there are static or transformer-type AVRs which will maintain the voltage constant only if
the speed is constant.
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» Protective devices in micro hydropower systems
VIBRATION DETECTION

Vibration detection is very important and often neglected on small hydropower schemes.
The objective is to make sure that if machine vibration rises significantly above normal, the
machine trips off. This feature does not need to be complicated or expensive; a simple elec-
tronic vibration switch is often quite sufficient.

EARTHING OR GROUNDING

The objective of an earthing system is to make sure that under heavy earth fault conditions,
no dangerous voltages arise that could cause electric shock or damage equipment. This re-
quires all metalwork to be connected to the same earthing system (equipment grounding)
and the earthing system to have the lowest possible resistance to the body of earth.

The most effective earthing is achieved by using the steel reinforcing steel bars of the power-
house building and other concrete structures as the main ground connection.

Compared to buried cables or rods, the conductive area of reinforcing bars is enormously
greater and, in earthing terms, mass concrete is a good and consistent conductor of electrici-
ty. In addition, the earthing system is virtually indestructible because there are no cables
between the equipment and an earthing system outside the powerhouse could be damaged
or stolen. The earthing system should be connected to main reinforcing bars at several points
around the building. Practical experience has demonstrated that the many contact points
between the main reinforcing bars and crossbars are more than adequate to carry and dis-
tribute the earth fault current.

Note: Earthing must be installed as first level (fundamental) protection for all electrical networks. It
works with MCBs, fuses and other protective equipment to ensure that any fault current on metallic
enclosures would be directed to earth.

FUSES

A fuse is a device for opening a circuit by means of a conductor designed to melt when an
excessive current flows through it. Two types are commonly used: The rewirable fuse and
the cartridge fuse. An advantage of a rewirable fuse is that, once the fuse has blown, the wire
can be easily replaced at minimum cost. While these fuses may be convenient, inexpensive,
and popular, a principal disadvantage is that any inexperienced person can easily replace the
blown fuse wire with an incorrectly sized wire or an ordinary piece of wire. Such an action
would completely negate the purpose of the fuse to open the circuit when current reaches an
unsafe level and would place the system in jeopardy. Another disadvantage of the rewirable
fuse is that it does not discriminate between a momentary but acceptable current surge (e.g.,
due to a motor starting) and a continuous overload current that must be interrupted.

MINIATURE CIRCUIT BREAKERS (MCBS)

A circuit breaker is an electromechanical device with the main function of automatically
opening a circuit when currents in excess of its design rating pass through. Under normal
conditions, a mechanism within the breaker holds the contacts in the closed position. The
contacts are automatically separated when the release mechanism in the breaker is operated
by magnetic and/or thermal means. While it is costlier than a fuse, a circuit breaker provides
numerous advantages:

= Itis easy to use and considerably more precise and more sensitive than a fuse.
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= It can also be quicker acting; when small overload currents occur, the circuit breaker
is likely to operate before the fuse blows.

= It can be tripped by a small sustained overload current but not by a harmless transi-
ent overcurrent such as the switching surge which accompanies the starting of a mo-
tor.

= The breaker on a faulty circuit is easy to detect, because this is indicated by the posi-
tion of the switch, and the breaker cannot be switched on as long as the fault condi-
tion remains.

= It can more conveniently be used as a switch when repairs have to be done to the cir-
cuit. It can be reset manually after a fault has been corrected, and no stock of fuses is
necessary.

= Itis factory-calibrated and cannot readily be changed.

= Under fault conditions, a breaker positively disconnects all poles of the circuit it con-
trols.

RESIDUAL CURRENT DEVICES (RCDS)

An RCD, also called a ground-fault circuit interrupter (GFCI), is a device that is inserted in
the circuit between the power supply and the circuit along which protection is sought, usual-
ly on the premises of the consumer. This device is an automatic switch that senses the incom-
ing current for the circuit to be protected (li) and compares it with the outgoing current for
this circuit (Io). Under normal operating conditions, these two currents should be equal and
the switch then maintains the supply.

However, under fault conditions, such as when a person touches the live conductor, a por-
tion of the current passing through the RCD into the protected circuit would then pass
through that person (I), leak into the ground, circumvent the RCD, and return through the
ground back to the supply, either through a system ground if there is one, through any fault,
or simply through the capacitive coupling between the circuit and the ground. As soon as the
RCD senses a difference between the incoming and outgoing currents, it trips and isolates
the protected circuit.

An RCD operates by detecting the difference in current flowing into and out of the protected
circuit, independently of how well the generator is grounded or whether it is grounded at
all. But incorrectly grounding the consumer circuit can prevent an RCD from detecting fault
currents.

Note: In high voltage installations malfunctioning or inadequate ground fault protection pose a dan-
ger to life and property. For AC installations therefore an RCD is generally recommended for protec-
tion against ground faults. This also applies to inverter and AC micro-hydro fed circuits. For the DC

side however, the low voltage may not merit consideration of an RCD.

The most common and least expensive type of RCD is the AC-type. An A-type by comparison is sen-
sitive to AC and pulses while a B-type is sensitive to AC, pulses and DC. For this reason the B-type is
well suited for inverter installations, where, apart from AC, residual DC currents could persist in case
of faults. This risk is particularly prevalent with transformer-less inverters which lack galvanic sepa-
ration between the AC and DC sides. The B-type however is also the most expensive of all.

LIGHTNING ARRESTORS

When lightning discharges in the vicinity of a distribution line, a high voltage is induced in
the line which can break down the insulation on the windings of transformers or generators
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connected to the line or damage electronic equipment in the home or powerhouse. The asso-
ciated high currents may also generate large amounts of heat and release a considerable me-
chanical force. The purpose of a protective system is to divert these very high transient volt-
ages and currents into the earth where they can be safely dissipated or to shunt these
around, rather than through, devices that need protection.

Commercially available lightning arresters come with a weatherproof enclosure, connection
leads, and a mounting stud or bracket. They should be connected to the distribution line,
close to the equipment or accessory requiring protection, such as just outside the power-
house or the home.

Note: Nigeria is located in the tropical belt around the equator, an area with the highest numbers of
lightning strikes on earth. In Nigeria, each square kilometre is hit by 10 to 50 lightning strikes every
year. Buildings with exposed surroundings are far more likely to be hit by lightning than relatively
sheltered buildings. However, damage due to nearby lightning strikes is far more common than
damage due to direct lightning strikes. Nevertheless, the damage caused by direct lightning strikes is
often significantly more devastating. Thus, lightning arrestors must be installed on the tallest struc-
ture (e.g. building) within this 10 km radius.

PLANNING A HYDROPOWER SCHEME

» Resource measurement

NATIONAL AND REGIONAL LEVELS

For national and regional resource assessment, satellite images are used to develop a GIS
database for water source identification, site selection, environmental planning, digital ter-
rain model data (DTM), and the transmission line network and ranking of the sites. General-
ly, such exercises for large-scale resource assessments are carried out by a team comprised of
experts in GIS, hydrology, hydropower, etc.

Geographic information systems (GIS) are computer-based information systems used to digi-
tally represent and analyse the geographic features present on the Earth’s surface. The hy-
dropower potential for a region can be assessed using the following methods.

REGIONAL FLOW DURATION MODELS -

A flow duration curve is a simple
graphical depiction of the variability
of water flow at a given location
without any reference to the se- 0
quence in which this flow would be z.
available. Flow duration curves for CE,
the prospective sites for which ade-
quate flow data is available can be
directly developed. This curve can be
used to estimate the flow for various
leVels Of dependabﬂity for the Percentage of time discharge is equalled or exceeded

gauged site. However, in real life Figure 3.120: Flow duration curve

situations, most of the prospective
sites for hydropower projects are likely to be ungauged where the sites either have insignifi-
cant data or no flow data available for such analyses.
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To derive a flow duration curve for a location on a stream for which adequate flow data are
not available, a regional flow duration curve may be used. Regional flow models are devel-
oped using data available for a few other gauged catchments in the same region or trans-
posed from a similar nearby region. Such models are employed to compute flow duration
curves for ungauged catchments in that region. The availability of such regional flow dura-
tion models is of paramount significance (for example in estimating the potential of hydro-
power in remote hilly regions of the country).

The annual flow duration model provides the pattern of flow at an ungauged catchment. For
the development of a flow duration model, the physiographic characteristics of the catch-
ment such as area, perimeter, length of main channel, elevation of highest and lowest points,
site geology and hydrogeology, land use pattern, climate and other parameters should be
taken into account. Depending upon the data availability, the flow duration obtained from
the above regional flow models may be used only for pre-feasibility studies. This can be fol-
lowed up with a detailed site feasibility study (for potential sites) based on the actual meas-
urement of the discharge from the river or stream.

REMOTE SENSING DATA FOR CATCHMENT ANALYSIS

Remote sensing technology is an effective tool for the identification of suitable sites for new
hydropower projects, especially in inaccessible areas like the Himalayas where the water
recourse potential is high. Remote sensing data available in the near infrared range (0.8 um
to 1.1 um) clearly illustrates the contrast between land and water features and is therefore
best suited for mapping perennial streams. IRS-1C/1D LISS III geocoded FCC (false colour
composites) may be used for the identification of catchment boundaries, drainage networks,
perennial streams, land use and vegetation cover for such assessments. The elevation con-
tours and spot heights from topographic maps can used to generate a digital elevation model
(DEM) of these catchments using any of the several GIS software packages available (Mani-
fold, ARC-INFO, Maplnfo, etc.). For further analysis, the catchment boundary, drainage
network and location of major habitation types can be overlaid on these DEMs.

DIGITAL TERRAIN MODELS (DTMS)

Digital terrain models can be used to compute the slope, channel length, catchment area,
head available for power generation and the location of suitable sites for civil structures of
small hydropower projects. Such structures and components include the diversion weir,
feeder and headrace channel, desilting tank, forebay tank, powerhouse building, etc. Satellite
imagery and GIS can further be used to generate a profile analysis and suitable (optimal)
pathway diagrams, engineering designs for towers and wires and cost estimates for the
transmission line network or feeder line to the nearest substation.

» Resource estimation at local levels (site-specific)

The only resource needed for a small/micro hydropower plant is water flowing at a gradient.
Planning for any small hydro plant begins with the (near to) accurate estimation of the head
and flow available at the proposed site. In the following subsections, various methods for
measuring the available head and discharge are described in detail.

IMEASUREMENT OF HEAD

There are several methods to measure the head which is available at a site. Some methods
are more suitable on low-head sites, but are too tedious and inaccurate for high heads. It is
always advisable to take several separate measurements of the head at each site. A further
very important factor is that the gross head does not remain constant but instead varies with
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the river flow. As the flow in the river increases, the tailwater level often rises faster than the
headwater level, thus reducing the total head available. Although this head variation is
much less than the variation in flow, it can significantly affect the power available, especially
in low-head schemes where even 0.5 metres are critical. To accurately assess the available
gross head, headwater and tailwater levels need to be measured for the full range of river
flows. Some of the more common methods or techniques used for head
measurement include:

Digital instruments - Nowadays with digital theodolites, electronic dig-
ital levels, laser levels and especially electronic total stations, it has be-
come much easier to measure the head at a given site. Modern electronic
digital levels provide an automatic display of height and distance with-
in about 4 seconds. They have a height measurement accuracy of 0.4
mm and an internal memory that can store approximately 2,400 data
points.

A total station or TST (total station theodolite) is an electronic theodolite
integrated within an electronic distance meter (EDM) to read slope dis- igure 3.121: Total
tances from the instrument to a particular point. Angles and distances station

are measured from the total station to points under survey, and the co-

ordinates (X, Y, and Z or easting, northing and elevation) of surveyed points relative to the
total station position are calculated using trigonometry and triangulation.

Dumpy levels and theodolite - The use of a dumpy
level (or builder’s level) is the conventional method
for measuring head and should be used wherever time
and funds allow. These devices require precise calibra-
tion and should be used by experienced operators.
Dumpy levels are used with staffs to measure head in
a series of stages. A dumpy level is a device which
allows the operator to take sight on a staff held by a
colleague, knowing that the line of sight is exactly hor-
izontal. Stages are usually limited by the length of the
staff to a height change (usually of no more than 3
metres). A clear, unobstructed view is necessary for the use of the dumpy level, making sites
with ample vegetation generally difficult to assess with this method. Dumpy levels only al-
low a horizontal sight but theodolites can also measure vertical and horizontal angles, giving
greater versatility and accelerating the measurement process.

Figure 3.122: Dumpy level

Sighting meters - hand-held sighting meters (also called inclinometers or Abney levels)
measure the angle of inclination of a slope. They are small and compact, and sometimes in-
clude a range finder which eliminates the problem of measuring linear distance. The error in
estimation is typically between 2 and 10% depending upon the skill of the user.

Water-filled tube and pressure gauge - this is probably one of the simplest methods for
measuring the available head, although it does have certain shortcomings. The two main
sources of error which must (and can) be avoided are out-of-calibration gauges and air bub-
bles in the hose. To avoid the first error, the gauge should be recalibrated both before and
after each major site survey. To avoid the second, a clear plastic tube should be used so that
the bubbles can be seen. This method can be used on high heads as well as low ones, but the
choice of pressure gauge depends on the head to be measured.
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Water-filled tube and rod - This method is well suited for
low-head sites. It is cheap, reasonably accurate and does not
report many errors. Two or three separate attempts should
be made to ensure that the final results are consistent and
reliable. In addition, the results can also be cross-checked
with measurements made by another method, for instance
by the water-filled hose and pressure gauge.

Spirit level and plank - this
method is similar in principle to the water-filled tube and rod
method. In this method, a carpenter’s spirit level is placed on
a reliably straight plank of wood and the horizontal sighting
is established. On gentle slopes this method tends to be very
time-consuming, but it is useful on steep slopes. Taking two
readings at each step (by marking on end of the plank and
turning it around) cancels the errors. The margin of error is
generally around 2%.

Maps - as discussed in the earlier section on regional assessments, large-scale maps are use-
tul for approximate head values, but are not always available or totally reliable. For high-
head sites (>100 m), 1:50,000 maps are useful for pre-feasibility studies and are also generally
available.

Altimeters - altimeters are quite useful for high-head pre-feasibility studies. Surveying al-
timeters generally give errors in the range of as little as 3% per 100 metre range Atmospheric
pressure variations need to be allowed for, however, and this method cannot be generally
recommended except for approximate readings (i.e. it is best suited for pre-feasibility stud-
ies).

Hand-held GPS device - this is a very useful tool for site visits. It can help to locate and mark
the major components of the scheme. The data can be then easily laid over a map and com-
piled. The elevation readings are not precise but usually in the range of + 7 metres.

MEASUREMENT OF FLOW

The purpose of a hydrology study is to predict the variation in water flow throughout the
year. Since water flow varies from day to day, a one-off measurement is of limited use. In the
absence of any hydrological analysis, a long-term measuring system may be set up. Such a
system is often used to reinforce the hydrological approach and is also the most reliable way
of determining the actual flow at a site. One-off measurements are useful as a spot check that
can be compared to hydrological predictions.

The flow measuring techniques discussed here are:

Velocity-area method - this is a conventional method for medium to large rivers, involving
the measurement of the cross-sectional area of the river and the mean velocity of the water
tlow; it is a useful approach for determining the stream flow with minimal effort. An appro-
priate point must be selected on a relatively straight, smoothly flowing portion of the river to
be gauged. The river at this point should have a uniform width, and the area must be well
defined and clean. The top water level (or stage of the river) will increase and decrease with
variances in discharge. Observe the stage at the same time each day. A measuring board - or
large ruler with metre and centimetre markings can be used for this purpose.
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MEASURING THE AREA 7

To compute the cross-sectional staff |

area of a natural watercourse it levelled board
should be divided into a series
of trapezoids. Measuring the
trapezoid sides, by marked
rules, such as figure below illus-
trates, the cross-section would

be given by IEE / s = phteth

, equidistant notches

< »
hy + hy + -+ h, b

5=bx n Figure 3.123: Measuring the cross-section of the river

IMEASURING THE VELOCITY

Since the velocity both across the flow and vertically through it is not constant, it is necessary
to measure the water velocity at a number of points to obtain a mean value. There are several
ways of doing this, two of which are discussed below.

Float method - a series of nearly submerged floats, like wooden plugs or partially filled bot-
tles, are placed in the centre of the stream flow and then timed as they move over a meas-
ured length of stream. A flow velocity is obtained by averaging the results over a large num-
ber of trials. This velocity must then be reduced by a correction factor which estimates the
mean velocity as opposed to the surface velocity. By multiplying averaged and corrected
flow velocity, the volume flow rate can be estimated.

Propeller current meters - this is more accurate than the float method. A current meter con-
sists of a shaft with a propeller or revolving cups connected to one end. The propeller is free
to rotate and the speed of rotation is related to the stream velocity. A simple mechanical
counter records the number of revolutions of a propeller placed at a desired depth. By aver-
aging readings taken evenly throughout the cross-section, an average speed of the stream
can be obtained.

In the case of medium to large rivers, observations are made by lowering the meter from a
bridge, though if the bridge is not a single-span construction there will be divergence and
convergence of the streamlines caused by the piers, which can result in considerable errors.
In many instances, however, the gauging site will have no bridge. But it should be placed in
a section of the river that is as straight and uniform as possible. And if it is deep and the river
is in a flooded state, a cable must be provided to stabilise the boat, together with a lighter
measuring cable to determine the horizontal position in the cross-section.

Electromagnetic current meters - an electromagnetic current meter is an instrument that
measures electrical induction. It is free of moving parts and mounted in a fully enclosed,
streamlined probe. The probe can be mounted on rods and held at various depths or sus-
pended on a cable.

This meter has the advantages of being smaller and having a wider measurement range than
the propeller meters. It is particularly useful at very low velocities when propeller meters
become erratic. Its sensitivity and lower vulnerability to effects from weeds and debris make
it attractive for use in heavily polluted or weedy streams.
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Salt dilution method - this method is relatively easy to perform, rea-
sonably accurate (error probability is less than 7%), and reliable for a
wide range of stream types. It gives better results if the stream is more
turbulent. Using this approach, a spot check of the stream flow can be
taken in less than 10 minutes with very little equipment.

The method involves the following steps: first, a bucket of heavily
salted water is poured into the stream. The cloud of salty water in the
stream starts to spread out while travelling downstream. After having
moved some distance downstream, it will have filled the width of the
stream. The cloud will have a leading part which is weak in salt, a
middle part which is strong in salt and a lagging part which is weak
again. The saltiness (salinity) of the water can be measured with an
electrical conductivity meter. If the stream is small, it will not dilute the salt very much, so
the electrical conductivity of the cloud (which is greater the saltier the water) will be high.
Therefore, low flows are indicated by high conductivity and vice versa. The flow rate is thus
inversely proportional to the degree of conductivity of the cloud.

Figure 3.124: Conduc-
tivity meter

The above phenomenon assumes that

the cloud passes the probe in the same Test1
amount of time in each case. But the 210 4

slower the flow, the longer the cloud & 138 i

takes to pass the probe. Thus, flow is ‘; 150 // \\

also inversely proportional to the |2 11‘:’8 N
cloud-passing time. For this flow 3 w0 / \\
measurement, also called the “salt | 8 70 Vi ey
gulp” method, you need a bucket, ig i

table salt, a thermometer and a con- 0 50 100 150 200
ductivity meter (range 0 to 1000 uS). Time in seconds

Weir method - a flow measurement Figure 3.125: Dilution graph

weir is a weir containing a notch through which all the water in the stream is made to flow
or pass. The flow rate can be determined from the difference in height between the upstream
water level and the bottom of the notch.
For reliable results, the crest of the weir
must be sharp and sediment must be
prevented from accumulating behind
the weir.

Weirs can be made of concrete, metal or
even timber and must always be orient-
ed at right angles to the stream flow. The
weir should be located at a point where
the stream is straight and free from ed-
dies. Upstream, the distance between the
point of measurement and the crest of the weir should be at least twice the maximum head to
be measured. There should be no obstructions to the flow near the notch and the weir must
be perfectly sealed against leakage.

Figure 3.126: Measurement weir
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» Pre-feasibility report
For a pre-feasibility report, you will need to obtain a rough estimate of the following:
* General feasibility of small-scale hydropower plant construction near the power de-
mand area
* Quantity and location of power that can be generated
= Method for selecting a potential site among the candidate sites.

The initial examination is basically a desk study using the available reference materials and
information. The procedure involved and important issues to be addressed are explained
below.

The main goal of this study is to assess the fundamental compatibility at an early stage of the
project in order to avoid sinking money into an unrealistic endeavour. This pre-feasibility
study helps to shorten the overall planning process and has proven to be an important ele-
ment in the initial stages.

Main reference materials

* Topographical maps: scale 1:50,000

= Rainfall data

* Geological data

* Demand and supply condition of the national grid

Tasks involved in a pre-feasibility study

= Conduct preliminary investigation of identified sites, including geological observa-
tions, and determine the suitability of the sites for construction.

= Prepare a layout for selected sites indicating the location of the main components of
the proposed small hydropower scheme.

= Define technical and economic criteria.

Once a site has been identified, site visits are essential to obtain a more accurate indication of
the available flow, topography and geological conditions. At least one survey should be done
during the dry season to get some idea of the minimum flow. During every visit the flow in
the stream should be measured using a flow meter.

A geological overview is needed to establish the risk of landslides and settlement in any
structures. When these studies are complete, you can start drafting a design of the headrace,
spillways and waterways. For the powerhouse, you will need to determine the type of gen-
erating plant and the number of units in order to establish the approximate size of the pow-
erhouse. The route and costing of the transmission line and the main features of the
switchyard and transformers also need to be defined.

Cost estimates must then be prepared using a contingency sum of at least 30% in order to
evaluate the preliminary economics of the scheme.

» Feasibility report / detailed project report

If the preliminary economics are favourable, a full feasibility study is necessary to identify
the best locations for the various structures, understand the geological and hydrological
risks, produce a preliminary layout and provide more accurate cost estimates.
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An accurate survey to establish the water level at the intake, power station and along any
canal is essential. If possible, clearly identified benchmarks should be established at all criti-
cal places. Note that a standard GPS is quite sufficient for establishing horizontal distances at
a preliminary stage. However, it is not sufficient to establish heights because the accuracy of
a consumer type GPS for horizontal distances is in the region of +10 metres and the accuracy
for altitude is no better than +15 metres, which results in a very large error band for the cal-
culation of head.

Establishing the available flow is extremely important because the flow is used to calculate
the income. Ideally, more than 20 years of records of river flow are needed. Errors of 10% or
more are possible if the records cover less than 20 years (give or take). It is important to es-
tablish from the start if it will be necessary to maintain some flow down the river bed (com-
pensation flow), or a fish pass, as both can result in a significant reduction in the water avail-
able for power generation.

You will need to assess readily available information such as large-scale topographical and
geological maps, aerial photography and other published records. If good geological infor-
mation for the region is publicly available, this assessment can be carried out without the
need for a field visit.

In most countries there are environmental constraints on any development efforts and, be-
cause hydropower schemes disturb rivers, real and perceived environmental effects often
have a significant influence on hydropower development. If the project will be subject to
environmental constraints imposed by laws or regulations, these will need to be studied
carefully to evaluate the probable effect on the scheme and to establish the scope of studies
that they require. Even if there are no laws and regulations, the impact the scheme will have
on the local people and environment deserves serious consideration and the developer and
engineer should act in a socially and environmentally responsible manner.

For costing, the best option is to try to find costs from a similar station recently built in the
same part of the world. If this can be done, it is not difficult to scale the costs for the new
scheme.

Therefore, the feasibility study must essentially include a comprehensive description of the
scheme, including its physical aspects, hydrology, energy output, expected power prices and
a description of all the investigations carried out and the conclusions drawn from them. The
feasibility study must describe the scheme, outline the options considered and explain why
the chosen option was selected. The document must also describe all risks inherent in the
project. These include the risk of cost overruns, the possibility of unforeseen geological prob-
lems, the uncertainties associated with the hydrology, and the cost estimates.

ENVIRONMENTAL AND SOCIAL CONSIDERATIONS

» Environmental aspects

QUALITY OF WATER

Changes in water quality may occur within and downstream of the development as a result
of impoundment. The residence time of water within a reservoir is an influence on the scale
of these changes, along with bathymetry, climate and catchment activities. The main issues
include reduced oxygenation, temperature, stratification potential, pollutant inflow, and
propensity for disease proliferation, nutrient capture, algal bloom potential and the release of
toxicants from inundated sediments.
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Water temperatures in the discharged water can differ from ambient temperatures, and can
also fluctuate in the short term depending on operating patterns. Temperature can have a
major influence on biological health and be instrumental in providing migration cues for
some species. Turbidity issues can arise due to the erosion of riverbanks, incoming sedi-
ments, and re-suspension of bottom sediments in shallow lakes.

FLOOD MITIGATION

Reservoirs can help to mitigate peaks of floods through the provision of retention volume
and/or the ability to deviate large quantities of water into a different catchment area. Run-of-
the-river plants are usually less suitable for flood mitigation unless they provide access to
detention areas.

AQUATIC LIFE

Too little or no minimum flow poses serious constraints on fish habitats, making it impossi-
ble for them to survive. On the other hand, hydropeaking creates habitat characteristics that
are too rough for most riverine fauna.

GREENHOUSE EMISSIONS

When rainforests are inundated without prior cutting of the forests, large amounts of me-
thane can be emitted. Hydropower developments modify existing terrestrial and aquatic
habitats. The protection of biodiversity and threatened species populations must be a consid-
eration long before construction, at both the siting and design stage, and options for mitiga-
tion must be identified and assessed. Habitats of critical importance need to be identified
within a wider regional context. Scheme siting and design can help minimise the environ-
mental footprint of hydropower schemes and avoid their construction in areas with very
high biodiversity values.

» Social aspects

REHABILITATION

Population displacement is an issue of high sensitivity with some new hydropower devel-
opments, and it needs to be a central consideration in the planning, siting, assessment, de-
sign and management of any scheme.

When large reservoirs are built they inundate a large area of both agricultural and forested
land. Human settlements along the banks upstream are also submerged. In some cases the
land has served as the home and the spiritual, social and economic resource base for local
communities. Of particular concern has been the involuntary displacement and resettlement
of minority groups who have a specific attachment to land because of its cultural signifi-
cance. Land provides for material needs such as food supplies and timber for housing and
cooking, as well as traditional medicinal remedies. Loss of land can be associated with a loss
of cultural identity and spiritual belonging.

Those affected by land loss may be vulnerable to social deprivation through being ill-
equipped to deal with an unfamiliar way of living, and having few transferable and usable
skills or support networks. Women and children in particular may be vulnerable if they have
no means of support.

Resettlement of people is consequently a sensitive issue, and needs to be planned and man-
aged from the project outset through a process of engagement and economic support.
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LOSS OF AGRICULTURAL LANDS

Effects on agriculture vary from the provision of irrigation to the loss of land through sub-
mergence. The local population bears the negative impacts while more distant agricultural
businesses benefit from irrigation.

POTENTIAL RISKS AND ISSUES

» Risks

HYDROLOGY FAILURE

Rainfall data and runoff calculations can be incorrect due to various unknown factors. Poor
measurements will prohibit the scheme from running to its full potential. Overtopping due
to increased rainfall or cloud bursts can also result in enormous damage.

Mitigation measures:

* Long-term data
* Good quality rainfall runoff modelling
* Sustainable watershed management

* Readily available resource data and maps

GEOLOGY FAILURE
Geological instability can result in damage to civil works. Damage to dams can be particular-
ly disastrous. Mitigation measures:
= Detailed investigations
= Catchment treatment
= Good design
POWER EVACUATION
If a good grid is not available, the generated power cannot be evacuated. A stable grid is re-
quired.
DELAYED PAYMENT BY STATE UTILITY
If payments are not received in a timely manner, it will be impossible to operate the scheme.
Delayed payments severely affect the cash flow situation and hinder maintenance.
NATURAL CALAMITIES

Cloud bursts and earthquakes can cause major damage to civil works, resulting in associated
problems for the population living downstream. Timely warning systems should be incorpo-
rated whenever an element of risk is assessed.

» Issues
Land acquisition problems
In many countries, land acquisition is a major socio-political issue. Legislative changes and
reparations have achieved very little in the long run. As Michael Cernea' noted in his “im-
poverishment risk model”, there are eight risks or dimensions of development-induced dis-
placement. These eight risks are very immediate and basic in nature:

= Landlessness

! Impoverishment Risks, Risk Management, and Reconstruction: A Model of Population Displacement and Resettlement
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= Joblessness

= Marginalisation

= Loss of access to common property resources
* Increased morbidity and morality

= Food insecurity

= Homelessness

= Social disarticulation

OBTAINING CLEARANCE FOR NEW PROJECTS FROM ENVIRONMENTAL AND FOREST DEPARTMENTS

Stringent laws on environmental and forest protection may cause major delays to the project
and push back completion considerably. These issues have to be addressed and planned in
the initial stages and should be factored into scheduling.

LONG GESTATION PERIOD

All the issues discussed above involve several studies such as an environmental impact
study, a social impact study, etc. All of these analyses are time-consuming and must be in-
cluded in planning for the initial stages.

SHORTAGE OF QUALIFIED LOCAL MANPOWER, LOCAL CONTRACTORS AND LOCAL QUALITY ASSURANCE

In many developing countries, qualified local technical personnel are not available. Machin-
ery and equipment has to be imported. Project execution also suffers in the absence of local
contractors.

NON-INVOLVEMENT OF LOCAL PEOPLE

Many a project has failed or taken a very long time to become functional because of non-
involvement of local people. Local communities should be involved in the site assessment
and development. They should benefit from the construction work, operation and mainte-
nance, and the power supply to local villages and towns.

Projects that are not effective in actively engaging the local participation will experience dif-
ficulties in achieving their objectives.

REVIEW QUESTIONS

i. A hydropower scheme is to be deployed in Ikeji-Ile, Osun State. The gross head is 10
metres and the estimated average flow is 0.3 cubic metres per second. What is the
theoretical power output expected from the scheme?

ii. ~ What factors should be taken into consideration when considering the route that wa-
ter takes as it exits the turbine?

iii. =~ Which component is used to convey water to the turbine?
iv.  How is a forebay tank different from a desilting tank?
v.  What type of hydropower scheme is the power plant at Kainji?

vi.  You are tasked to assess the potential of a site in Enugu LGA. Which parameters will
you assess and measure? Describe the equipment and procedures you will use to col-
lect credible results.

vii.  List and discuss other environmental and social concerns that may arise while plan-
ning a micro hydropower scheme.
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3.3. WIND ENERGY (NON-FOCUS TOPIC)

Chapter focus

Wind energy is an important form of renewable energy. It offers advantages over solar energy due
to its availability throughout the day. This module introduces the general concepts behind wind
energy with a special focus on small wind turbines.

Learning outcomes

At the end of this chapter, the participant is able to
= Carry out simple wind resource assessments
*  Explain the basics of energy production by wind energy
= Estimate available wind energy at different sites

= Select appropriate small wind turbines for off-grid applications

WIND RESOURCES AND ASSESSMENT

The use of wind energy is not a new phenomenon. Wind has been used for thousands of
years for applications such as pumping water, milling grains, mechanical power and sailing.
Today, however, it is the use of wind energy for electricity generation that is receiving the
most attention. Modern windmills are normally referred to as “wind turbines” since their
functions are similar to those of gas and steam turbines. They are also called wind energy
conversion systems, and the systems used to generate electricity are termed wind generators.

» How is wind created?

As the Earth orbits the Sun, it receives light and heat. Most thermal energy from the Sun is
received at the Equator and it gradually reduces in intensity towards either of the poles.
Over the Earth’s surface, these differences in temperature give rise to wind. In warmer re-
gions, hot air rises and creates a low pressure layer near the Earth’s surface. Colder, denser
air moves in to replace it, creating a high-pressure area. Wind is ultimately the movement of
air from areas of high pressure to low pressure.

Ideally, wind would flow from the Equator toward either pole if the Earth were not rotating.
However, the Earth’s rotation creates a force known as the Coriolis force. The Coriolis force
can be described as a swirling pull on the winds
caused by Earth’s rotation. This causes a series of
wind circulations in both the northern and south-
ern latitudes as shown in Figure 3.127

Local winds are largely affected by the geographic
terrain. The Earth has large flat plains (desert re-
gions), areas covered with vegetation (rainforests),
very uneven regions (mountain ranges) and very
smooth regions (seas and oceans), all of which af-
fect the wind near the surface to varying degrees.
A sea breeze is created when hot air that is close to
the land, which heats up faster than water, rises
into the sky where it cools off. High in the sky, the
cooled air then moves down towards the sea and  Figure 3.127: Global wind patterns due to
presses the cold air from the sea towards the land. the Coriolis force
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BOUNDARY LAYER AND THE FREE ATMOSPHERE

The term jet stream is used to refer to

Tropopause
the strongest, steadiest and most »,—ﬁ',,’,"'-_-—__
persistent winds which occur in
bands at 10 kilometres above the EIeCIHUBCSDhers T .

Earth’s surface. Modern wind tur-
bines are, however, limited to the

lowest 150 metres of Earth’s atmos- Planetary Boundary Layer
phere. At these heights, the wind is
greatly affected by surface friction
and wind speeds tend to be slower.
The region below about 1 kilometre, where the wind is strongly influenced by the Earth’s
surface is known as the planetary boundary layer or atmospheric boundary layer. The exact
height of this layer varies from a few hundred metres at night to up to 2 kilometres on the
most convective days. The transfer of momentum, heat and moisture between the atmos-
phere and Earth’s surface occurs within this layer.

Figure 3.128: Boundary layer

The planetary boundary layer refers to the lower region of Earth’s atmosphere where the
wind speed is retarded by frictional forces on the Earth’s surface. Generally, wind speed is
nominally zero at ground level and increases steadily with height. This change in wind
speed with height is known as wind shear. The lower layers of air tend to retard those above
them until the shear forces are gradually reduced to zero. Above the boundary layer is the
free atmosphere where wind is approximately geostrophic.

ROUGHNESS LENGTH

In the first 100 to 200 metres above the
ground, within the boundary layer, the
variation of wind speed with height is
greatly affected by the roughness length
(Zo). The roughness length is used to
describe the roughness of the surface

SEgy

and has a magnitude usually in the order

of a few centimetres over grass and |
plains to several meters over forests and | '//
towns. The roughness length is based on | _~

the size and distance between objects in
a group. Hence, a field of short grass will
have a smaller Zo than tall grass, whilst a
city with skyscrapers will have a larger Zo than a small town.

M YYYVYVY

- >

Figure 3.129: Wind shear due to roughness

Typical values for the roughness length for various types of terrain are outlined in the table
below.

Table 3.20: Surface roughness values for different terrains

Terrain type Landscape description Z,(m) e'f(;i’c;:esr':te;z )
Sea Open sea, fetch at least 5 km 0.0005 0.1
Smooth Mud flats, snow, little vegetation, no obstacles 0.005 0.1
Open Flat terrain, grass, few isolated obstacles 0.03 0.15
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Terrain type Landscape description Z,(m) eljl(zz‘;esr’::;lart )
Roughly open Low crops, occasional large obstacles 0.1 0.2
Rough High crops, scattered obstacles 0.25 0.2
Very rough Orchards, bushes, numerous obstacles 0.5 0.25
Closed Regular large obstacles, suburban area, forest 1 0.25
Chaotic City centre with both high and low buildings >2 0.25

» Wind resource estimation and assessment

Of all the renewable energy sources, wind is the most unpredictable. To harness the power in
the wind, engineers must be able to predict the availability and the characteristics of availa-
ble wind. It is therefore important to assess a potential wind turbine site and estimate the
available wind resource at that location. The key parameters to be measured are the wind
speed and direction. In many instances, ambient air temperature and atmospheric pressure
are also measured, because these two parameters affect the density of air, and hence the en-
ergy in the wind. Of the four parameters, wind speed is indisputably the most important.

WIND SPEED MEASUREMENT

The most dependable approach to site assessment is to measure
the wind speed, ideally at the hub height of the proposed tur- )
bines so as to remove uncertainties in predicting wind shear. An %
additional measurement point lower on the mast is also useful as
this provides greater certainty in data collection and allows wind
shear at the site to be calculated, from which the surface rough-
ness can then be estimated. A guyed, lattice or tubular mast is
usually used, with the measuring instruments mounted suffi-
ciently far from the mast itself (on booms or otherwise) so as not
to be aerodynamically influenced by the mast. Instruments for

measuring wind speed are detailed in the following. Figure 3.130: A hemispheri-

= Anemometers: The most common instrument used to cal cup anemometer as

. . invented in 1846
measure Wll’ld Speed 1S an anemometer, a common

weather station instrument. Its name is derived from

the Greek anemos, meaning wind, and the word ane-

mometer is used to describe any air speed measure-

ment instrument used in meteorology or aerodynam- ﬂ
ics. Anemometers can be divided into two classes: =" /

those that measure the wind’s speed, and those that -~
measure the wind’s pressure; but, as there is a close

connection between pressure and speed, an anemome-  Figure 3.131: Vane anemometer
ter designed for one will give information about both.

=  Cup anemometers: These anemometers consist of hemispherical cups, each mounted
on one end of horizontal arms and at equal angles to each other on a vertical shaft.
The air flow past the cups in any horizontal direction turns the shaft in a manner
proportional to the wind speed. Therefore, counting the turns of the shaft over a set
time period, the average wind speed for a wide range of speeds can be measured.
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* Vane anemometers: A vane anemometer may be de-
scribed as a windmill or a propeller anemometer. Con-
trary to the hemispherical anemometer, where the axis
of rotation is vertical, the axis on the vane anemometer
is parallel to the direction of the wind and therefore
horizontal. Furthermore, since the wind varies in direc-
tion and the axis has to follow its changes, a wind vane
or some other contrivance to fulfil the same purpose
must be employed. A vane anemometer thus combines
a propeller and a tail on the same axis to obtain accurate
and precise wind speed and direction measurements
from the same instrument.

Figure 3.132: Helicoid propeller

ATMOSPHERIC REMOTE SENSING anemometer incorporating a
. . . . ) . wind vane for orientation
With the increasing size of wind turbines comes the need to

measure wind speeds at greater heights. The cost of installing a mast that is taller than
80 metres is significant and requires a planning permit. For these reasons, there is a growing
interest in using ground-based remote sensing instruments for measuring wind speeds.

= Light detection and ranging (LIDAR): LIDAR can be used to increase the energy out-
put from wind farms by accurately measuring wind speeds and wind turbulence.
Atmospheric LIDAR remote sensing works by measuring backscatter from the at-
mosphere, and by measuring the scattered reflection off the ground (when the LIDAR
is airborne) or another hard surface.

= Sonic detection and ranging (SODAR): SO-
DAR is a meteorological instrument used as
a wind profiler to measure the scattering of
sound waves by atmospheric turbulence.
SODAR systems are used to measure wind
speed at various heights above the ground,
as well as to measure the thermodynamic
structure of the lower layer of the atmos-
phere. A SODAR sends out pulses of sound
waves vertically into the atmosphere. These
sound waves are scattered by turbulent ed-

] ] ) Figure 3.133: Wind monitoring using the
dies in the atmosphere and a returning Fulcrum3D SODAR

sound wave detected by the SODAR will

have a certain reduced intensity and exhibit a Doppler effect or shift. The degree of
the shift determines the speed of the eddy and by using multiple beams in different
directions it is possible to measure the direction of movement of the eddy. As the ed-
dy moves with the mean speed of the wind, this gives a measure of the wind velocity.

The intensity of the returning sound wave can be used to measure the turbulence in-
tensity. Depending on the time delay between the pulse being emitted and the return
measured, it is possible to measure the wind speed at different heights. The vertical
range of SODARS is approximately 200 to 2,000 metres and is a function of frequency,
power output, atmospheric stability, turbulence and, most importantly, the noise en-
vironment.
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WIND DIRECTION MEASUREMENT

Because cup anemometers do not re-
spond to changes in the direction of the
horizontal component, a separate instru-
ment is required to measure wind direc-
tion. This is normally done using a wind
vane or windsock mounted on a vertical
shaft free to rotate at multiple heights. A
windsock is a conical textile tube (resem-
bling a giant sock) designed to indicate
wind direction and relative wind speed.
Windsocks typically are found at airports

and at chemical plants where there is risk Figure 3.134: Windsock with solar-powered data capture

of gaseous leakage. They are sometimes device
located alongside highways at windy
locations.

Naturally, the wind direction is the opposite of the direction in which the windsock is point-
ing. Wind speed is indicated by the windsock’s angle relative to the mounting pole; in low
winds, the windsock droops; in high winds it flies horizontally.

TEMPERATURE AND PRESSURE MEASUREMENT

Ambient temperature has conventionally been measured using a platinum resistance ther-
mometer (PRT) or a thermocouple, although simple semiconductor devices can now be used
with sufficient accuracy. Thermocouples are normally appropriately shielded from direct
solar radiation in order to give an accurate air temperature reading. Suitable signal condi-
tioning circuitry is supplied with proprietary instruments. The PRT or compact commercial
pressure transducers are available for the measurement of atmospheric pressure. These in-
struments are normally supplied with appropriate signal conditioning.

To store the data measured by these instruments, data loggers are used. These loggers peri-
odically store instrument readings. In some cases, information is transmitted electronically
via the Internet; in others the logger is accessed physically.

WIND SPEED ESTIMATION

Wind speed is measured at standard heights in metrology, usually 10 metres above ground
level. Wind speed does not increase in a linear fashion with height. The increase adheres to a
pattern that can be described using a mathematical formula, known as the log law. To de-
termine wind speed at a known distance above ground, a logarithmic law is employed.

in ()
U, =U,. In (i—z)

Where:
7Zo= Roughness length

7.= Reference height

7, = Height at which wind speed is sought
U.= Unknown wind speed at height Z>
U:= Reference wind speed at height Z1
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The power law is used as a substitute for the log law when surface roughness and stability
information is not available. The power law is often used in wind power assessments where
wind speeds at the height of a turbine must be estimated from near-surface wind observa-
tions, or where wind speed data at various heights must be adjusted to a standard

height prior to use.
Z a
0. 0(2)

Zy
Where:
7Zo= Roughness length
7,= Reference height
7, = Height at which wind speed is sought
U= Unknown wind speed at height Z>

o= Wind shear exponent

Example: The mean wind speed measured at the local meteorological station (Enugu airport) is 3 m/s
at a height of 10 m. Using (a) the log law and (b) the power law, what is the expected wind speed at a
height of 70 m above the earth’s surface?

Answer using the log law

= UWUi1=3mls, Zi=10 m, Z»= 70 m, roughness length at an airport = 0.03 m

U,=3 =4m/s
T
Answer using the power law ...
= The wind shear exponent at an airport = 0.15
0.15
U,=3 (E) = 4.01m/s

THE VARIABLE NATURE OF WIND

The wind speed at a given location varies constantly. There are changes in the annual wind
speed from year to year. These changes can be attributed to:

= Seasons

= Passing weather systems (synoptic)

= Changes on a daily basis (diurnal)

= Instantaneous changes (turbulence)
Changes in wind speed make it difficult to predict the overall energy capture from a site.
Generally, the tropics have steady and moderate winds throughout the year; temperate lati-
tudes have much more variation in wind speed, with high wind speeds occurring at a far
greater frequency. Sites with higher wind speeds will generate more power. The Van der
Hoven spectrum is used to represent the amount of variation in wind speed associated with
a particular time scale. Table 3.21 provides a guideline for different wind speeds and their
potential for electricity production.
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Table 3.21: Suitability of wind speeds for power generation

Average wind speed in m/s Suitability
Upto4d Too low

5 Poor

6 Moderate
7 Good

8 Excellent

FREQUENCY DISTRIBUTION OF WIND SPEEDS

Wind speed is not a fixed value and is constantly changing. Hence, to make meaningful es-
timations for long-term energy capture, statistical methods are used. When gathering wind
data, several site measurements are necessary to estimate mean wind speed. The information
gathered is best represented using a histogram as seen in the figure below. A histogram illus-
trates the frequency of a particular wind speed within a given time span, usually over a year.

Figure 3.135 is based on wind speed measurements taken every 10 minutes at a particular
site over one year.
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Wind speed (m/s)

Figure 3.135: Histogram showing wind speeds

Each measurement has been sorted into narrow bands in a process known as binning. A bin
width of 0.5 m/s was used. For example, a measured wind speed of 2.65 m/s was placed in a
2.5 to 3 m/s bin. The relative frequency is the number of measurements sorted into that par-
ticular bin. If such an assessment is made over one year (to accommodate all seasons), the bin
can be viewed as a probability that a wind speed reading will be of a particular speed. This
helps to attain a fair degree of certainty related to the available wind.

WEIBULL DISTRIBUTION

To calculate the energy capture from a given wind turbine at a given site and to estimate
other useful figures such as the percentage of time that the wind speed falls within a certain
range, it is convenient to identify a suitable probability distribution for wind speed. It has
been found that the frequency distribution of wind speeds at most sites can be well repre-
sented by the two-parameter Weibull distribution function.

P = (5. (&) el O]

C/ \C
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P (u) = Probability of wind speed occurring

Bl Wind speed histogram
Weibull distribution

DENSITY OF
PROBALITY
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Figure 3.136: Example of a Weibull curve (in red) superimposed onto the pertaining histogram

The cumulative probability is obtained by integrating the function between zero and a de-
tined wind speed (v). This gives the probability (Q) that the wind is less than v as

Qu<v)=1- exp[_(%) ]

The formula above is used to calculate
the probability of the wind speed falling
within a given range based on any two
wind speed values.

RAYLEIGH DISTRIBUTION

If the shape parameter k has a value of 2,
the Weibull distribution converges with
the well-known Rayleigh distribution.
This is based on the assumption that
wind is isotropic and uniformly distrib-
uted with no prevailing direction and
that wind speed variations in orthogonal
directions are normally distributed.

WIND ROSE

The wind rose is a graphical presentation
for both the speed and direction of wind.
It is usually used to describe the wind
pattern over the span of a year but can
also be used for shorter intervals, such as
a day, week or month.

Using the wind rose example above, the

25

A=3.5 m/s; c=1.5

e

A=7.5 m/s; c=2.0
=N A=9.5 m/s; c=2.4
\ A

Relative frequency in %

A=11.5 mis; c=2.7

0 4 8 12 16 20
wind speed in m/s

Figure 3.137: Weibull curves of different parameters
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Figure 3.138: Example of a wind rose
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following can be inferred:

= A summary of the average wind direction, average wind speed, and peak gust is giv-
en in the column on the right.

= The most important data is displayed by each “spoke”. The spoke length indicates the
frequency of wind coming from a particular direction. For the period in question,
12% of winds blew from south. Winds from the west accounted for 9% of all winds.

* Determining the wind speed frequency is slightly more difficult. Wind speeds are in-
dicated by colour. If a spoke is mostly one colour, the winds from that direction most-
ly blew at the wind speed denoted by that colour. In the case shown here, 8% of the
time, winds blowing from the south had a speed of 3.09 m/s. The circle in the centre
indicates calm winds.

= Winds were calm 3.6% of the time, meaning there was no measurable wind or, in col-
loquial terms, there was “no wind”.

ESTIMATING LONG-TERM WIND SPEED

Within the wind industry, techniques for assessing wind resources based on measured data
have continued to evolve. Since it is impossible to measure future wind speeds, predictions
must be made from past measurements. The basic assumption is that the wind speed distri-
bution in the past will be the same as that in the future. Clearly, it is not feasible to measure
the wind speed at the potential site for the expected lifetime of the wind farm (e.g. 15 or 20
years) prior to construction.

Methods of predicting future wind speed probability distributions that do not rely on very
long-term wind speed measurement campaigns at the potential wind farm site can generally
be classified as either statistical or physical in nature. Both types of methods are based on
extrapolating long-term wind speed records from a single reference site or a network of ref-
erence sites to the potential wind farm site.

STATISTICAL METHODS

Statistical methods relating short-term measurements at the potential wind farm site to long-
term measurements of wind speeds at a nearby reference site with the same wind climate are
known as measure — correlate — predict (MCP) techniques. The final prediction from all sta-
tistical methods, including MCP, applies only to one particular location and height corre-
sponding to the position of the anemometer.

Measure — correlate — predict: For all but very flat terrain, MCP is almost always more accu-
rate than physical modelling methods. MCP can also offer a better gauge of the uncertainties
in the predictions. These are some of the reasons why MCP is widely used in the wind indus-
try. The aim of the MCP technique is to obtain an unbiased and reliable estimate of the
“true” long-term wind resource at a potential wind farm site. The overall technique uses the
following steps:

1. Collect wind data at the potential wind farm site for at least 12 months.

2. Identify a meteorological station for which high-quality, long-term records exist in
the vicinity of the potential wind farm site. Ideally, it should be as close as possible
and have a similar exposure.

3. Obtain a set of concurrent data from the two sites, i.e. obtain the wind data from the
met station for the period during which data was collected in step 1.
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4. Establish a suitable correlation between the concurrent data.

5. Obtain long-term data from the meteorological station for a historic period of ten to
twenty years.

6. Apply the correlation identified in step 4 above to the historic data to predict what
the wind resource would have been at the potential wind farm site over the historic
period.

It is assumed that the weather patterns over the next twenty years will not vary significantly
from those recorded over the last twenty years, so the predicted wind will provide a good
estimate of the future wind resource at the site in question.

PHYSICAL METHODS

Physical methods are generally based on modelling the physical properties affecting the
wind flow by comparing the potential wind farm site and a nearby reference site with the
same wind climate. This form of estimation exceeds the scope of this handbook and will not
be covered in any further detail.
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Figure 3.139: Wind speed distribution in Nigeria — Courtesy: Ojosu and Salawu, 1990

TECHNOLOGICAL HISTORY

It is widely believed that the birth of the wind-
mill occurred over 2,000 years ago. Early wind-
mills were designed with a vertical axis and used
for pumping water and milling grain. The earli-
est known designs were developed in Persia
(modern-day Iran) around 500-900 AD. The first
apparent use of these constructions was to pump
water; however, the mode of water transport is
unknown. The first documented application of
wind energy is milling grain. In this application,
the grinding stone is connected to the vertical
shaft and the mill machinery enclosed in a build-
ing, which was also equipped with a shield to

mill, Afghanistan
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reduce the decelerating effect of incoming wind on the side of the drag-type rotor.

In Europe, the earliest known windmill de-
signs had a horizontal axis as well. In the 12
century, the Dutch set out to refine the early
European designs. This was done by affixing
the post mill to the top of a multi-storey tower.
The new tower design had separate floors for
various pre- and post-milling activities, includ-
ing living quarters for the mill operator.

Roller ring

Figure 3.141: Revolving paltrok mill, 17th cen-
For over 500 years, windmill designers made tury, Germany

gradual improvements to their creations. So
much so that modern-day designers still rely
on various historic improvements to wind
sails for the performance of wind turbine
blades. These advancements include:

* DPlacement of the blade spar at the
quarter chord position (25% of the dis-
tance from the leading edge to the trail-
ing edge)

= Centre of gravity placed at the same 1/4
chord position

= Nonlinear twist of the blade from root
to tip.

Figure 3.142: Four-blade rotor designed by Poul
la Cour — Courtesy: Paul Kuhn

These mills were the “motor” of pre-industrial Europe. Their applications were diverse,
ranging from the common waterwheel, irrigation, or drainage pumping using a scoop wheel
(single or tandem), grain-grinding (again, using single or multiple stones), saw-milling of
timber, and the processing of other commodities such as spices, cocoa, paints and dyes, and
tobacco.

Figure 3.144: Halladay windmill - Courtesy: Farm Figure 3.143: Dual-blade wind turbines of 3 MW in

collector, www.farmcollector.com Brunsbiittel, Germany, 1983 (left) and 2 MW in Nisud-
den, Sweden, 1983
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Over the centuries, small wind turbines in windmills have been used for water pumping
applications. These systems were brought to maturity during the 19% century, beginning
with the Halladay windmill in 1854 and continuing with the Aermotor and Dempster de-
signs. Early windmills had four paddle-like wooden blades. These designs were followed by
mills with thin wooden slats nailed to wooden rims. The majority of mills were designed
with tails to orient them in the wind. In the late 19t century, the successful “American” mul-
ti-blade windmill design became the first large windmills to generate electricity.

In 1891, Poul la Cour, a Danish inventor, developed an electrical output machine that incor-
porated aerodynamic principles used in European tower mills. It had a higher drive train
speed which was practical for electricity generation.

Over the next few years, engineers and inventors experiment-
ed with various designs for utility-scale wind energy convert-
ers but failed to produce a practical solution. The largest of ?\\
these was the 1.25 MW Putnam-Smith machine installed in :
the USA. The Putnam-Smith machine was a horizontal axis
turbine with a 53.3-metre rotor diameter operating at 28 revo-
lutions per minute. The blades were made of steel and each
weighed 16 tonnes.

During this time, various designs of the vertical axis wind
turbine (VAWT) were also tested but found to be less efficient
than the horizontal axis wind turbines. VAWTs are still in
production today, however mostly as small wind turbines.

DESIGN, COMPONENTS AND CONTROL Figure 3.145: Darrieus rotor,
Cap-Chat, Quebec, Canada, 1988
» Wind turbine design
As mentioned earlier in this handbook, the horizontal axis wind turbine (HAWT) is the most
commonly employed design for a wind turbine today. Wind turbines vary in size from gen-
erating a few hundred watts to megawatts of power. The general layout is shown below in
Figure 3.146

n’//—z—r/////%r//

Underground electrical Foundation
: side vi

nnnnnn tions (side view)

Figure 3.146: HAWT layout — Source: Canada Centre for Mineral and
Energy Technology, 1999
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The main components of a wind turbine for electricity generation are the rotor, the transmis-
sion system, the generator, the yaw and control mechanism and the tower. Figure 3.147
shows a section of the nacelle of a typical large wind turbine.

Generator
Cooling system
Gearbox

Main shaft
Main bearing
Spinner

Hub

Rotor blade

9 Yaw drive

10 Disc brake

11 Maintenance crane

0 N O O A ON =

12 Tower

Figure 3.147: Main components of a wind turbine

Table 3.22: Components and functions of a wind turbine

Component

Generator

Gear box

Main shaft
Hub
Rotor blade

Yaw drive
Tower

Nacelle

Function
Converts the mechanical energy of the input shaft to electrical energy

Converts the low rpms of the rotor blades to rpms that are compatible with the
generator, which requires much higher rotational speeds for parity with grid fre-
quency

Transfers the primary torque from the rotor assembly to the gear train
Secures the rotor blades
Aerofoil made of composite material which produces torque from the wind

Controls the turning of the turbine nacelle into the wind. This helps align the rotor
axis with the wind and maximise the kinetic energy of wind that can be extracted.

Holds the wind turbine erect and in place

Houses all the above-listed equipment, with the exception of the tower, blades and
hub

» Horizontal axis wind turbine

SoLIDITY

Solidity in a wi

refers to the portion of area
that the turbine blades

sweep through

ea) that is occupied by the
turbine blades. A turbine in

which most of
area 1is covere

blades is called a high-

nd turbine

(swept ar-

the swept
d by the

solidity turbine. A low-  Figure 3.148: High-solidity turbine (left) and low-solidity turbine (right)

— Courtesy: Wikipedia
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solidity turbine has blades that cover a minimal area swept by the turbine.
OPERATING CHARACTERISTICS OF WIND TURBINES

Some important operating characteristics of a wind turbine include the cut-in speed, rated
speed, cut-out speeds, power output and capacity factor. These and other characteristics are
explained in the following.

Rated o, - - -
Cut-in wind speed: There is a mini- power [ ]

o4
(LU

mum speed at which a wind turbine
can reliably produce useable power.
This is known as the cut-in speed,
which is generally around 5 metres
per second.

Son

L

i

100
I 1 1 1 1 1

Rated wind speed: Most wind tur-
bines are designed to generate max-

Turbine power output, kW
z

. . 1 . d o 4 8 12 16 20 4 2 n 36
imum po'wcir at a particular win 4 ] e L Wind speed, m's
speed. This is known as rated power b g wiaa. ¥ Cut.out

and the minimum wind speed at speed speed :I':'e"e'd

which it is achieved is the rated Figure 3.149: Idealised power curve for a wind turbine

wind speed. The rated wind speed is
chosen to fit the local site and wind regime and is often 1.5 times the mean wind speed of the
site.

Cut-out wind speed (furling speed): At a certain point beyond the rated speed, the wind tur-
bine shuts down and ceases to operate to prevent damage to itself. Cut-out speeds vary by
manufacturer from about 20 to 30 metres per second. The wind speed at which the turbine
shuts down is called the cut-out speed, also known as furling speed.

Betz limit: It is impossible for a wind turbine to harness all energy in the wind. If it would,
the wind would halt behind the turbine, blocking oncoming wind. It is logical that the wind,
after having swept across the turbine, must depart. For this it needs energy. However, the
wind turbine extracts energy by slowing down the wind. The theoretical maximum amount
of energy in the wind that can be collected by a wind turbine’s rotor is about 59%. This value
is known as the Betz limit.

Rotor efficiency: The ability of a turbine rotor to extract the wind’s power depends upon its
efficiency. Thus to express the power output of the turbine, a non-dimensional coefficient of
performance of the blades (Cp) is included. The performance coefficient of the blades (Cyp)
varies with speed and generally falls between 0.33 and 0.59. This performance coefficient
refers to how efficiently a wind turbine converts energy in the wind. It is represented by the
following equation.

__ Electricity produced by the wind turbine
b=

Total energy available in the wind

POWER AVAILABLE FROM THE WIND TURBINE

Power extracted by wind turbine is proportional to the cross-sectional area of the wind inter-
cepted by the wind turbine and the cube of the wind speed. The maximum amount of power
that can be extracted from the wind is determined by the following formula:

Kinetic energy from wind = mass * velocity?
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Knowing that
Mass =0 Av

pAv3
Hence Power (P) =P = C, 5> Nelb

Where P = Power produced by generator (kW)
0 = Density of air (kg/m?)
A = Area swept by rotor (m?)
V = Wind speed (m/s)
Cp = Coefficient of performance
N s = Generator efficiency
n v = Gearbox efficiency

Power generated is highly dependent upon wind speed. Doubling the wind speed increases
the power by eight times, but doubling the turbine area only doubles the power. Thus, opti-
mising the siting of wind turbines in the highest wind speed areas has significant benefits
and is critical for achieving the best economic performance.

Example: Consider a wind turbine with a rotor measuring 6 metres in diameter, a coefficient
of performance of 0.30, generator efficiency of 0.8, gearbox efficiency of 0.90, and wind speed
of 11 metres per second. What is the expected power output in watts?

2 2
= Area (4) = % = % = 28.28m?

Av3 1.2%28.28+1130.3%0.8%0.9
= Power (P) = C,2rngn, = —————————— = 4.88 kW
CAPACITY FACTOR

The capacity factor of a wind turbine is the turbine’s actual energy output during a given
time period, usually one year, compared to its theoretical maximum energy output. Typical
capacity factors are 20 to 40% with values at the upper end of the range occurring in particu-
larly favourable sites.

The capacity factor (CF) is calculated as thus

Measured energy produced

CF =
8760 * Name plate rating of wind turbine

Example: A 2.5 MW wind turbine could produce a theoretical maximum energy of 21,900,000 kWh per
year. Due to the variability of the wind, the unit’s actual production amounts to 5,000,000 kWh per
year. What is the capacity factor of the wind turbine?

= CF=5,000,000/(2.5*1,000*8,760) = 22.8%

Example: How much power can be extracted from a Darrieus wind turbine given that its height is
10 metres and diameter 6 metres?

a) Assume that the average wind speed at the location is 2 m/s.
b) What is the increase in power if the wind speed doubles?

= Area swept by the turbine blades (A) = 0.65.D.H = 0.65 * 10 * 6 = 39 m?
Av®  1%39x23
2 2

= 1,248 W (Increase is by a factor of 8)

Power (P) = 2 =156 W

pAv3 _ 1%39%43
2

= Power (P) =
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Example: Field tests show that the turbine in the example above generates 34 kW at a wind speed of
2 m/s. What is the efficiency of the wind turbine?
_ Electricity produced by the wind turbine 34

= =—=0.22
P Total energy available in the wind 156

Number of blades: Theoretically, the lower the number of blades, the higher the efficiency of
a turbine. Wind turbines used for electricity generation usually have dual-blade or triple-
blade rotors. Nevertheless, small wind turbines (SWTs) for water pumping applications,
which require high torques and low rotor speeds, normally use more than three blades as
they operate at lower wind speeds. Experiments have also been conducted with single-blade
turbines, fitted with a counterweight to prevent mechanical imbalances. Yet, the mechanical
strain exerted on the system resulted in increased wear and tear on the hub and such designs
have not made it into commercial production.

Table 3.23: Comparison of the two main designs

Advantages Disadvantages

* lowcostand weight e High cost of tether mechanism

e High rotor speed reduces cost of
Two blades gearbox

e  Cyclic loads reduced with tether

e  Complexity of tether mechanism
e  Fixed hub experiences high cyclic loads

. . e  More aerodynamic noise from blades
e  Ease of installation

e Produces 5% more energy

e  Reduced cyclic loads e  More expensive and heavier
Three blades ) . .

e  Visually more pleasing e  More complex to install

e Quieter operation

SMALL WIND TURBINES

» Characteristics and design concept

SMALL WIND TURBINES (SWT)

Small wind turbines exist in a varie-
ty of designs and sizes, including
designs with horizontal or vertical
axes as well as Darrieus and Savo-
nius rotors. A noteworthy website!
identifies 407 different turbines
produced by 192 manufacturers

worldwide. L
Savonius VAWT Modern HAWT Giromill/Darrieus VAWT

ROTOR TYPES

The rotor is arguably the most im- Figure 3.150: Various small wind turbine designs

portant turbine component. It is the
interface that allows the extraction of power from the wind. For different small wind tur-
bines, the area swept by the rotor is calculated as shown in the figure below.

! See www.allsmallwindturbines.com
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TOWER TYPES

Towers for SWTs can be made of a varie-
ty of materials. Steel and concrete are the
most common. There are four main types
of towers used to deploy small wind tur-
bines.

Monopole tower: These towers are most-
ly made of steel. Depending on the cost
of concrete and other factors such as tur-
bine weight, height, and installation loca-
tion, concrete poles may also be used.
The monopole tower is also called the
free-standing tower. It consists of a steel
pipe with a free-standing design.

Lattice tower: Mostly made of steel, these
towers have a tapered, three-legged struc-
ture. The tower’s footprint will vary de-
pending on the tower height and turbine
size.

Guyed tower: A guyed tower is made us-
ing a narrow steel pipe and supported by
guy wires. It is usually used for 500 W to 5
kW wind turbines. The height of a guyed
tower normally ranges from 6 to 18 metres.
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Conventional horizontal axis
wind turbine rotor:

A=Y -m-D?

i H-rotor:
A=D-H

Darrieus rotor:
); A=065-D-H
o / {

— L

Lattice Pole Guyed Mast

Figure 3.152: Different tower types

Tilt-up tower: Motorised tilt-up towers have all the aesthetic qualities of a monopole plus

the convenience of raising and lowering when needed. A small motor is used to raise and
lower the tower; the tower can also be operated with a hand crank. This type of tower is per-
fect for coastal or severe weather locations. The height of this tower usually ranges from 12

to 30 metres.

— |
\\ Guy Anchor: Gin Pole:
G Al 0 In concrate 75-100% of
. uy Anchor: foundation guy radius
Radil}so;v—‘laca'a;?iower Tower Base: In concrete , )
e ° No Guy On concrete foundation { 4——1"/
height, on concrote Wires foundation 1‘
foundation
N A A,
"‘ - . Guy Radius:
Tower Base: 35-60% of towar
i\ On concrete height
— foundation N
I
Cleared Area \ 1
i Guy Radius: H
Minimum 50—80y°,¢ of tower \ | \\
haight ! X H “

le:’ﬂ::g'lﬁ:\:a' Tower Height: ' Cleared Area:

When lying down Minimum .
S o

Figure 3.153: Physical footprints of different tower types

148



MODULE 3: GENERATION TECHNOLOGIES

Table 3.24: Comparison of different tower types

Tower type Advantages Disadvantages
Monopole e  Elegant design e Higher installation costs than guyed towers
e  Less vibration e Crane required for maintenance

e High reliability
Lattice e  Easy fabrication e Low cost compared to other designs

e  Easyinstallation

Guyed mast e Most inexpensive solution e Not easy climbable for inspections or repairs
e  Easyinstallation e  Requires more land than monopole tower
Tilt-up e Easy maintenance e Highest cost among all options

e Crane not required

UPWIND VERSUS DOWNWIND

SWTs can operate either upwind or downwind of the tower, depending on the manufactur-
er’s design. Since a tower produces turbulence behind it, the turbine is usually positioned
upwind of its support mast. Turbine blades are constructed in a rigid design to prevent the
blades from being pushed into the tower by high winds. Ample spacing is also provided
between the tower and the blades, which are sometimes tilted slightly into the wind.

Downwind turbines continue to be built despite the problem of turbulence (mast wake), be-
cause they do not require a mechanism for keeping them in line with the wind and because
in high winds the blades can be allowed to bend, which reduces their swept area and wind
resistance. But the cyclical (repetitive) turbulence infringing on every rotation leads to addi-
tional material fatigue and failures. Most HAWTs are therefore designed as upwind turbines.

Table 3.25: Comparison of upwind and downwind wind turbines

Advantages Disadvantages
Upwind e  Small tower shadow e Coning can cause tower clearance problems
e  Reduced aerodynamic noise e Tilting of axis is used to enhance clearance

e Aerodynamic loads can offset blade bend-
ing moment caused by weight

Downwind e Blade coning aids tower clearance e Aerodynamic loads augment bending mo-

. ment caused by weight at tower top
e  Free yawing may be adopted

e Large tower shadow produces aerodynamic
noise and extra fatigue loading

» Application of small wind turbines

Downwind rotor Upwind rotor
The rotor is on the The rotor is on the upwind

GRID-CONNECTED WIND TURBINES

. . . downwind side side of the tower.
Grid-connected wind turbines have made EREASLE

a considerable impact in industrialised
countries and in some developing coun-
tries like Argentina, China and India.
They have mainly been adopted in large- (IR ST ssestss Wind direction
scale installations either on land (onshore)
or in the sea on the continental shelf (off-

shore). In developed countries, smaller Figure 3.154: Airflow for upwind and downwind
machines are now being grid-connected, turbines — Courtesy: Hitatchi Ltd, www.hitachi.com
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as well. These turbines are usually installed to supply power to a private owner who wishes
to supplement power supplied by the electricity grid. This principle can be used in develop-
ing countries to contribute to a more decentralised grid network and/or to support a weak
grid.

Wind turbines do, however, generate electricity intermittently because wind is not in steady
supply. Because wind turbines do not produce power constantly and at their rated power
(which is only achieved at higher wind speeds), their capacity factors (i.e. actual annual en-
ergy output divided by the theoretical maximum output) typically range between 20 and
30%.

—

Figure 3.155: Grid-connected small wind turbines

STAND-ALONE WIND TURBINES

Battery charging - the most common type of stand-alone small wind electric system involves
the use of a wind generator to maintain an adequate level of charge in an electrical storage
battery. The battery in turn can provide electricity on demand for electrical applications such
as lighting, radios, refrigeration, telecommunications, etc., irrespective of whether or not the
wind is blowing. A controller is also used to ensure that the batteries are not damaged by
overcharging (when surplus energy is dissipated through a dump load) or excessive dis-
charge, usually by sensing low voltage. Loads connected to the battery can either be DC or
AC (via an inverter).

Wind turbines for water pumping - wind turbines are typically used as a water supply sys-
tem (livestock or human settlements), for small-scale irrigation or for pumping seawater in
sea salt production. SWTs used to supply water must be ultra-reliable and require low-
maintenance, able to operate largely unattended (with automatic devices to prevent over
speeding in storms) and pump water generally from depths of 10 to 100 metres or more. A
typical SWT used for this purpose is expected to run for over 20 years with only annual
maintenance work and without any major replacements. The latter is a very demanding
technical requirement, since it means that a wind pump must perform for over 80,000 operat-
ing hours without any significant wear and tear, i.e. four to ten times the operating life of
most small diesel engines or about 20 times the operating life of a small engine pump.

Irrigation duties, on the other hand, are seasonal and involve pumping much larger volumes
of water over a low head. The intrinsic value of water used for irrigation is low when com-
pared with drinking water. Therefore, any wind pump developed for irrigation must be as
inexpensive as possible and this requirement tends to override most other considerations.
Since the farmer and other workers are generally present during irrigation, it is not as critical
to have a machine capable of running unattended. Windmills used for irrigation in the past
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have thus tended to be indigenous designs that are often improvised or built by the farmer
as a method of low-cost mechanisation.

Rural electrification - worldwide, it is estimated that at least 1.3 billion people lack access to
electricity. SWTs can be employed to provide electricity to remote communities where the
wind resource is adequate. In the context of rural electrification, SWTs can help in combat-
ting rising fuel prices and improving the socio-economic situation of rural dwellers with an
environmentally friendly solution. On the other hand, maintenance requirements and high
upfront costs generally impede their application.

nner Mongolla.Cnma Kenya,/\rrlca Heoron, West Banx Patagonla./\rgenuna

Figure 3.156: Examples of SWTs for rural electrification

Remote power supply - equipment such as telecommunications base transceiver stations
which could be located in remote areas are often powered by diesel generators. SWTs pro-
vide an environmentally friendly solution in areas with ample wind to provide the needed
power for these installations.

» Planning to install a wind turbine

When siting a SWT, various factors
are taken into consideration. These
include:

= Availability of wind resource:
Without a sufficient wind re-
source, SWTs are not technologi-
cally or financially prudent.

- Proxnmty.to location of energy Figure 3.157: Remote power supply for meteorological plat-
consumption: SWTs should be form at sea (left), traffic signal (right)

located as close to the energy
consumption location as possible
to reduce costs of installation.

=  Environmental and social im-

pacts: Impacts such as noise pol- strongly

lution caused by the rotation of distorted C’

the turbine are to be considered, flow

along with the visual effect of the

wind turbine. — 2 —> « 200 >
= Location of obstacles: The local Figure 3.158: Turbulence generated by structures on the

conditions at a proposed SWT in- windward side

stallation site are greatly affected by obstacles such as trees and houses.

151



MODULE 3: GENERATION TECHNOLOGIES

Figure 3.158 show the turbulence generated by a structure of a height h located in the direc-
tion of prevailing wind. Wind turbines should be sited at an appropriate distance:

= 2 xh before the obstacle or

= 20 x h after the obstacle or

= 2 xhhigher than the obstacle if within 20 x h.

ENERGY YIELD ESTIMATION

Before installing an SWT, it is imperative to estimate the amount of energy that can be pro-
duced based on available wind resources. Manufacturers of SWTs include energy yield
graphs in the product data sheets. Applicable figures can then be used for planning and
making the necessary cost comparisons to determine the most practicable form of energy
generation. Two sample specifications are compared in the table below.

Table 3.26: Examples of SWT specifications

Skystream 3.7 Eoltec Scirocco 5.6

Rated power 2.1 kW 6.1 kW
Rotor diameter 3.72m 5.6m
Swept area 10.87 m® 24.64 m*
Number of blades 3 2
Cut-in wind speed 3m/s 3m/s
MONTHLY ENERGY Annual Energy Yield vs Annual Mean Wind speed
35000 - - - - . .
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30000
> c
gé 800 /"2’ § 25000
A e
a ‘f’ 600 / i 20000
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2 40 A &
£ 5 /" 15000
€0 g V.
7 < 10000
0 / 5000
ms 2 3 4 5 6 7 8 9 10 11
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3 4 5 6 7 8 9 10 1
Avemge Annual mnd Smed Annual Mean Wind Speed (m/s)

Figure 3.159: Energy yield graphs for Skystream 3.7 (left), Eoltec Scirocco 5.6 (right)

Example: At a wind speed of 4.5 m/s, the expected monthly energy produced by the SWT according to
the energy production graphs above is:

= 200 kWh for the Skystream 3.7
= 458 kWh for the Eoltec Scirocco 5.6

152



MODULE 3: GENERATION TECHNOLOGIES

Table 3.27: Strengths and weaknesses of wind energy systems

Strengths Weaknesses

e Technology is relatively simple and robust with e Site-dependent technology (requires a suitable
lifetimes of over 15 years without major new in- site).
vestments. e Requires storage/backup due to variable power

e  Automatic operation with low maintenance re- production.
quirements. e Potential market needs to be large enough to

e No fuel required (no additional costs for fuel or support expertise/equipment required for im-
delivery logistics). plementation.

e Technology can be adapted for complete or partial e  High capital/initial investment costs can impede
manufacture (e.g. the tower) in developing coun- development (especially in developing coun-
tries. tries).

e Low environmental impact compared with conven- e Cranage and transport access problems for in-
tional energy sources. stallation of larger systems in remote areas.

e  Mature technology in industrialised countries.

REVIEW QUESTIONS
i. ~ What is roughness length? How does it affect wind speed?
ii.  List and describe five instruments used to measure wind speed.
iii. ~ What is a wind rose?
iv.  Explain a histogram. How is it created?
v.  Whatis a line connecting points of equal wind speed called?

vi.  What kind of wind turbine is used for pumping water? Low or high solidity?

FURTHER READING

1. A survey of wind energy potential in Nigeria ® Ojosu, J. O. and Salawu, R. I. Solar &
Wind Technology. 7(2-3): 155-167. (1990)

2. Wind and Solar Power Systems: Design, Analysis and Operation (2" edition) ® M.R. Patel
(2006): M.R. Patel, R. Boca, FL: Taylor & Francis

3. Renewable Energy Resources (2" edition) ® J. Tidwell and T. Weir New York: Taylor &
Francis (2006)
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3.4. BIOMASS (NON-FOCUS TOPIC)

About this chapter

Biomass energy is the most common form of energy used in Nigeria today. This module provides
vital information on sources and technologies that are used to convert biomass energy sources to
useful electrical energy.

Learning outcomes

At the end of this chapter, the participant is able to
=  Appreciate the importance of biomass as an energy source
=  Qutline and describe different forms of bioenergy

=  Understand the role of bioenergy in Nigeria

CARBON CYCLE, CLIMATE CHANGE AND BIOMASS

Bioenergy, or biomass energy, is mainly renewable energy from biological sources, whereas
biomass is stored sunlight in the form of chemical energy as it is found in living material like
plants, agricultural waste or manure. Generally, it is material derived from recently living
organisms. Biomass always contains the element carbon, which is part of the global carbon
cycle. The carbon cycle is the base of all life on Earth.

Biomass can be converted by chemical, physical or biological processes into fuel (gas, alco-
hol, and biodiesel), heat or electricity. The use of biomass energy has the potential to greatly
reduce our greenhouse gas emissions. Biomass generates about the same amount of carbon
dioxide as fossil fuels, but every time a new plant grows, carbon dioxide is actually removed
from the atmosphere. The net emission of carbon dioxide will be zero as long as plants con-
tinue to be replenished for biomass energy purposes.

The crops cultivated for the specific use of generating energy are called energy crops. These
energy crops, also called biomass feedstocks, are usually fast-growing trees and grasses. The
cultivation use of biomass feedstocks can also help increase profits for the agricultural indus-

try.

Note: Biomass is any organic, i.e. decomposable, matter derived from plants or animals available on a
renewable basis. Biomass includes wood and agricultural crops, herbaceous and woody energy crops,
municipal organic wastes as well as manure. Bioenergy is energy derived from the conversion of bio-
mass where biomass may be used directly as fuel, or processed into liquids and gases. Traditional
biomass use refers to the use of wood, charcoal, agricultural residues and animal dung for cooking
and heating in the residential sector. It tends to have a very low conversion efficiency (10% to 20%)
and an often unsustainable supply.

THE CARBON CYCLE

The carbon cycle is the biogeochemical cycle by which carbon is exchanged between the bio-
sphere, geosphere, hydrosphere, and atmosphere of the Earth. Carbon appears not only in
the form of carbon dioxide, it also includes all carbon fixed to all kinds of biological material.
The carbon cycle describes the movement of carbon as it is recycled and reused throughout
the biosphere.

The global carbon budget is the balance of the exchanges (incomes and losses) of carbon be-
tween the carbon reservoirs or between one specific loop (e.g. atmosphere to biosphere) of
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the carbon cycle. It describes carbon dioxide sources (generation) and sinks (fixation), for
instance emissions from combustion processes as a carbon dioxide source and forests as a
carbon dioxide sink.

Carbon-based molecules are crucial building blocks for life on Earth, because carbon is the
main component in all biological compounds. Carbon is also a major component of many
minerals. Carbon dioxide (CO:) is partly responsible for the greenhouse effect and is the
most abundant greenhouse gas emitted by human activity.

09/30/13 UNDER

THE ATMOSPHERE 2 THE CARBON CYCLE il
Carbon in the Earth’s atmosphere ex- —’

ists in two main forms: carbon dioxide
and methane. Both gases absorb and
retain heat in the atmosphere and are
each in part responsible for the green-
house effect. Methane has a more pow-
erful greenhouse effect per volume as
compared to carbon dioxide, but it ex-

ists in much lower concentrations and an

[ Coal, oil, ga

is more short-lived than carbon diox-

Shellfish & corals Deep ocean
currents
-
2 Deep ocean sediments

ide, making carbon dioxide the more
important greenhouse gas of the two.

Carb dioxide 1 h h Figure 3.160: Global carbon cycle — Courtesy: The Science
arbon dioxide leaves the atmosphere Education Resource Centre at Carleton College Information,

through photosynthesis (as it is trans- http://serc.carleton.edulearthlabs/carbon/lab_2.html
formed into biological material like

plants), thus entering the terrestrial and oceanic biospheres. Carbon dioxide also dissolves
directly from the atmosphere into bodies of water (oceans, lakes, etc.), as well as dissolving
in precipitation as raindrops fall through the atmosphere. When dissolved in water, carbon
dioxide reacts with water molecules and forms carbonic acid, which contributes to ocean
acidity. It can then be absorbed by rocks through weathering.

THE TERRESTRIAL BIOSPHERE

The terrestrial biosphere includes the organic carbon in all land-dwelling organisms, both
alive and dead, as well as carbon stored in soils. About 500 gigatonnes (GT) of carbon are
stored above ground in plants and other living organisms, while soil holds approximately
1,500 GT of carbon. Most carbon in the terrestrial biosphere is organic carbon, while about a
third of soil carbon is stored in inorganic forms, such as calcium carbonate (limestone). Or-
ganic carbon is a major component of all organisms living on Earth.

Carbon leaves the terrestrial biosphere in several ways and on different time scales. Combustion
releases it rapidly into the atmosphere. It can also be exported into the oceans through rivers or re-
main sequestered in soils in the form of inert carbon.

OCEANS

Oceans contain the greatest quantity of actively cycled carbon in this world and are second
only to the lithosphere in the amount of carbon they store. The surface layer of the ocean
holds large amounts of dissolved organic carbon that is exchanged rapidly with the atmos-
phere. The ocean’s deep layer contains approximately 15% more dissolved inorganic carbon
(DIC) than the surface layer.
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The lithosphere is the solid outer section of the Earth, which includes the Earth’s crust (the
“skin” of rock), as well as the underlying cool, dense, and rigid top layer of the upper man-
tle.

Carbon enters the ocean mainly through the dissolution of atmospheric carbon dioxide,
which is converted into carbonate. It can also enter the oceans through rivers as dissolved
organic carbon. It is converted by organisms into organic carbon through photosynthesis and
can either be exchanged throughout the food chain or precipitated into the ocean’s deeper,
more carbon-rich layers as dead soft tissue or in shells as calcium carbonate.

GEOLOGICAL CARBON CYCLE

These carbon stores of our planet’s mantle interact with the other components through geo-
logical processes. The geologic component of the carbon cycle operates slowly in comparison
to the other parts of the global carbon cycle. It is one of the most important determinants of
the amount of carbon in the atmosphere and thus of global temperatures.

Carbon can leave the geosphere in several ways. Carbon dioxide is released during the met-
amorphosis of carbonate rocks when they are subducted into the Earth’s mantle. This carbon
dioxide can be released into the oceans and atmosphere through volcanoes and hotspots.
Carbon dioxide is removed by humans through the direct extraction of fossil fuels. After ex-
traction, fossil fuels are burned to release energy, emitting carbon into the atmosphere.

The exchanges between carbon deposits are a result of different processes which are chemi-
cal, physical, geological, and biological in nature.

SEDIMENTS

Most carbon is stored inertly in the Earth’s lithosphere. Much of the carbon stored in the
Earth’s mantle was deposited there when the Earth was formed. Some of it was deposited in
the form of organic carbon from the biosphere. Of the carbon stored in the geosphere, about
80% is contained in limestone and its derivatives, which form from the sedimentation of cal-
cium carbonate contained in the shells of marine organisms. The remaining 20% is stored as
kerogens formed through the sedimentation and burial of terrestrial organisms under high
heat and pressure. Organic carbon stored in the geosphere can remain there for millions of
years.

» Plants and biomass

FORMATION OF BIOMASS: PHOTOSYNTHESIS

Photosynthesis is a process by which certain organisms, mostly plants, convert light energy
into chemical energy that can later be released to fuel the organisms” activities. This chemical
energy is stored in carbohydrate molecules, such as sugars, which are synthesised from car-
bon dioxide and water.

Sun’s energy

In most cases, oxygen is also released as a
waste product. Photosynthesis maintains

atmospheric oxygen levels and supplies all CO, +H,0 » CH..0, + 0,

Carbon Water Sugars Oxygen
dioxide .. . - X

of the organic compounds and most of the Q@

energy necessary for life on Earth.

.. . Figure 3.161: Chemical equation of photosynthesis
Photosynthesis is performed differently by 8 1 P y

different species. The process always begins
when energy from light is absorbed by proteins called reaction centres that contain green
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chlorophyll pigments. In these light-dependent reactions, some energy is used to strip elec-
trons from suitable substances such as water, producing oxygen gas.

In plants, algae, and cyanobacteria, sugars are produced by a subsequent sequence of light-
independent reactions. Atmospheric carbon dioxide is thereby incorporated into already
existing organic carbon compounds; the resulting compounds are then reduced and removed
to form further carbohydrates such as glucose.

Today, the average rate of energy capture by photosynthesis globally is approximately
130 terawatts, which is about six times larger than the current power consumption of human
civilisation. Photosynthetic organisms also convert around 100 to 115 thousand million met-
ric tonnes of carbon into biomass per year.

BIOMASS CONVERSION TECHNOLOGIES

As stated earlier, biomass is biological material derived from living or recently deceased or-
ganisms. It most often refers to plants or plant-derived materials which are specifically called
lignocellulose biomass. As an energy source, biomass can either be used directly via combus-
tion to produce heat, or indirectly after converting it to various forms of biofuel.

Direct combustion: Burning of material by direct heat.

Gasification: Biomass can be used to -
produce methane through heating or &
anaerobic digestion. The result is a s

synthetic gas (syngas), which consists 00— ™
of a mixture of carbon monoxide and R
hydrogen_ 00 et

100

Pyrolysis: Thermal degradation of bio-

mass at high temperatures in the ab- ® "J006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

sence Of Oxygen. BiomaSS iS heated up mmmm OECD Americas mmmm OECD Asia Oceania s OECD Europe
Africa e Asia mmmm China

to a level between 400 and 750°C. No Non-OECD Europe Non-OECD Americas mmmm Middle East

P sessssese MTRMR 2012
oxygen is introduced to support com-

bustion, thus resulting in the creation Figure 3.162: Growth rates of biomass use — Courtesy: Inter-

national Energy Agenc
of gas, fuel oil and charcoal. sy ageny
Anaerobic digestion: Conversion of or-
ganic matter to natural gas (methane), —— T rification e
carbon dioxide and other trace gases. e
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break down the organic matter in the sl =
absence of oxygen. Biomass such as abon ) t
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Hydrogen
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Figure 3.163: Biomass conversion technologies — Courtesy:
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70% methane, the major component of natural gas, with a decreasing methane concentration
over time.

Biofuels: Fuel alcohol can be produced by aerobic fermentation of starch to sugar. This is done
by fermenting the sugar to alcohol, then separating the alcohol water mixture by distillation.
Typical biofuel feedstock includes plants such as wheat, barley and potatoes, as well as
waste paper, sawdust, and straw-containing sugar. On the other hand, biodiesel also refers
to a vegetable oil, or animal fat-based diesel fuel consisting of long-chain alkylesters. It is
typically made by a chemical reaction between lipids (e.g. vegetable oil, soybean oil, animal
fat) and alcohol-producing fatty acid esters. Biodiesel is meant to be used in standard diesel
engines and is thus distinct from the vegetable and waste oils used to fuel converted diesel
engines. Biodiesel can be used alone or blended in varying proportions with conventional
diesel.

» Combustion

Thanks to its low cost and high ¥
reliability, combustion is the sim- i :
plest, most developed and most T ‘

frequently applied process used |
to convert biomass to energy for v i | ! ‘ 'ml
solid biomass fuels. Biomass en- "
ergy is used to generate heat and @
electricity through direct combus-
tion, ranging in scale from very
small domestic boilers to multi-
megawatt power plants. For com-

bustion to occur, the following =
conditions, called the three T’s of Figure 3.166: Large-scale fixed bed combustion stoke burner —
Courtesy: Bureau of Energy Efficiency, India

1 ) e e e e g o ¢ e e |

complete combustion, must be
satisfied: (1) Temperature high enough to ignite and
maintain ignition of the fuel, (2) Turbulence or intimate
mixing of the fuel and oxygen, and (3) Time sufficient
for complete combustion. Direct combustion of biomass
is used from the household level up to power plants,
depending on how much material is available as well as
on existing technologies. Not all heat in the fuel is con-
verted to heat and absorbed by the steam generation
equipment. The main challenge in combustion efficien-
cy is thus eliminating the occurrence of unburned car-
bon (in the ash or incompletely burned gas), which
forms carbon monoxide (CO) instead of carbon dioxide :
(COy). Different biomass combustion systems have been F.uidisin3 >
developed for industrial purposes. These systems fall comtusionak A8

into three basic categories: fixed bed combustion, dust  Figure 3.164: Fluidised bed reactor — Source:

combustion, and fluidised bed combustion. Wikipedia
FIXED BED COMBUSTION

Fixed bed combustion systems include grate furnaces and underfeed stokers. Primary air
passes through a fixed bed, where drying, gasification, and charcoal combustion take place
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in consecutive stages. The combustible gases are burned in a separate combustion zone using
secondary air.

DUST COMBUSTION

Dust combustion mostly relies on grate burners, which can be subdivided into pile and stoke
burners. Pile burners are the simplest form of burner with the fuel (biomass) lying in a pile or
on a fixed bed or grate through which combustion air flows and ash falls. On the other hand,
stoke burners facilitate the movement of the fuel on the grate and the removal of ash, result-
ing in increased combustion efficiencies, high burning rates and relatively high tempera-
tures. For both systems, primary air passes through a fixed bed, where drying, gasification,
and charcoal combustion take place in consecutive stages. The combustible gases are burned
in a separate combustion zone using secondary air. Grate furnaces are appropriate for burn-
ing biomass fuels with high moisture and ash content as well as different particle sizes. The
design and control of the grate are aimed at guaranteeing smooth transportation and even
distribution of the fuel and a homogeneous primary air supply over the whole grate surface.
An irregular air supply may cause slagging, and higher amounts of fly ash, and may increase
the oxygen needed for complete combustion. Load changes can be achieved more easily and
quickly than in grate furnaces because there is better control of the fuel supply.

FLUIDISED BED COMBUSTION

In a fluidised bed, biomass fuel is burned in a self-mixing suspension of gas and solid bed
material (usually silica sand and dolomite) in which air for combustion enters from below.
Depending on the fluidisation velocity, bubbling and circulating fluidised bed combustion
can be distinguished. The intense heat transfer and mixing provide good conditions for
complete combustion with low excess air demand. The low excess air requirement reduces
the flue gas volume flow and increases combustion efficiency. Fluidised bed combustion
plants are of special interest for large-scale applications (normally exceeding 30 MWth). For
smaller plants, fixed bed systems are usually more cost-effective. One disadvantage is the
high dust loads in the flue gas, which make efficient dust precipitators and boiler cleaning
systems necessary. Bed material is also lost with the ash, making it necessary to periodically
add new bed material.

» Gasification of biomass Fuel

Biomass contains carbon, hydrogen and oxygen mole-
cules. Complete combustion would produce carbon
dioxide (CO2) and water vapour (H20) whereas com-
bustion under controlled conditions, i.e. partial com-
bustion, produces carbon monoxide (CO) and hydro- Slyote
gen, which are combustible gases. These gases are pro-  arr #
duced by the reaction of water vapour and carbon di-

oxide as they pass through a glowing layer of charcoal.
Combustion also produces non-useful products like tar

and dust.

Oxidatian

Reduction

The key to gasifier design is to create conditions such r
that (a) biomass is reduced to charcoal and, (b) char- Ash
coal is converted at a suitable temperature to produce  Figure 3.167: Stages inside the gasifier
CO and Ho.
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A gasification system consists of four main stages:

= Supply of feedstock to gasifier

= Gasifier reactions where gasification takes place
* (leaning of resultant gas

= Utilisation of cleaned gas

Biomass gasifiers are thermochemical converters (reactors) where various physical and
chemical reactions take place. Biomass passes through various zones: drying zone, distilla-
tion zone, pyrolysis zone, combustion zone and reduction zone. Once the biomass has
passed through all the above zones, it gets converted into a high-quality combustible pro-
ducer gas. Biogas produced through gasification is called producer gas, which has a relative-
ly low calorific value ranging from 1,000 to 1,200 kCal/Nm?. The conversion efficiency of the
gasification process ranges from 60 to 70%. It can be used for combustion in a reciprocating
engine.

» Anaerobic digestion

Anaerobic digestion is the use of biological processes, in the absence of oxygen, for the
breakdown of organic matter and the stabilisation of these materials by conversion to me-
thane and carbon dioxide gases and a nearly stable residue. The process is based on biologi-
cal digestion/anaerobic digestion of biomass. It is the only process that provides the addi-
tional advantage of high-grade manure as a by-product. The raw materials for the anaerobic
process can include manure, sewage sludge, municipal solid waste, fruit and vegetable
waste, food waste, distillery wastes and other biodegradable wastes. Bio-methane can com-
pletely replace natural gas in applications such as boilers, furnaces, internal combustion en-
gines, etc.

Biomass offers higher energy efficiency in the form of biogas than by direct burning. At the
beginning of the process, when organic matter is broken down by specific bacteria in the
absence of air and at slightly elevated temperatures (35 to 40°C), biogas typically consists of
60 to 70% methane and 30 to 40% carbon dioxide. Also known as anaerobic digestion or fer-
mentation, the biogas process provides a clean fuel that can be produced on a scale varying
from a small household system to a large commercial plant of several thousand cubic metres.
Biogas can be used for electricity generation or purified for use as a vehicle fuel.

In assessing the economic viability of biogas programmes, it is useful to distinguish between
four main areas of application, namely:

* Individual household units

= Community plants

= Large-scale commercial animal rearing operations

* Municipal or industrial projects

In each of these cases, the economic feasibility of individual facilities depends largely on
whether output in the forms of gas (for cooking, lighting, electricity and power) and slurry
(for use as fertiliser/soil conditioner, fishpond or animal feed) can substitute for the costly
fuels, fertilisers or feeds which were previously purchased.

Biogas technology is receiving increased attention due to its potential to bring an economi-
cally viable solution to the following problems:

* Dependence on imported energy
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= Deforestation, leading to soil erosion and a drop in agricultural productivity
* Providing inexpensive fertilisers to increase food production

= Disposal of wastes, which cause severe pollution and public health problems

Biogas

N

—_: >| Methane and Carbon Dioxide \
Hydrogen

Acetate
|Acetogenisis % Intermediates higher ﬁ

Methanogenisis

w

organic acids,
butyrate lactate, etc

|Acidogenisis

. . Large Carboxylic
:">| Aino aclds. SUgars | acids and alcohols

a4

| Complex Organic Material K:' Sludge K:‘j

Figure 3.168: Biochemical steps in anaerobic digestion

N

N

|Hydrolysis

Protein Carbohydrate

Anaerobic digestion is a four-stage process that occurs as specific bacteria feed on certain
organic materials. In the first stage (hydrolysis), acidic bacteria dismantle the complex organ-
ic molecules into smaller molecules. In the second stage (acidogenesis), these molecules fur-
ther break down into organic acids, carbon dioxide and ammonia. A second type of bacteria
(methanogenic bacteria) starts to convert these molecules into acetates (acetogenesis) and
hydrogen in the third stage, and finally to methane in the fourth stage (methanogenesis).
Methane-producing bacteria are particularly influenced by ambient conditions, which can
slow or halt the process in the final stage completely or change the composition of resulting
gases if conditions are not favourable. Anaerobic processes can be used for the degradation
of very different materials like carbohydrates, fat and protein as they occur in organic waste.

Hydrolysis Acidogenesis Acetogenesis Methanogenesis

Figure 3.169: Principle and components of anaerobic digestion
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Figure 3.171: Simple biogas plant in Figure 3.170: Industrial-scale biogas plant in
Tanzania Germany - Courtesy: Wikipedia

PRODUCTS OF ANAEROBIC DIGESTION

The three principal products of anaerobic digestion are biogas, digestate, and waste-water.

Biogas - The gaseous output of anaerobic digestion consists of the gases listed in the table
below. To extract the relevant methane gas, the output gas is scrubbed to remove impurities.

Table 3.28: Ratio of biogas output from anaerobic digestion

Typical composition of biogas

Methane (CH,) 50-75%
Carbon dioxide(CO,) 25-50%
Nitrogen(N,) 1-10%
Hydrogen(H,) 0-1%
Hydrogen sulfide (H,S) 0-3%
Oxygen(0,) 0-20%

Digestate - refers to the solid remnants of the
original input material that the microbes cannot
convert. It also consists of the mineralised re-
mains of the dead bacteria from within the di-
gesters. Digestate can be fibrous or liquid or a
combination of the two. In two-stage systems,
different forms of digestate come from different
digestion tanks. In single-stage digestion sys-
tems, the two fractions will be combined and, if
desired, separated by further processing.

Wastewater - the final output from anaerobic

Figure 3.172: Digestate

digestion systems is water, which originates from the moisture content of the original treated
waste and water produced during the microbial reactions. This water may be released from
the dewatering of the digestate or may be implicitly separated from the digestate.
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USES OF BIOGAS

Biogas is a lean gas that can, in principle, be used like other fuel gases for household and
industrial purposes. Common domestic appliances that use biogas include:

BENEFITS OF BIOGAS PLANTS

Gas cookers/stoves: Biogas cookers and stoves for domestic use must meet certain re-
quirements especially if they are to be used in rural areas. Amongst these require-
ments are simple and easy operation, suitability for pots of various sizes, easy clean-
ing, acceptable cost, easy repair and good burning properties, i.e. stable flame, high
efficiency.

Biogas lamps: Commonly used in rural areas without electricity where lighting is a
basic need as well as a status symbol. Biogas lamps are not very energy-efficient, and
they grow very hot during operation. The bright light of a biogas lamp is the result of
incandescence, i.e. the intense heat-induced luminosity of special metals.

Like natural gas, biogas
has a wide variety of uses,
but, as it is derived from
biomass, it is a renewable
energy source. There are
many other benefits to be
derived from the process
of converting substrates in
a biogas plant.

The economic pressure on Figure 3.174: Biogas lamp, Figure 3.173: Cooking range
Thailand. operating with biogas.

conventional agricultural
products has continued to rise. Many farmers have been forced to give up their occu-
pation, since their land could not produce sufficient yield. However, the production
of biogas is subsidised in many countries, giving the farmer an additional income.
For the farmer, biogas production does not mean a major reorientation in activities,
because microorganisms for methanation require similar care to that needed for live-
stock in the stable.

Biogas production from maize or grass could help maintain and groom the existing
layout of small farms.

While unneeded plants and other biomass sources are often left to decompose, bioen-
ergy production can recover this potential energy.

Substantial reduction in the disposal costs of organic wastes, even including mean-
ingful re-use (e.g. as fertilisers), due to the significant quantity reduction of biomass
to make biogas.

If plants are used as co-substrates for biogas production and the residues are recycled
to fertilise fields, no mineral fertiliser needs to be purchased. A cycle of nutrients is
reached, nitrate leaching is reduced and plant compatibility and plant health are im-
proved.

CO0z2 neutral energy production (especially electrical power and heat) is achieved, thus
effectively supporting climate protection.

Reduction of landfill area and the protection of groundwater: Organic waste materi-
als can be reduced to 4% of their original mass as sludge when the residue is
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squeezed off and the waste water from the biogas plant is recycled into the waste wa-
ter treatment plant.

» Energy farming for biomass production

Energy farming is a concept whereby farmers grow and harvest energy crops for the sole
purpose of converting them into fuels. The conversion processes could involve combustion,
pyrolysis, esterification or in certain cases anaerobic digestion. Energy crops are woody or
herbaceous plants that are cultivated for the sole purpose of being converted into energy.
These plants are usually low-cost and low-maintenance plants. Once harvested, they can be
converted into biofuels or combusted. Common energy crops include maize (or corn), giant
Miscanthus (elephant grass) and Jatropha.

Agriculture is not an exact science as there are many variables involved from the initial
planning to the harvest. When modelling a biomass system, it is possible to estimate the
amount of land required to yield a certain amount of energy.

Example: Calculate the area of short-rotation giant Miscanthus needed to produce an annual ther-
mal energy output of 900 GJ for agro-processing businesses in Makurdi.

Yield 14 t/ha/a (wet)
Equivalent 11.9 t/ha/a (dry)
Boiler thermal efficiency 78%

Calorific content of dry wood 17 MJ/kg

= Annual energy output required = 900 GJ

Energy requirement _ 900x10' ¥

= Total energy needed = = 1.154 x 103GJ

Boiler ef ficiency 78%

Total energy needed 1.154x101 3]
Calorific content 17><106ki
g

= Amount of wood required = =678.73t

Wood required 678.73 t
Dry mass equivalent 11.9 t/Ha

= Farmland required = = 53.44 ha

BIOMASS ENERGY IN NIGERIA

Wood remains the largest bioenergy source today.

Natural

Crude Oil, 9.30%

Examples include forest residues (dead trees, > ‘"j“yds;‘zowc
branches and tree stumps), yard clippings, wood o
chips and even municipal solid waste. In terms of

scope, biomass includes all plants or animal matter
that can be converted into fibres or other industrial
chemicals, including biofuels. Industrial biomass
can be grown from numerous types of plants, in-
cluding miscanthus, switchgrass, hemp, corn, pop-  Figure 3.175: Energy consumption in Nige-
lar, willow, sorghum, sugarcane, bamboo, and a ria, 2009 - Courtesy: IEA, 2012
variety of tree species, ranging from eucalyptus to

oil palm (palm oil).

The advantages of using biomass for energy include:
= Providing access to energy and reducing fossil fuel consumption

= Rural development through employment and increased livelihood and market op-
portunities
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Rural infrastructural development as biomass energy can attract and increase in-
vestments in rural infrastructure such as potable water facilities, roads, electricity,
hospitals as well as markets.

Technological developments such as bioenergy could be used to bridge the gap be-
tween current fossil fuel technologies and future technologies.

» Barriers to the development of biomass energy and production benefits

There are six issues that stakeholders in biomass energy development need to consider:

Are biomass resources available or can they be produced sustainably?
Which technologies will deliver environmentally acceptable products and services?

What will be the effects of increasing the use of biomass on environmental and socio-
economic systems?

What markets are readily available or need to be established?
What investments are going to be required to establish the biomass industry?

What risks are associated with investing in the biomass sector?

These questions can be broadly classified into™:

Economic and policy barriers: High costs associated with energy produced from bio-
mass and its associated technologies compared to conventional energy pose a chal-
lenge, especially for application in rural areas dominated by low-income residents. At
the policy level, inconsistent and unclear market policies and incentives (subsidies)
have limited the progress of biomass energy in Nigeria.

Technological and human capacity barriers: Low rates of technology transfer (design,
installation and maintenance) and lack of promotion of local content (manufacturing)
for biomass technologies such as biogas digesters and gasification have resulted in
limited access to the benefits of biomass energy in Nigeria.

Social and environmental barriers: Fears of pollution due to agro-based industries are
prevalent.
Land ownership structure: The current system of communal land ownership with a

pocket of private ownership poses a hindrance to large-scale farming practices, which
can in turn affect the availability of raw material for bioenergy production.

REVIEW QUESTIONS

i.
ii.
iii.

iv.

What is energy farming?
Discuss the advantages and disadvantages of energy farming.
Describe the process by which biomass is converted to energy.

How much money can be earned by selling thermal energy to agro-allied businesses
in Jigawa state through the direct combustion of Miscanthus (moisture content 80%).
Assume that businesses pay NGN 30 per k] of energy. The available arable land is
100 ha.

Discuss other barriers to the use of biomass as a source of energy in Nigeria.

! See Simonyan and Fasina (2013).
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tion Oy & MTT Agrifood Research Finland (2009)
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pro-
jects/files/projects/documents/encrop_international_handbook_for_energy_producers
.pdf (accessed Aug. 30, 2016)

Biomass Resources and Bioenergy Potentials in Nigeria ® Simonyan, K. J., and O. Fasina;
African Journal of Agricultural Research 8(40): 4975-4989. (2013)
www.academicjournals.org/article/article1381916826_Simonyan and Fasina.pdf (ac-
cessed Aug. 30, 2016)

Renewable Energy Resources (2" edition) ® J. Tidwell, and T. Weir; New York: Taylor &
Francis. (2006)
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4. ELECTRIC POWER DISTRIBUTION

About this module

In real-life situations, renewable energy is rarely used as a sole energy source for off-grid systems.
Most renewable energy-based mini-grids are hybrids of two generating sources. This section intro-
duces hybrid systems for powering mini-grids, and equips participants with the skills to design
them.

Learning outcomes

At the end of this module, the participant is able to
= Design a mini-grid for a remote village
=  Carry out commissioning tasks for an installed mini-grid
= Advise potential clients on mini-grids

= Develop operation and maintenance schedules for RE projects

INTRODUCTION

The modern electricity grid is gradually evolving away from the traditional centralised grid
(i.e. consumers connected to the national grid) and towards a distributed grid system that
utilises local sources of generation. Hybrid electric mini-grids that rely on renewable energy
(RE) resources like wind, solar, micro hydropower, or biomass for on-site generation are
gaining in popularity as they become more economically viable. RE generators are common-
ly used in addition to diesel generators to reduce fuel expenditures. Diesel is often relegated
to back-up use to avoid an oversized battery bank.

For communities and remote facilities in Nigeria that do not have access to the national grid,
the technical extension of the national grid often is not practical, thus the use of localised
electricity systems with mini-grids is often the only realistic alternative. In this case, local
communities can leapfrog technology development and operate small and completely inde-
pendent modern power grids that are commonly referred to as mini or micro-grids.

Reliable, high-quality and affordable full-time (24-hour) electricity is essential to support
critical community services, enterprise development and growth, and residential power
needs. Schools, clinics, community centres, government facilities, and industry all operate
primarily or exclusively during daylight hours. Yet few off-grid rural Nigerian communities
have daytime power services. When diesel power generation is available, it is almost always
used for night-time operation for residential lighting and entertainment.

Modern mini-grids are often supplied by a mix of energy sources such as solar or wind, often
using diesel gen-sets as a dispatchable back-up in a hybrid configuration. Mixing technolo-
gies that use different energy sources provides operational, economic, and reliability ad-
vantages as compared to single technologies. The advantage of using mostly renewable en-
ergy technologies is that the fuel is clean and free, and thus not subject to price or supply
volatility. However, capital costs for renewable energy technologies are higher to capture the
free energy, and availability depends on the particular RE resource available at the location.

The electric grids of the future are becoming more decentralised, interconnected, and relia-
ble, often incorporating mini-grids. Mini-grids are independent small- to medium-scale elec-
tricity generation systems serving a fixed customer base via a stand-alone electrical distribu-
tion grid. Mini-grids are electricity distribution systems containing loads and distributed
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energy resources such as distributed generators, energy storage, and controllable loads. Dif-
ferent technology options can be combined to form a hybrid mini-grid that benefits consum-
ers and facility owners through lower bills, improved power quality and performance, as
well as better reliability while reducing operating costs. The next section deals with hybrid
systems powering mini-grids; the planning of mini-grids themselves is dealt with in section
4.2.

4.1. THE NATIONAL GRID

OVERVIEW

Electricity generation in Nigeria began in 1896. The Nigeria Electricity Supply Company
(NESCO) commenced operations as an electric utility company in 1929 with the construction
of a hydroelectric power station at Kurra near Jos. The Electricity Corporation of Nigeria
(ECN) was established in 1951, while the first 132 kV line was constructed in 1962, linking
[jora Power Station to Ibadan Power Station. The Niger Dams Authority (NDA) was estab-
lished in 1962 with a mandate to develop the hydropower potentials of the country. Howev-
er, ECN and NDA were merged in 1972 to form the National Electric Power Authority
(NEPA). In 1998, NEPA ceased to have an exclusive monopoly over electricity generation,
transmission, distribution and sales. The name NEPA was changed to Power Holding Com-
pany of Nigeria in 2005 in the process of privatising power generation and distribution in
accordance with the Power Sector Reform Act of 2005.

» Current situation/structure

As of 2016, there are 23 grid-connected power generating plants in operation in the Nigerian
electricity supply industry (NESI) with a total installed capacity 0f10,396 MW and available
capacity of 6,056 MW. Most generation is thermal based, with an installed capacity of
8,457 MW (81% of the total) and an available capacity of 4,996 MW (83% of the total). Hy-
dropower from three major plants (Kainji, Jebba and Shiroro) accounts for 1,938 MW of total
installed capacity with an available capacity of 1,060 MW.

Generally speaking, the national grid consists of the following core entities:

= 23 competing, privatised generation companies (GENCOs)
= 11 privatised distribution and retail sales (marketing) companies (DISCOs)

* The Transmission Company of Nigeria (TCN), responsible for the transmission and
dispatch of electricity from the GENCOs to the DISCOs

TRANSMISSION COMPANY OF NIGERIA

The Transmission Company of Nigeria (TCN) is a successor company of PHCN, following
the unbundling of the sector, and is currently being managed by a Canadian management
contractor, Manitoba Hydro International. TCN is also referred to as a transmission service
provider (TSP). Currently, the Nigerian electricity transmission system is made up of about
5,524 kilometres of 330 kV lines and 6,801 kilometres of 132 kV lines. TCN is composed of
two major departments: System Operation (SO), responsible for system planning, admin-
istration and grid discipline, and Market Operation (MO), concerned with the electricity
wholesale market.
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Figure 4.1: Single-line diagram of the Nigerian power sector on the national grid

169



MODULE 4: ELECTRIC POWER DISTRIBUTION

DISTRIBUTION COMPANIES

There are 11 electricity distribution companies (DISCOs) in Nigeria.

KATSINA

JIGAWA

BAUCHI " comsE 2

PLATEAU

NASSARAWA

Code Distribution Companies
[ Kaduna Distribution Company

I Kano Distribution Company
[ Yola Distribution Company
Abuja Distribution Company
I JOS Distribution Company
[ Ibadan Distribution Company
Ikeja Distribution Company
Il Eko Distribution Company
I Benin Distribution Company
I Port Harcourt Distribution Company
I Enugu Distribution Company

Figure 4.2: Regional coverage area of DISCOs

Table 4.1: Load allocation by DISCO in 2013

DISCO Load allocation
1 Abuja 11.5%
2 Benin 9.0%
3 Eko 11.0%
4 Enugu 9.0%
5 Ibadan 13.0%
6 Ikeja 15.0%
7 Jos 5.5%
8 Kaduna 8.0%
9 Kano 8.0%
10 Port Harcourt 6.5%
11 Yola 11.0%
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GRID PARAMETERS
The grid code specifies the following parameters for the grid system performance character-
istics:

* Nominal frequency: 50 Hz +0.5% and +2.5% under system stress

= High voltage: 132 kV, 330 kV

* Medium voltage: 11 kV, 33 kV and 66 kV

* Low voltage: 415 V (3-phase) and 220-230 V (1-phase)

4.2. MINI-GRIDS

INTRODUCTION

The purpose of this training module on electrical distribution systems is to provide a basic
understanding of the elements of distribution system design as applied to mini-grid systems.
Participants are encouraged to use the listed references along with other materials and expert
advice while furthering their study on this topic.

A number of references were used in preparing this module. The authors especially like to
thank the World Bank Group, who authorised the use of this material subject to the terms
and conditions on its website!, for its permission to use the Energy Sector Management Pro-
gramme’s ESMAP Technical Paper 007 Mini-Grid Design Manual 21364 from 2000. Our further
thanks go to the US National Rural Electric Cooperative Association for permission to use
materials from the Simplified Staking Manual for Overhead Distribution Lines (4" ed.). Finally,
we are indebted to our colleague and friend Ing. Oscar Salinas, who sadly recently passed,
for his excellent work on the Bamyan Small Hydro Project: Distribution Design Report published
by NRECA International Ltd. with funding support from the US Agency for International
Development’s Afghanistan Clean Energy Program; excerpts of which are used herein.

» Design considerations

The process of designing an electric distribution system often begins by (a) defining the geo-
graphic scope of the project, (b) identifying the population that will be served by the project,
and (c) estimating the expected energy consumption by the served population.

Given that electric power systems grow in conjunction with economic expansion, not only is
it necessary to estimate the existing demand, it is also necessary to assess changing demand
requirements over the expected lifetime of the power system.

Upon defining the likely geographic scope of the project, and after completing an initial es-
timate of energy consumption and power demand, the design phase for the electric distribu-
tion system can commence. The design process is normally performed in two stages.

* The first stage — the preliminary design — consists of identifying preliminary line
alignments for the purpose of performing load flow and voltage drop calculations.
Given that load flow analyses are a function of maximum system demand, the geo-
graphic configuration of the distribution system, and the attributes of the power sys-
tem employed (voltage level, conductor impedance and power factor), the distribu-
tion system must be laid out and system attributes assigned to model the system per-
formance. Once the model is defined, the conductor size can be evaluated on the basis

! www.worldbank.org/terms
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of the load allocated over the geographic scope of the distribution system. Variations
in line routing, single-phase versus three-phase service, and load can be modelled
once the base case model has been completed.

= The final design process occurs when design crews perform a final survey of the dis-
tribution system alignments, defining the pole locations, the pole top structures, the
guy requirements, and the final structural (as opposed to electrical) design features of
the distribution system.

» Load assessment

The process of estimating the system demand is a function of identifying the geographic load
centres, estimating the number of likely consumers in those load centres, and estimating the
energy demand for each consumer. In any given project, there is most often a significant var-
iation in load between the population of residential consumers, the population of commer-
cial consumers, and the smaller population of industrial consumers — should there be any
small or medium industries in the service territory.

A survey should be conducted of each household, including a number of interviews with
home owners in villages. Besides household demographics, the interviews should include
discussions of energy use. Some families may already have electric service either by solar
home systems, gen-sets or micro hydropower schemes. The household energy and commer-
cial surveys will provide information that should allow for a complete evaluation of energy
consumption and power demand. It is important to weigh the results of the survey to deter-
mine the projected demand. Household energy use in remote rural villages like those in Ni-
geria is typically about 30 kWh per month (1 kWh per day) for lighting and television, but
will vary depending on actual loads.

Quantity of Consumers Bamyan Urban Bamyan Rural
Small Residential, Class 1 300 2,688
Large Residential, Class 2 128 1
Commercial. small 670 30
Commercial, large 123 o
NGO or other large loads 81 1
Institutional. other government a7 a
Street lights 130 o
Total (without streetlights) 1,479 2,724
Monthly Specific Consumption Bamyan Urban Bamyan Rural
Residential, Class 1 KwWh 40 40
Residential, Class 2 KwWh 200 200
Commercial, small KwWh 75 75
Commercial. large KWh 400

NGO or large loads KwWh 500 500
Institutional, other government KwWh 250 250
Street lights KwWh 30

Monthly Consumption by Sector Bamyan Total

Residential, Class 1 KWwWh 119,520

Residential, Class 2 KwWh 25,800

All Commercial, NGO’'s, Gov. Kwh 155,975

Street lights KwWh 3.954

Total Monthly Sales Kwh 305,249

Total Annual Sales KWh 3.622,989

Losses, kWwh 12% 499,499

Total Annual[ Generation KwWh 4.162.488

Demand at Topchi Small Hydro Plant Kw 1,235

Figure 4.3: Typical load analysis for mini-grid project — Courtesy: Bamyan, Small Hydro Project: Distribution Design
Report developed by NRECA International Ltd.
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In the case of commercial consumers, it is often expedient to break down these consumers
into distinct groups, for example, small shops, larger shops, hotels, restaurants, fabrication
shops (metal and wood-working), and small businesses (banks, NGOs, and other offices).
Differences in monthly energy consumption can vary greatly dependent on the nature of the
business, so care should be taken in the load estimation process. Lastly, some significant load
centres may require individual energy surveys to gain a better understanding of monthly
energy requirements. Energy efficiency and demand-side management interventions should
be thoroughly investigated and implemented to keep energy usage as low as practicable.

MINI-GRID DISTRIBUTION

Once you have completed the geographic survey and the load estimation for the mini-grid,
an engineering model can be developed to facilitate the design of the distribution system. It
is a good idea to use the national distribution voltage standard to assure that parts can easily
be obtained, and if a national grid extension is ever brought to the mini-grid area, the distri-
bution system used for a stand-alone mini-grid will be completely compatible with national
infrastructure and any future expansions. Overhead distribution line construction is most
commonly used for mini-grids. However, underground construction may be used in sensi-
tive areas (archaeological sites, nature preserves, etc.).

Many electrical distribution systems are designed using dedicated design software such as
Milsoft Utility Solutions” Milsoft Engineering Analysis (EA) WindMil®product. This model can
create an electrical circuit diagram of the proposed design that can then be optimised to se-
lect the distribution system voltage and configuration, conductor sizing, calculation of line
losses, and a number of other key design parameters. Several global information system
(GIS) mapping products such as ESRI’s ArcGIS model can be used to create spatially oriented
drawings of the design showing the distribution grid in relation to other geographic features
such as roads, trails, rivers as well as house locations. An example of the level of system

modelling and optimisation that can be achieved using computer-based tools is shown in
Figure 4.4
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Figure 4.4: Distribution system analysis software — Courtesy: Complex Staking and Modelling for Field Engineering
and WindMilMap — Nick Ludowese, 2015
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» Voltage selection

Voltage selection is an iterative process based primarily on the amount of power to be
transmitted and the line distance from the power source to the load. A higher power re-
quirement for a longer distance will result in a higher voltage selection than a lower power
requirement over a shorter distance. Distributions grids are always operated on AC as the
low voltage typical for off-grid DC systems would incur voltage drops of an order that is
prohibitive. Nigeria currently uses 11 kV and 33 kV three-phase configurations for distribu-
tion with 415 V low-voltage three-phase circuits for secondary distribution within the load
centres.!

The process of selecting the voltage is iterative because the other component of the power
flow equation is the conductor size. A bit of electrical theory will help explain this process:
= Power is a measure of work performed and is measured in watts.

= Voltage is the force that pushes current through an electrical circuit measured in
volts.

= Current is the flow rate of electricity measured in amperes.
= Resistance is the resistance to the flow of electricity measured in ohms.

We can state the relation of these measures as a formula:
P=V*land I=V/R
Where:
P = Power (W)
V = Voltage (V)

I= Current

The above equation shows that system power is a function of system voltage and current
flow. The higher the voltage and/or the higher the current, the more power is delivered.
Equation 2 shows that current flow is a function of system voltage and resistance. Resistance
is introduced into the system based on the size of the conductor. The larger the conductor,
the less resistance and the higher the current flow. Thus, the selection of system voltage is an
iterative process considering the total power requirement and the conductor size.

The selection of a distribution voltage for the mini-grid project requires several considera-
tions:

= What is the power delivery requirement for the system? Answer this question by de-
termining the total load to be served by the mini-grid.

= What voltages are standard in the country? This question is important to allow for the
possibility of future connection to the national grid. Using local standard voltages
will facilitate the acquisition of system components such as transformers, pole top
units such as insulators, fuses and other distribution system components.

= What is the geographic expanse of the project? Consider that higher voltages are used
when power must be transmitted over long distances. One advantage to mini-grid
systems is that they often serve individual small, centralised villages — thus reducing
the need to transmit power over longer distances.

I Map of the Nigerian national transmission published by the Global Energy Network Institute and available at
www.geni.org/globalenergy/library/national_energy_grid/nigeria/index.shtml

174



MODULE 4: ELECTRIC POWER DISTRIBUTION

What is the consumer density in the village? In some village cultures, living quarters
are dispersed, perhaps each with a few hectares of land between neighbours, while in
other village cultures homes are arranged very close together. This makes a signifi-
cant difference in voltage selection — the more dispersed the load, the higher the volt-
age (and/or the larger the conductor) needed.

Are there any system expansion plans? If there are unserved loads, say perhaps an
adjacent village or a larger commercial establishment that may eventually be served
by the mini-grid system through a system expansion, this could be a factor in voltage
selection. Again, the longer the lines distance, the higher the voltage requirement.

Conductor sizing for each circuit of the distribution system is based on the following:

Distribution voltage selected for the project: Our equations show that the higher the dis-
tribution voltage, the smaller the conductor requirement.

Conductor cost: Incremental sizing of standard conductors gives us a significantly high
cost of upgrading from one conductor size to the next.

Length of the line segment: The longer the line segment, the greater the resistance
from the conductor.

Voltage drop: Voltage drop is experienced when current flows through a conductor.
Since household appliances and lighting require a standard voltage of 220 to 240
volts, any voltage drop in the distribution line from the generating source to the
house will degrade the voltage along the line. Voltage drop is reduced on distribution
systems primarily by increasing conductor size. A typical AC distribution system
should limit voltage drop to between 5% and 10%.

Ampacity: Maximum electric current a conductor can safely carry without damage.
The ampacity of a conductor depends on insulation temperature rating, electrical re-
sistance of the conductor material (e.g. copper or aluminium) and conductor operat-
ing temperature. Ampacity tables are provided by all conductor manufacturers and
should be consulted before cable sizes are finally selected.

Energy quantity to be supplied by a given line segment: Our equations also showed that
the higher the power requirement, the higher the current demand, resulting in a larg-
er conductor requirement (lower resistance).

Load distribution along the line segment: Larger conductors will often be used from the
generating source to the point of load concentration and smaller conductors will be
used to deliver power within the load pocket. This reduces the conductor cost and
lowers voltage drop.

Anticipated load growth on the line segment: It is important to size conductors to meet
future growth to avoid the expense of upgrading conductors as the system load
grows.

» Conductors (cables)

Once the load characteristics have been determined, the selection of a conductor to most ef-
fectively serve both the current consumer load and future load growth at a minimum cost
can be assured by following the standard approach for proper conductor sizing. In this pro-
cess, both the voltage drop at the end of the line as well as energy (kWh) losses along the
line, both of which depend on conductor size, must be kept within acceptable bounds.
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CONDUCTOR TYPES

For electricity distribution conductors, two materials are generally used: copper and alumin-
ium.

Copper is available in several forms. Hard-drawn copper is used as a conductor because of
its higher strength. Annealed copper is used as a ground wire and for other applications
where it is necessary to bend and shape the conductor. Annealed conductors cannot be relia-
bly soldered or welded for splicing, so splicing sleeves are used for joining conductor seg-
ments.

Aluminium is presently widely used but it only has two-thirds the conductivity of copper.
Comparing two conductors with the same resistance per unit length, an aluminium conduc-
tor requires 1.6 times the area of a copper conductor to carry the same current. Aluminium is
preferred over copper in many cases because its smaller weight-to-strength ratio permits
longer spans and potentially fewer poles. But a pure aluminium conductor stretches easily in
high winds or if objects fall on it. Therefore, to increase its strength, aluminium strands can
be wrapped around a steel core, a construction referred to as an aluminium conductor steel-
reinforced (ACSR) cable.

Described below are the basic conductor types for use in mini-grids as well as their key char-
acteristics:

* Bare conductor: One of the most common conductor types used with conventional
low-voltage distribution systems around the world. ACSR is most commonly used.

= Single insulated conductor: Consists of copper or aluminium over which a layer of
plastic insulation is laid. The conductor may be stranded or solid, with solid conduc-
tors predominately constructed in smaller sizes and used primarily for low-voltage
system applications such as residential wiring.

= Multicore and aerial bundled cable (ABC): Composed of one or more insulated
stranded conductors, commonly in aluminium, wrapped around a messenger con-
ductor. The messenger serves as both a conductor and the member supporting the en-
tire conductor bundle weight and can be either insulated or bare. ABC is designed
specifically for use with distribution lines, whereas multiplex has been specifically
manufactured for use as a conductor for secondary drops. Multiplex cables with one,
two or three conductors wrapped around the messenger conductor are referred to as
duplex, triplex, and quadruplex cables, respectively. The messenger is commonly
ACSR to provide the necessary strength.
The Nigerian Electricity Management Service Agency (NEMSA) issued strict rules governing
poles for electricity distribution in Nigeria in 2016 as listed below:

1. Use of split conductors and cables resulting in sudden snapping of conductors and
networks collapse posing risk to lives and property is prohibited.

2. Use of fake or non-copper (aluminium) cables for indoor wiring and installation is
prohibited Use of split conductors and cables resulting in sudden snapping of con-
ductors and networks collapse posing risk to lives and property is prohibited.

3. Use of fake or non-copper (aluminium) cables for indoor wiring and installation is
prohibited.
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» Low-voltage systems

Low-voltage systems are technically defined as those using less than 1,000 volts. However, in
common practice low voltage is considered to be approximately 240 or 480 volts. Short mini-
grid distribution systems are commonly equipped with a low-voltage distribution system
and operate at 240 volts.

(a) Single-phase

E E T 230V ﬁ = domestic consumer
= (120V)
H .
~ir T = commercial consumer
230V t}
(120v) 230V 1#
(120V) L] 120V

S

(b) Split-phase (primarily used with 120/240 V systems)

éE (neutral) - 120/240V
E "JI.' 1#
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Jn .
(Ii 120V 120/240V
120V 1#
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Figure 4.5. Four possible basic distribution line configurations for a rural mini-grid application. The sup-

ply (on left) can be either a generator or a transformer. E represents commonly used voltage in the country

—=Source: ESMAP Technical Paper 007 Mini-Grid Design Manual 21364, The World Bank Group Energy Sector Man-
agement Programme 2000

SINGLE-PHASE SYSTEMS

For this configuration type, two conductors from the powerhouse serve the entire communi-
ty at a nominal voltage that is set between 220 V and 240 V nominal. To ensure easy system
maintenance as well as local availability of construction materials and consumer appliances,
the voltage should coincide with the standard in use in Nigeria.

If the powerhouse is located in the middle of the load centre, single-phase lines might take
off from the powerhouse in several directions. Consumer connections to this system are
straightforward: The mini-grid is comprised of a pair of conductors that pass by each con-
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sumer and the service drop simply taps both of these lines. This is the simplest option to de-
sign and is therefore the most commonly used for mini-grids. However, it is not the most
efficient option.

While mini-grids frequently use this basic configuration due to its straightforward setup and
operation, it is typically the most costly configuration.

) /—ah1
\ ea-f2 *

\o/ 1. 152mm
(- ]]\ eb1 D: ?
: N c5-d1-d1-aw3  1219-76mm

Anti-Split Bolt

—

102mm

1 203umm—]

304-76MM c5-d2-aw3

607-152mm

\— Position of Guy
(when required)

p zc
/— /_ Neutral

! Ii]&h\' BT
bs-d1-aw3
cm2
\.._....,-5.{;‘ \...,-,.«i.rrj

NOTES:
1. All conductors for this unit shall e placed on the
top position of the post and spool insulattors.

MATERIAL LIST MATERIAL LIST

ITEM | QTY DESCRIPTION STOCK# ITEM|QTY DESCRIPTION STOCK #
b 3 Bolt, machine, 16mm X required length 102074 aw3 4 | Washer, double coil, 16mm 123001
d1 3 | Washer, square curved, 76mm 4075 bs 1 | Bolt, single upset, 16mm X required length 102141
d2 2 [ Washer, square, 51mm 4077 em2 | 1 |Insulator, spool, 76 409021
f2 1 Stud, post type, racke mount, 16mm X 51-22mm 116006 ca 1 |Insulator, post type, C neck, 25kv 409013
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Figure 4.6: Single-phase tangent
THREE-PHASE SYSTEMS

A common tangent structure for a three-phase, multi-grounded, four-wire distribution sys-
tem is shown in Figure 4.7. This configuration offers a significantly higher power distribution
capability by carrying three-phase conductors on a common structure. Single-phase taps can
be taken off of this three-phase line to serve smaller load pockets in a radial or looped con-
figuration.

178



MODULE 4: ELECTRIC POWER DISTRIBUTION

Neutral

ah1 ——=
c5-d1-d1-aw3
Anti-Split Bolt \
ﬂi’ ‘%‘I’ —-——an1
@D .~ ) : CH— ()]

\— i2-aw1

f2-ea
2438-0mm
—102mm —+————— 914-203mm 914-203mm ———————— {102
152 i
mm
T _{ @ é& fl-ea —~ o
[304-152 *
mm | c5-d2-d1-aw3
g1 B i
l /_ 1L 1
l =] Y @' ° E n} c5-d2-aw3
o =

=
} AN =
Jnsn?\J &/ \ c5-d2-d2-aw3 —/ l
609-0 ition of Gu ot zc
mm Posi f Guy /iv p\ g ’}
Ij_& \_©_ Neutral
. =

o
/ \ b2-d1-aw3
c4-d1-aw2
cm2
4
M e
MATERIAL LIST

ITEM _[QTY DESCRIPTION STOCK# MATERIAL LIST

c4 1 Bolt, machine, 13mm X required length 102057 ITEM QTY DESCRIPTION STOCK#|

c5 6 Bolt, machine, 16mm X required length 102074 awl 2 Washer, double coil, 10mm 123001

d1 5 Washer, square curved, 76mm 4078 aw2 1 Washer, double coil, 13mm 123001

d2 7 Washer, square, 51mm 4077 aw3 7 Washer, double coil, 16mm 123001

1 2 Stud, post type, crossarm mount, 16mm X 178mm 116002 bs 1 Bolt, single upset, 16mm X required length 102141

2 1 Stud, post type, crossarm mount, 16mm X 51-22mm 116006 cm2 1 |psulator, spool, 76mm 409021
g1 1 [ crossarm, distribution, RUS ttype 76, 5,156 603281 ct1 2  Brace, wood, crossarm, 711mm 102182

12 2 Bolt, carriage, 3mm X 102 - 12mm 102006 as, 3 Insulator, post type, C neck, 25kv 409013

P 1 | Connector, compression, size as required ebT 1 Bracket, pole top, galvanized, 254mm 102191
ah1 3 Tie, wrap-Lock, single support, primary 123018 zc T Tie, spool, neutral 123025

WIRE SIZE-GRADE B REVISION APPROVED DATE

PARRVETERS | 1o THREE PHASE

RULING SPAN [121,920mm |121,920mm -

MAX. H. SPAN |137,160mm |137,160mm : i TAN G E NT
MAX ANGLE 24,38mm 610mm = -
0 0 -

OH PRIMARY/14.4kV 3PH ’——~APPR°VED - vci

Figure 4.7: Three-phase tangent

As with the single-phase distribution system, service trans-
formers are used to step down the voltage from the prima-
ry medium system voltage to common household voltage : -4 —
levels of 120 or 240 volts. \{(

European countries, the United States, and many other
areas utilise a three-wire three-phase system (Figure 4.7).
As previously mentioned Nigeria uses 11 kV and 33 kV
systems for distribution. This configuration is commonly
referred to as a “Delta” system. Note there is no dedicated
neutral return wire. In these cases, two-phase conductors
must be extended for single-phase radial lines running off
a three-phase feeder line. Both systems are arguably equal-
ly operable with preference primarily based on origin and  Figure 4.8: Europe, the United

local custom. States and other areas utilise a
three-wire three-phase system
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» Transformers

Mini-grid systems utilising medium-voltage distribution systems require service transform-
ers to “transform” the medium voltage (> 1,000 volts) to a common household current of 120
or 240 volts. A typical single-phase, two-bushing transformer is illustrated below (Figure
4.9). Figure 4.11 shows how the transformer would be connected to a single-phase distribu-
tion line to provide a two-wire, 240 V secondary service drop.

In mini-grids a single transformer can serve several homes. The size of a transformer des-
tined to serve several homes can be calculated as a function of the average monthly energy
usage of each home (kWh) and the number of homes connected to the transformer. Formulae
are then applied that account for diversity in energy usage among households, i.e. not eve-
ryone runs all of their appliances at the same time. Tables are typically used to determine the
transformer size for multiple homes.

The figure above shows a typical single-phase, medium-voltage grounded distribution sys-
tem with a single-phase transformer and an associated low-voltage (here: 240 V) service drop
to a residence.

=

Twa-bushing Transformer—Two-wire Primary

\_Vh-u Used: To supply customers who require only 240-volt,
single-phase power. If a ground is required, it may be placed
on the X; bushing as shown.

A
Nor 8

) 240,volt
2-wire secondary

Figure 4.9: Typical Figure 4.10: Single-phase trans- Figure 4.11: Wiring a transformer for
single phase trans- former on a pole single-phase loads
former

Note: Transformers can be connected in a variety of configurations in an electrical circuit dependent
on the loads and final use. For example single-phase or three-phase, 3-, 4- or 5-wire connection etc. It
is recommended that an electrical engineer with relevant experience and know-how on transformer
selection and installation is engaged at this point in design process.

» Poles

Distribution line and service drops are typically placed overhead and must be supported at a
sufficient height above the ground to keep them out of the way of vehicular traffic and out of
reach of villagers. This is necessary to maintain the integrity of the line as well as to prevent
the risk of shock to individuals who might otherwise accidentally come into contact with the
conductors. These are the principal reasons for using poles and are the main factors in de-
termining their length.

Poles must be strong enough to resist forces generated by wind or the tension in the conduc-
tor that would tend to bring them down, again affecting the integrity of the line and present-
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ing a safety risk to villagers. Some of these forces, such as those associated with the tension
in the conductors at a bend in the line, are permanent forces and are counterbalanced
through the use of guy wires.

POLE OPTIONS

Poles are made from a variety of materials, with the most frequent being wood, concrete, and
steel. None of these materials has a clear advantage in all situations; rather, the selection pro-
cess should include several criteria under site-specific conditions. These include availability,
cost, weight and ease of handling, strength, and durability.

Before proceeding with a review of pole options, some general words of caution about poles:
Because they can be the most expensive component of a distribution system, there is an in-
centive to minimise project costs by selecting the least expensive pole option. However, a less
costly pole usually implies reduced strength and/or quality. This has several implications:

= Weaker, poorer quality poles and the conductors they support are more likely to fall
under stress, resulting in a greater safety hazard to the population.

= Shorter life implies the need for an additional investment when poles will later need
to be replaced. In addition to the cost of new replacement poles, the community will
incur the additional cost of removing the old poles, resetting the new ones, and re-
connecting the conductors, guys, etc., all of which contribute to additional costs and
hassle. It is also likely that the manpower and expertise will no longer be on site
when the poles need to be replaced.

Table 4.2: Characteristics of pole materials

Pole material Characteristics

Wood e Lighter than the equivalent concrete pole, most common alternative, and easier to
handle in the field.

e Not as susceptible to breakage during transport and handling.

e Can usually be field-drilled, permitting greater flexibility in the placement of mounting
bolts and facilitating later modification.

o Not adversely affected by airborne salt in coastal zones that can cause corrosion of
the reinforcing steel in concrete poles.

e Local plantations permit self-sufficiency in the production of one of the costliest com-
ponents of a rural electrification, thereby creating employment, reducing the need for
foreign exchange, and lowering the cost of RE.

e Larger, conventional wooden poles are easier to climb directly (with gaffs, sharp metal
spurs affixed to the inside edge of a boot).

e Properly managed, wood is a renewable resource, requiring much less energy in the
manufacture of poles and contributing no net carbon dioxide or other greenhouse
gases, unlike those associated with the production of cement or steel for poles.

o Offsetting these advantages is the fact that untreated wood poles are susceptible to
decay and insect damage, especially in humid climates such as the Nigerian Delta re-
gion. The inspection of fence posts or building timbers of the allegedly resistant spe-
cies should be able to verify resistance to (or propensity for) decay and insect damage.

e One alternative to finding resistant trees is to chemically treat wood poles. Pole
treatment significantly extends pole life and should be considered with assistance
from wood pole professionals.

Concrete e Where wood poles are not an option due to issues presented above, steel-reinforced
concrete is an alternative.

e Permits local manufacture with relatively inexpensive, readily available materials, i.e.
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Pole material Characteristics
cement and reinforcing steel.

e Manufacture of concrete poles requires good design, quality materials, and compe-
tent execution.

e A major disadvantage of concrete poles is their weight and the subsequent difficulty in
handling, transport, and installation, especially in areas with no vehicular access. They
are more susceptible to cracking and breaking than wood poles.

Steel e Advantageous alternative when the grid has to be constructed in an area without
vehicular access, where suitable trees cannot found and where concrete poles cannot
easily be made or transported.

e Construction design permits a pole to be fabricated of smaller sections that can be
easily transported and assembled on-site.

e Strength is predictable and steel poles can be designed and manufactured to a more
precise tolerance.

e Susceptible to corrosion (rusting) and appropriate precautions must be taken, includ-
ing galvanising or painting.
e Costs are significantly higher than wood and, in most countries, higher than concrete.

The Nigerian Electricity Management Service Agency (NEMSA) issued strict rules governing
poles and lattice structures for electricity distribution in Nigeria in 2016 as listed below:

1. Use of untreated wooden poles, whose frequent failures usually result in sudden col-
lapse of distribution network/systems, is prohibited.

2. Use of untreated wooden cross-arms, whose frequent failures usually result in sud-
den collapse of distribution network/systems, is prohibited.

3. Use of un-galvanized channel/angle irons whose frequent failures usually result in
sudden collapse of distribution network/systems is prohibited.

4. Use of un-galvanized and proper tie straps whose frequent failures usually result in
sudden collapse of distribution network/systems is prohibited.

5. Use of un-galvanized bolts and nuts whose frequent failures usually result in sudden
collapse of distribution network/systems is prohibited.

» Grid layouts
MAPPING

Mapping activities should begin with a sketch of the community, starting with the general
features found in the village and ending with the placement of specific homes, shops,
schools, and other potential village loads. Initial distance estimates might be determined us-
ing simple methods such as counting paces of a known length. Global positioning system
(GPS) units are becoming increasingly common and work well for basic mapping functions.
Eventually, the map should be converted to a scaled map, ideally starting at a known land-
mark.

The principal use of this map will be to provide a base on which to lay out the distribution
lines for the mini-grid in order to begin more detailed design work (sizing of the power sys-
tem, conductor, and poles). This mapping should occur before or during the load assessment
referenced above so that the location of abnormal loads such as commercial establishments
or motors loads can be easily identified.
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In addition to assessing the initial consumer load, future growth of this load must be esti-
mated as realistically as possible. Consideration should be given to anticipated load growth
from new consumers, either from new households or from existing villagers who are not yet

willing to commit to connecting to the grid. And finally, some thought may already have

been given in the community to the establishment of new shops and commercial loads in the
near future or new institutional loads such as clinics, schools, or government offices.

Key elements to consider when mapping the grid layout are presented below.

1.

Powerhouse or plant location: Several factors will affect the location of the power-
house or plant, but choosing the location is simplified by the fact that the available
options are usually very limited. Relevant factors include:

Voltage drop: Locating the powerhouse as close to the load centre as possible is criti-
cal in reducing distribution system costs. The further the conductor must run to serve
all loads, the greater the voltage drop or the greater the cost for a larger conductor.

Location of the energy source to be harnessed: Ideally, the energy source is abundant
near the load centre (village). Solar energy has the unique advantage over wind and
hydroelectric systems in that it is adequate as long as sunlight reaches the ground.
Densely forested areas may require the remote location of solar power stations or the
removal of trees that cause shading.

Noise: If diesel gen-sets are included in the energy supply system, noise pollution can
become a significant change factor in the village. The gen-set might be located at a
more isolated part of the village if effective silencing of the exhaust is not possible.

Placing the lines: Once the powerhouse location has been chosen, the distribution line
must be positioned to bring the electricity to the vicinity of the consumers. The best
layout for the distribution system will be one that meets the criteria for reducing volt-
age drop while also minimising costs and ensuring safety and reliability. In general,
the shortest line will minimise expenses, because it will reduce the cost of both the
conductor and poles. Poles are often the most expensive component of a distribution
system, and an important part of the design process is to be economical in their use.
Factors to be considered in the layout of the distribution system include:

Location of roads, trails and paths: Whenever possible, lines should be placed along
public rights of way. Should street lighting also be a priority, this is facilitated by lo-
cating poles along the principal arteries. Care should be taken if roads carry commer-
cial traffic to assure sufficient clearance under the conductor for the vehicles to safely
pass underneath. Road crossing should be avoided or minimised whenever possible.

Presence of trees: When conventional lines are built, trees are often the first casualties.
The right-of-way along line is generally cleared of trees to prevent them from inter-
fering with the operation of the line, i.e. branches from falling and breaking
conductors or from electrically shorting-out the line.

Religious buildings/areas: Buildings or areas of religious or cultural significance must
be identified and a clear understanding of what constraints these impose on line rout-
ing should be established.

Topography: Certain areas should be avoided if they will complicate the construction
or on-going upkeep and maintenance of a line. These include steep slopes, areas sus-
ceptible to erosion, swampy areas, and areas prone to flooding.
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10. Line length: Because poles and conductors are the most costly component of a mini-
grid project, the alignment of the line should be selected to minimise their number
and length.

11. Minimising changes in alignment: Whenever there is a bend in the line, the conductor
under tension imposes a lateral force on the pole that tends to tip it. Every effort
should be made to minimise deviations in alignment to reduce the complexity of line
design and costs.

12. Loading: If there is significant variation in system loads, e.g. a large commercial load
on the system, the mini-grid should be designed to equalise or balance the power
flow through all circuits as much as possible.

13. Locating poles: Once the general layout for the distribution line has been prepared,
poles must be placed along that line to support the conductors with adequate clear-
ance. This will ensure a line that does not pose any hazard to people or vehicular traf-
fic passing beneath it. Factors affecting pole location include, but are not limited to:

= Bends in the line: Minimise whenever possible.

= Location of load clusters: Locate poles as close to each service point (house) as
possible, as the drop supplying the home takes off from a pole rather than
from mid-span.

= Adequate ground clearance: Span lengths should be maximised but ground
clearance at mid-span must be considered.

= Pole strength: Mechanical loading of the poles (previously discussed) limits
the span length and must be considered as well.

The following two graphics show the layout of a 1.3 MW mini-grid project serving 1,500
homes in four villages in Afghanistan as designed by NRECA International, Ltd. for Winrock
International and later implemented by the Government of New Zealand as a solar mini-

grid.

Constructing mini-grid distribution systems for village electrification is a complex yet
achievable challenge worthy of the effort. Bringing electricity to remote Nigerian villages
represents a life-changing event that improves local economic productivity, quality of life,
healthcare, and villager livelihoods. Through diligent planning and support from experi-
enced distribution design engineers, virtually any technical obstacle can be overcome.
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Figure 4.12: Bamyan small hydro project — Courtesy: Distribution Design Report developed by NRECA Interna-
tional Ltd.
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Figure 4.13: Bamyan small hydro project — Courtesy: Distribution Design Report developed by NRECA Interna-
tional Ltd.

» Interconnection with the main grid

If there are plans to connect the mini-grid to a future national grid when it arrives, the mini-
grid has to be designed to meet relevant national standards. Compliance with the national
grid is relatively easy to accomplish and often preferable for other practical and financial
reasons. Electrical contractors will already be familiar with national grid standards, for ex-
ample. This will usually mean that an AC distribution grid will have to be utilised at a volt-
age distribution level commonly used for the national grid.
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Power quality issues
= Achieving synchronisation with national grid: Matching the utility’s voltage, fre-
quency, and power quality

Institutional issues

= Compliance with national electrical standards
= Utility standard contracts
= Tariffs to expedite contracting and interconnection

Safety issues

= Compliance with national electrical codes
Stopping power supply to grid during power outages and disturbances (e.g. voltage or fre-
quency too high or too low or phase imbalance).
PRODUCT LISTINGS

Grid-tied mini-grids should use listed equipment that is certified by a recognised organisa-
tion in accordance with designated standards (e.g. Underwriters Laboratories, American
Wind Energy Association). All electrical components should comply with, or exceed, the
technical specifications and be listed by a testing agency. Examples of test standards include
UL, JET, and DNI; other common markings such as the European CE marking do not involve
third-party testing but only show the manufacturer’s declaration that a product meets the
requirements of the applicable EC directives.

Common international RE electrical product test standards

= IEC 61730 Photovoltaic (PV) module safety qualification

= IEC 61215 Crystalline silicon terrestrial photovoltaic (PV) modules — Design qualifica-
tion and type approval

= IEC 61646 Thin-film terrestrial PV modules — Design qualification and type approval

= [EC 61277 Terrestrial photovoltaic (PV) power generating systems — General and
guide

= IEC 61727 Photovoltaic (PV) systems — Characteristics of the utility interface

= IEC 62257 Recommendations for renewable energy and hybrid systems for rural elec-
trification

= JEC 61400 Wind turbines

=  AWEA 9.1-2009 Small Wind Turbine Performance and Safety Standard
= JEC 61741 and UL 1741 Standards for grid-tied inverters

= JEC 61730 and UL 1703 PV module safety

SYSTEM DESIGN

Key design considerations for mini-grids begin with understanding the power load and an-
ticipated future load growth. Once loads are established, different technology options can be
chosen based on available energy resources, such as the local solar or wind resource. Mini-
grids present additional design and integration challenges over the conventional grid. Sup-
port of stand-alone operations requires additional hardware, notably battery banks, which
can be physically quite large. Design calculations are more complex, since these systems
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have bidirectional power flows and multiple energy sources. This operational complexity
requires extra controls and software.

When designing a renewable energy stand-alone or hybrid mini-grid, perform the following
steps to assess relevant parameters:

= Assess the available RE resource (e.g. solar, wind, hydro, etc.)

= Anticipate future load growth (e.g. village growth rates)

* Conduct realistic system sizing (e.g. using HOMER software)

* Include adequate system design safety margins (e.g. IEC norms)

= Provide for a workable mini-grid power system control strategy

» System configurations

Mini-grids can have three basic configurations: AC-coupled, DC-coupled, or a hybrid system
with both. There are pros and cons to the different approaches and different inverter manu-
facturers tend to adopt one system over others. Hybrid mini-grid systems that make use of
PV and wind can be added to either the DC or the AC bus.

In an AC-coupled configuration, the solar or wind system and the energy storage system
each have their own inverter. These separate inverters connect to one another on the AC side
of the system. The solar inverter is normally a grid-tied inverter. The separate storage (bat-
tery) inverter can be used to control battery charging and discharging. An AC-coupled con-
figuration offers improved conversion efficiencies and equipment availability, as well as
simplified system monitoring and maintenance. Conversion efficiencies are improved be-
cause the PV system connects to standard utility-interactive inverters (~95% to 98% efficien-
cy). AC coupling does come with some drawbacks, which are related to costs, space re-
quirements and system control. Because AC-coupled systems require two separate inverters,
they are more expensive than a comparable system deployed using a single power converter.

In a DC-coupled configuration, the solar and energy storage systems share a power convert-
er. DC-coupled systems are generally more compact with fewer pieces of equipment and
controls. DC coupling can provide better system performance, since fewer power conversion
steps make battery charging from a PV array more efficient. The potential drawbacks of DC
coupling include limitations related to product availability and efficiencies, available con-
verter capacity (~90% to 95%) and energy metering. The proximity of energy storage and
power conversion systems relative to the RE generation source is more important in DC-
coupled systems in order to reduce voltage losses and construction costs.

4.3. MINI-GRID HYBRID SYSTEMS

TOPOLOGIES

Sized and designed correctly, a mini-grid can provide the same service quality as the nation-
al grid, or sometimes even better quality in countries where power rationing and frequent
blackouts are common in the national grid. Mini-grids are also scalable and can add addi-
tional generation capacity to meet growing loads.

A mix of energy sources can accommodate seasonal resource fluctuations, with solar power
complementing wind generation during calm seasons with less wind, or complementing
hydropower generation shortfalls during the dry season.
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Figure 4.14: Example of solar-diesel mini-grid layout for Bamiyan, Afghanistan — Courtesy: Robert Foster,
2015

A long-term investment perspective for mini-grids is required for developing successful and
sustainable village power and mini-grid systems.

Overall, the most important criteria for mini-grid adoption are reliability, durability and
cost-effectiveness. Additional criteria may include:

* Loads: RE plants should be able to generate installed capacity to meet loads most of
the time. The starting load can be small to reduce installation costs and then be scaled
up as the consumption grows.

= Reduction in variable costs: Significant reduction of fossil fuel consumption

* Reduction in GHG emissions: Fulfilment of greenhouse gas obligations and/or sale of
certificates

= Scalability: RE penetration rate can be scaled up as needed and systems can be scaled
at all levels (DC, high voltage, etc.).

* Energy independence: RE resources are available on site and no synchronisation is
required.

= Metering: Pre-paid meters and/or smart meters enable more efficient operation and
easy collection.

* Planning security: Reduced fuel price volatility and delivery logistics

= Tariffs: Plant income should cover at least operation, maintenance costs and payback
of loans and should generate some return on equity.

= Social aspects: Projects are socially acceptable while better for the environment.

» Solar mini-grids

Mini-grids are especially well suited for integrating solar photovoltaics (PV) whether for
islanded or grid-tied systems. With solar system costs dropping dramatically, mini-grids are
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now competitive in many on-grid and off-grid situations. Solar mini-grids typically have
advanced controls capable of balancing loads and energy resources. Some hybrid systems
combine PV and wind generators with batteries, inverters, and controllers, but without a
fuel-based gen-set.

Solar photovoltaic (PV) systems are a cost-effective and viable solution to supply electricity
to remote locations via mini-grids. PV mini-grid systems are becoming one of the most popu-
lar power systems in recent years and can be easily coupled with existing diesel grids to dis-
place fossil fuel consumption. PV has become much more affordable since PV module prices
have dropped by 80% over the past five years and are expected to drop by half again in

about the next five years.
co2
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Courtesy: Optimal Power Solutions

Figure 4.15: Example of a PV-diesel hybrid mini-grid — Courtesy: Optimal Power Solutions

General pros and cons for solar mini-grids include the following aspects:

Advantages Disadvantages
e No fuel costs e  High capital costs
e Low maintenance e  Energy storage required for night-time operation

e  Established supply chain
e No GHG emissions for power generation

» Diesel mini-grids

Hybrid mini-grid systems often combine fossil fuel gen-sets with one or more renewable
energy electricity sources (usually solar and/or wind electric units), batteries, bi-directional
inverters, and microprocessor controls. Hybrids are often competitive on a life-cycle cost of
energy basis, with other options available for providing off-grid power for loads ranging
from households to community services and enterprises.

Single-source diesel mini-grids have been the traditional mini-grid solution in use for dec-
ades at remote sites like islands, jungles and deserts. RE can be easily be integrated in exist-
ing diesel mini-grids and greatly reduces operational costs. Diesel gen-sets provide energy
on demand, which means that they operate according to the exact needs of the user. One
drawback to diesel generators is that they produce significant carbon and carcinogenic par-
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ticulate emissions. They also require periodic maintenance, as well as regular cycling; but,
when coupled with renewables these negative effects can be greatly reduced.

Mini-grids running completely on diesel have the advantage of being dispatchable on de-
mand and delivering power on a schedule. However, the ability to run a diesel gen-set does
not always match the availability of fuel, especially in poor rural villages with limited ability
to pay. The isolated conditions of many rural areas can also make the delivery of diesel fuel
an expensive challenge. In ecologically sensitive areas, the environmental impacts of poten-
tial diesel fuel spills and pollution must also be taken into account. Diesel gen-sets are noisy
and polluting, and diesel fumes are known carcinogens and have direct health impacts, es-
pecially when the generators are located near residences.

There are several rationales for using hybrid (renewable/diesel) power systems in off-grid
applications. These systems are integrated to optimise the overall system performance, costs,
and lifetime. Where the availability of solar and energy resources is good to excellent and the
delivered cost of diesel fuel is high, the combination of renewables and fossil fuels permits a
significant fraction (30-80%) of the total electricity output to come from renewables without
sacrificing the reliability and continuity of the electricity supply. In environmentally sensi-
tive areas (national parks, forest reserves, ecotourism facilities, etc.), there are obvious local
environmental benefits from running the diesel only a few hours each evening rather than on
a continual basis.
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Figure 4.16: Typical efficiency curve for 60 kW diesel

time increases the chronological life gen-set

of the diesel gen-set by a factor of
four to ten, and increases fuel effi-
ciency by operating the diesel gen-set at or near its rated capacity (and highest efficiency).

As the figure below shows, the typical efficiency of a small (60 kWe.) diesel gen-set drops
from roughly 3.3 kWh/litre when operated at its rated power to 1.4 kWh/litre, when operated
at 10 kWe (15% of rated power). Retrofitting an existing gen-set with the other elements of a
hybrid power system can be a practical option if the gen-set is appropriately sized and in
good condition or if it can be rehabilitated at an acceptable cost. Hybrids that combine PV
and wind generation with batteries and inverters, but without a fossil fuel gen-set, can be
practical in environments where the solar and wind resources complement each other at a
reasonable level.

Advantages Disadvantages
e Low capital costs e  High operating fuel costs
e  Established supply chain e High maintenance requirements
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Advantages Disadvantages
e Dispatchable power e  Complicated fuel logistics
e  High price volatility
e High GHG and carcinogenic emissions

» Hydro mini-grids

Hydropower plants convert the power of flowing water into mechanical energy and when
coupled to an electric generator, they can be used to produce electric power. Hydro plants
were the original mini-grid and several of the earliest power plants in many countries were
actually small hydro mini-grids before national grids were developed. Some have been in
operation for many decades.

Small or micro hydropower is typically the most affordable RE technology for mini-grids
and has been in use for over a century. It is also the most site-dependent RE technology, as
the electrical power generated by a small hydropower system is directly proportional to the
hydraulic head, the water flow rate, and the turbine generator efficiency. A variety of turbine
types and designs have been developed to maximise overall technical and financial perfor-
mance over a wide range of head and flow rate conditions. Small hydropower is a mature
technology which has been installed all over the world over the past century with hundreds
of thousands of systems in operation globally.

Small and micro hydropower systems can power either low- or medium-voltage mini-grids
and can be used to link the power generation stations with multiple communities and load
centres. If the hydro resource is adequate, this is normally the most inexpensive option for a
small-scale power supply to rural communities. Micro hydropower systems are of special
relevance to off-grid rural communities and enterprises. With a reliable stream or river flow,
household- and village-scale hydroelectric units can provide full-time AC power, generally
at costs far below those of solar, wind, or biomass power systems.

Advantages Disadvantages
e  Low capital costs for generation equipment e  Medium maintenance requirements
e No operating fuel costs e Performance dependent on seasonal water availa-
e  Established supply chain in many countries bility
e No GHG emissions for power generation e Location-specific (suitable sites are limited)

e Design (and possibly operation) needs to be coor-
dinated with other water users (e.g. agriculture)

» Wind mini-grids

Wind-powered mini-grids have been around for over 25 years and are popular as hybrid
systems coupled with other power sources like diesel or solar, though they are often used to
displace diesel. Hybridisation permits extensive use of non-dispatchable renewable energy
resources (sunlight, wind) within a fully dispatchable mini power plant. Depending on the
wind speed in a wind/diesel hybrid unit, the contribution of wind to the output electricity
can range from about 7 to 90%. On an annual basis, a hybrid plant should be designed to
contribute 50 to 80% of the total energy production.

While the wind itself is free, the capture of that energy is not free and its low density means
that the initial cost of wind generators is relatively high. If energy storage is needed, the ini-
tial cost can even double. Storage needs can be minimised with a wind-diesel hybrid system.
Even though the wind is variable, it is statistically dependable and relatively easy to monitor.
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The successful application of wind-powered mini-grids is site-specific, since wind conditions
can vary dramatically from place to place. Wind resources should generally be assessed be-
fore a mini-grid system is installed. Suitable locations for wind systems are usually near
mountain ranges and coastal locations with persistent trade winds.

The output of a wind generator, rotational kinetic energy, can be converted to mechanical,
electrical or thermal energy. A typical wind generator used in mini-grids consists of the rotor
(blades and hub), permanent magnet motors, conversion system, controls and the tower.
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Figure 4.17: Wind-diesel hybrid system example schematic — Courtesy: Bergey Windpower

SMALL WIND HYBRID SYSTEMS

“Small” hybrid power systems — typically those with a daily electricity supply capacity of 50
to 500 kWh per day — generally have the “DC bus” configuration shown above. The “bus” is
the electrical busbar or connection point for either DC systems (e.g. batteries, DC appliances)
or AC systems (for connecting AC loads). In this illustration, the wind turbine provides
power to charge a battery bank and to a bi-directional DC/AC/DC inverter to contribute to
powering the load (e.g. community mini-grid). The diesel gen-set is used both to help charge
the batteries and to provide AC power directly to the mini-grid.

The following figure shows the fraction of electricity provided by the wind turbine in a simu-
lated wind-diesel hybrid plant. The mix of diesel and wind-generated electricity were calcu-
lated for a wind-diesel hybrid made up of two 7.5 kW. Bergey Excel wind turbines, one 15
kW. diesel gen-set, an associated battery bank, inverter and controls. As the annual average
wind speed increases, the fraction of electricity provided by the wind turbines grows from
roughly 5 to 90%.
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Figure 4.18: Calculated output fractions from a wind-diesel hybrid power plant

Advantages Disadvantages
e No operating fuel costs e Higher maintenance requirements (rotating ma-
e Low maintenance chinery)
e No GHG emissions for power generation e Supply chain in Nigeria not established

e  Few qualified technicians available

» Biomass mini-grids

Biomass is an attractive fuel for mini-grids since it is renewable and can be locally sourced.
The energy density of biomass is relatively low compared to petroleum, i.e. the yield of bio-
mass per unit growing area of land or water is relatively small. Currently, biomass-based
electricity generation is a niche market where electricity is expensive and fuel is cheap or
incurs a disposal cost, e.g. waste wood, sawdust, etc. Technology options for small mini-
grids using biofuel include gasifiers, digesters, and biodiesel.

Biofuels also can support local farmers and boost the local economy. Key crop considerations
include water usage, fertiliser requirements and soil depletion. There are also ethical issues
that come with changing land use and the use of food for fuel instead of human consump-
tion. Intensive cultivation of biomass may place a strain on water resources, deplete soil nu-
trients, and disrupt land use patterns by withdrawing land from farming or natural use.

Advantages Disadvantages
e Low capital costs for generation equipment e  Relatively high operating fuel costs
e  Renewable fuel supply e  Relatively high maintenance requirements

e  Complicated fuel logistics if resource is not local

e Poor supply chain for specialised biomass conver-
sion equipment

e High GHG emissions for power generation

» O&M implications

O&M requirements vary significantly for different hardware. More complicated hardware
with rotating machinery requires greater maintenance than solid-state hardware like PV
modules. Batteries are often the weak link and require great care in their design and opera-
tion to avoid abuse and a premature and expensive battery bank replacement. Maintenance
of mini-grids is dependent on the technology employed in the system.
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Table 4.3: Maintenance requirements of mini-grid system components

Component Maintenance requirement

Diesel e High maintenance
e Moving machinery
e Regular oil and air filter changes
e Generator overhaul every ~5,000 hours for small diesel gen-sets and up to 20,000 hours
for larger MW diesel units
Batteries e Flooded lead-acid batteries require monthly fluid level checks
e Sealed batteries require no regular maintenance
Inverter o Complex power electronics can be damaged by power surges (e.g. lightning strike or

system short). Proper overcurrent protection as well as system grounding and bonding
are key for a long inverter life.

Solar PV e Low O&M: Solid-state device with no moving parts
Hydropower e Medium maintenance: Moving parts require regular lubrication
Wind e Medium maintenance: Moving parts require regular lubrication
Biomass e High maintenance: Cleaning and regular lubrication required

Operator training is fundamental to ensure the long-term success of the mini-grid system.
Rural stakeholders do not typically have the technical know-how and experience to deal
with RE technologies or power grids. They may also not be accustomed to utilising and pay-
ing for electricity. Thus, education and training are critical to the long-term sustainability of
the project in the local community

HYBRID SYSTEM SIZING AND OPTIMISATION

There are a variety of techniques and software resources that can be used to size a mini-grid
system. First, it is important to establish the loads that will be powered. The next step is to
determine which locally available energy resources might be used to meet the load (e.g. so-
lar, wind, hydro, and biomass). Then, based on the resource, size the appropriate power sys-
tem. Common design steps for sizing a mini-grid system are as follows:

1. Establish load (kWh/day) requirements: Always try to estimate the load as precisely
as possible. The penalty for over-estimation is over-investment. The penalty for un-
der-estimation is greater fuel consumption (if there is a diesel generator).

2. Determine the monthly average renewable resource availability for the site (kWh).

3. Convert AC energy requirements to DC using balance-of-system efficiency assump-
tions such as:
= Battery roundtrip net efficiency = ~60-75%
= Inverter net efficiency = ~85%
*  Wiring net efficiency = ~97%
= Controls/switches net efficiency = 90%
* Generation system efficiency (technology-dependent)
= Plant capacity factors (technology-dependent)
4. Establish site conditions and other parameters to calculate the required monthly gen-

erator performance.

5. Calculate the “load coverage (LC)” for each month.
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Recommend an annual average LC (e.g. ~75% for hybrids with diesel back-up).
Iterate calculations to fit project design goals.

* Calculate a target fraction for renewables or a minimum life-cycle cost of energy
(LCoE).

Choose complete system architecture.

Size the energy storage requirements.

= Battery-based sizing

= Battery life is affected by depth of discharge, chemistry type

Weigh economic factors:

= System design is based on a trade-off: up-front costs vs. lifetime and replacement
costs

Consider cycle life/performance factors.

= End-of-life considerations: Is the system recyclable? Are its components potential-
ly hazardous to the environment?

Size the inverter.
Determine surge requirements (induction motors).
Size back-up generator (if needed).

= Rule of thumb: Generator kW =1.25 x total renewables kW

. Complete the systems design balance.

Prepare equipment and services budget.

» Economic factors

A number of economic factors influence the choice to develop mini-grids in Nigeria. Mini-
grids can be profitably run and can attract investments from the private sector, NGOs, com-
mercial banks, and users themselves, and are thus less dependent than grid-based electrifica-

tion o

n large-scale public funding for their expansion. Mini-grids can be fully subsidised,

partially subsidised, or run completely for profit and return on investment (ROI). Tariff
structures can likewise be subsidised or for profit.

In Nigeria, some of the key financial barriers to mini-grid financing include:

High transaction costs

Capital development costs

Lack of long-term equity and financing

Limited knowledge of and access to new technologies
Lack of guarantees to secure investments

Poor knowledge of the profitability of green investments

Insufficient capacity of various stakeholders, including banks

Mini-grids require adequate structural and financing models to be successful. Hybrid RE
mini-grid systems can be optimised to reduce the payback period on the investment and

impro

ve ROL.

195



MODULE 4: ELECTRIC POWER DISTRIBUTION

» System control

A hybrid mini-grid con-

figuration increases sys-

tem complexity. Hybrid
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erators are commonly Figure 4.19: Example of a mini-grid power system control strategy
used to augment a diesel

generator to reduce fuel

expenditures and the diesel gen-set is often relegated to back-up use to avoid an oversized

battery bank. An example mini-grid control strategy is shown in the figure below:

» Software tools

There are various software tools available to the mini-grid system designer. Each tool has its
strengths and weaknesses and may be more suitable to certain systems than others. For in-
stance, PVsyst is a tool that is mostly used by designers of grid-connected systems, but it can
be used to analyse shading in an off-grid system. Another example is RETScreen, which can
be used to design off-grid systems as well as to conduct the financial analysis for a proposed
system. Other tools include PV*SOL, SMA Sunny Portal and HOMER. We will introduce
HOMER in greater detail in the next section.

HOMER (HYBRID OPTIMISATION MODEL FOR ELECTRICAL RENEWABLES)

HOMER is a specialised software tool for micro-grid decision-making and optimisation.
HOMER was originally developed by the National Renewable Energy Laboratory (NREL) 20
years ago and is now a private company. HOMER combines both engineering and economic
analysis. The micro-grid optimisation software is suitable for a wide variety of systems, from
small village power systems to larger island utilities, as well as both small off-grid and on-
grid systems. It allows knowledgeable users to input technology choices to optimise various
energy generation options based on the local energy resources (solar, wind, hydro) and con-
figurations by modelling performance, life-cycle cost of energy, carbon emissions, etc.

HOMER simplifies the task of evaluating design options for both off-grid and grid-connected
electric power systems for remote, stand-alone and distributed generation applications.
HOMER's optimisation and sensitivity analysis algorithms permit the user to quickly evalu-
ate the economic and technical feasibility of a large number of technology options and to
account for variation in technology costs and energy resource availability. Like RETScreen,
HOMER only runs on Windows-based personal computers.

HOMER provides the following;:

= Simulation: The model simulates the operation of hybrid mini-grids for an entire
year, with simulations lasting one minute to one hour, based on locally available re-
newable energy resources from the HOMER database. Users can also input their own
resource data.
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= Optimisation: The software examines all possible system combinations (solar, wind,
diesel, hydro, gasifier, etc.) and then sorts the systems according to the optimisation
of different variables.

= Sensitivity: HOMER compares thousands of possible system combinations in a single
run to determine the relative importance of particular variables. It allows the user to
compare a wide range of mini-grid system configurations and determine which vari-
ables and system types are of the greatest importance.

HOMER models both conventional and renewable energy technologies. The energy compo-
nents modelled include the following:

= Power sources: PV, wind, micro hydro, fossil fuel generators, micro-turbines, and fuel
cells

= Storage elements: Batteries and hydrogen

* Loads: Daily profiles with seasonal variation, deferrable (water pumping, refrigera-
tion), thermal (space heating, crop drying) and efficiency measures

HOMER may be downloaded and used at no cost. Users must register with NREL to down-
load the software. When the user installs HOMER, a free 30-day licence is automatically pro-
vided. This can be renewed at no cost an unlimited number of times. To subscribe to
HOMER and receive a free 30-day trial version, as well as learn about HOMER software
training dates, users can visit the HOMER website.!

4.4. PROTECTIVE MEASURES
FUNCTIONS OF ELECTRICAL PROTECTIVE DEVICES

» Insulation

All active bodies as conductors and connectors must be covered with an insulating material
which can withstand several times the nominal operation voltage and which can only be
removed by destruction. Installations with no more than 25 Vac or 60 Vboc do not necessarily
require insulation.

» Enclosures

Enclosures for components such as switches or sockets must be properly secured and re-
movable with the use of tools. They must ensure a minimum protection class of IP2X.

» Spacing
Transmission lines must be installed so that people cannot touch them under normal operat-
ing conditions.

» RCD protection

A residual current device disconnects L from N within 0.2 seconds if there is an imbalance of
more than 30 mA between L and N in a circuit. If someone touches a live conductor, for ex-
ample, and current of more than 30 mA flows though his or her body, the RCD will discon-
nect. RCD protection always requires insulation and enclosures as parallel protective
measures; it is not permitted as the sole protective measure. See explanation on residual cur-
rent devices in chapter 3.2.

! See http://homerenergy.com
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» Automatic disconnect of power supply

In an earthed system where the conductive housing of electrical equipment is directly con-
nected to ground, any insulation failure that permits contact with a live housing component
will result in a short circuit and the fuse or circuit breaker will interrupt the power supply.
The power supply must be interrupted in under 0.4 seconds in a 240 V circuit and under 0.2
seconds in a 415V circuit. In order to disconnect within that time period, there must be a
sufficient short-circuit current flowing in the circuits. This can only be achieved if the total
impedance of the circuit is low enough, which requires a low ground resistance and the cor-
rect cable cross-section with respect to the cable length. Also, the fuse or circuit breaker must
have the correct rating based on the circuit impedance.

» Double insulation

Double insulation protects from dangerous contact voltages on the
equipment housing in case of faulty insulation. Double-insulated
equipment requires no ground connection and receives a protection

class 2 rating.

»  Protection by non-conductive spaces

Protection by non-conductive spaces can be achieved by laying a
non-conductive floor (resistance of more than 50 k()), which is a re-
quirement for certain work spaces.

Figure 4.20: Label for
double insulation

APPLICATION

» Protection of conductors and electrical equipment
Conductors get warm when electric current is flowing. Temperatures that are reached de-
pend on:

= Current

= Cross-section

= Conductor environment (method of laying, ambient temperature)

Taking these three parameters into
account, fuses or circuit breakers must
be installed to protect conductors

from overcurrent and overheating. tl3
Vi v & fi e _)\}’

S

§

The relevant information for the cur- i
rent carrying capacity of cables can be ; s
found in the ampacity charts of the ":

manufacturer or obtained from the

regulating authorities. Below is an

ampacity chart for a BS 6004 (flat grey Figure 4.21: Single-pole AC circuit breaker (left), circuit
twin + earth) cable. The fuse or circuit drawing with breaker (right)

breaker must be rated below the cur-

rent carrying capacity for the respective cable and method of laying.
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Electrical consumers usu-

1 1 CURRENT-CARRYING CAPACITY (AMPS)
ally only consume exces- r——
sive current when defec- cross enclosed in an insulated | enclosed in conduit on a diopad direct
. . . sectional wall wall or in trunking etc. PP
tive. Motors might in- area
crease their current con- 1.0mm?2 1A 10A 13A 11.5A 15A 13.5A
. L . 1.5mm?2 14A 13A 16.5A 15A 19.5A 17.5A
sumption significantly if 2.5mm? 18.5A 17.5A 23A 20A 27A 24A
the motor is mechanically 4.0mm? 25A 23A 30A 27A 36A 32A
6.0mm? 32A 29A 38A 34A 46A 41A
blocked (e.g. water pump
10.0mm? 43A 39A 52A 46A 63A 57A
blockage). To Safeguard 16.0mm? 57A 52A 69A 62A 85A 76A

against dangerous over-

heating in defective com-

ponents, many devices

have an inbuilt fuse, either in the plug
or inside the enclosure.

Figure 4.22: Excerpt from ampacity chart

F
Motor circuits should be protected L1

with a motor circuit breaker or a L2 /
thermal overload relay added at the I M
contactor which is rated according to L3 n 3~ A
the nominal current of the motor.

These breakers or relays protect the

coils from overheating in case of prob- Figure 4.23: Circuit diagram showing protected 3-phase
lems such as overcurrent due to over- motor

load, under-voltage or the failure of a

phase.

» Protection of people

Electric current is dangerous for humans and animals for several reasons:

= All body fluids are electrolytes and conduct electric current.
= Almost all organs are controlled by electrical impulses from the brain.

= The heart works by electrical impulses which it generates independently from the
brain.

The voltage impulse from the brain to control a muscle is approximately 50 mV. If an exter-
nal current flows through the body, this impulse is much stronger than natural voltages gen-
erated by the brain or heart. The contracting of muscles (including the heart) also becomes
much stronger, meaning that an external current takes control over both muscles and organs.
This is particularly dangerous for the heart as it can start to contract according to the current
frequency, which is 50 Hz for utility-grade AC. This leads to ventricular fibrillation, cardiac
arrest and potentially death.

The effect of current running through the body depends on:

= Current strength

= Duration of exposure

= Pathway through the body
= Current type
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Currents over 50 mA are life-threatening after 500 milliseconds if the current passes through
the heart, which is often the case when the left arm is the point of contact with the dangerous

voltage.
threshold of threshold of thretsholii 0;b ot
; ventricular fibrillation
10000 _Sensation muscle cramps
ms
5000
2000 .
Yﬂarger
S 1000 \
% no nd dangérous effect of probgbly fatal
% 500 :
g reagtion \ entrigular \
= 200
of body fibrillation
100
50 \
\\
20 A
10
01 02 05 1 2 5 10 20 50 100 200 500 1000 mA 5000
current through body >

Figure 4.24: Effects of electricity on the human body as a measure of time and current

The strength of the current depends on the con-
tact voltage and on the resistance. The re-
sistance is the sum of all resistances the current
passes through before reaching ground. This
can include the resistance of the floor on which
a person is standing or that of another structure
he or she is touching. Different surfaces have
different resistances; dry tiled flooring has a
much higher resistance than wet grass, for ex-
ample. The resistance of a human body can be
very much influenced by the skin (dry or wet)
and shoes. Safety boots with electrically resis-
tive rubber soles have proven very effective and
saved many lives in this context.

AC voltages of more than 50 V and DC voltages

— - i
- L2
o -

V=L3-N

T T e T T

Figure 4.25: Direct contact with dangerous
voltage

from 120 V can be life-threatening for hu-

mans; for animals just one half of these voltages can be fatal. Contact with dangerous voltag-
es can be direct or indirect. Direct contact occurs when a person touches an electrical compo-

nent or a circuit which is energised under normal
non-defective). See Figure 4.25.

operation and in proper working order (i.e.

Indirect contact occurs when a person comes into contact with dangerous voltage due an

insulation failure. See Figure 4.26.
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EARTHING

Earthing of an electrical system means connecting
one of the live conductors coming from the source
(transformer or generator or inverter) to earth. The
term grounding is typically also used in the indus-
try. In three-phase low-voltage systems, it is most-
ly the star point of the source (transformer) which
is connected to earth via an earth electrode, mak-
ing this conductor the neutral conductor.

One of the live conductors from a single-phase
transformer is chosen, making this conductor neu-
tral.

Connecting one of the live conductors to earth pro-
vides an additional possible pathway for the cur-
rent to return to the source. This also creates the
risk of electric shock.

In unearthed systems, it is possible to touch the live
conductor without getting an electrical shock (see
later electrical separation). Birds can sit on a HV line;
for example, without getting harmed as current
does not flow through their body (they have no
path to complete the circuit).

EX o
|
z2555

] current

Figure 4.29: Current flow through the human body in
an earthed system (left) and unearthed system (right)
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Figure 4.26: Indirect contact with dan-
gerous voltage

3 phase transformer

MV input : 1 LV output
L1
L2 L2
L3 7 H L3
’ ' N

! star point |

| earthing electrode

Figure 4.27: Earthing a three-phase
transformer

single phase transformer

L1 ; ; L1
MV input * * { LV output
L2 : 5 N

¢ H
i star point ;

| earthing electrode
Figure 4.28: Earthing a single-phase
transformer

However, earthing of an electrical system is necessary for several safety-related reasons:

= Electrostatic charging / lightning protection

= Risk of shock due to capacitive effect of unearthed lines

= Prevention of self-earthing

= Function of protective devices

Apart from the reasons above, there are also some technical reasons for earthing such as

voltage stabilisation or the proper functioning of radio equipment.
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ELECTROSTATIC CHARGING / LIGHTNING PROTECTION

The grid, which includes all wiring connections from the transformer coil up to the last con-
sumer in each household, is a huge network of interconnected conductors. These conductors
are subject to electrostatic charging; in large networks like those in a city, these many kilome-
tres of conductors can accumulate an enormous electrostatic charge with a potential of sev-
eral kV to earth. In an unearthed system, this charge would find its own way to earth in the
form of dangerous accidental DC sparks.

When one phase from the transformer coil is connected to earth, the electrostatic charge from
any of the phases can use this path to discharge into the earth. As electrostatic charge is DC,
the coils of the transformer have no inductive reactance (resistance) to the direct current.

The same applies for lightning-induced overvoltage and lightning currents caused by direct
lightning strikes into the

line. y

4 - - - L1
RISK OF SHOCK DUE TO CA- [ T ” n 3 L2
PACITIVE EFFECT OF UN- ‘- o = - o 0
EARTHED LINES [

In a completely unearthed
system, there is theoretically i current
no shock hazard if a person :

touches a live wire, as no i
dangerous current can flow T T TS TS Ittt
through the body and earth
and subsequently return into
the coil. However, there can
still be a dangerous current flow due to the capacitive effect of the lines. Each two lines of a

current

Figure 4.30: Current flow through the human body in an earthed sys-
tem (left) and unearthed system (right)

network form a capacitor, meaning there is an electric field between them. The longer the
lines, the stronger the capacitive effect. When a person touches one of the lines they create a
pathway between the capacitor and earth. As the surface area of the ground can be very
large, the capacitive effect to the other line(s) can be so strong that a very dangerous current
will flow through the body.

SELF-EARTHING s L1

In a large grid connecting hundreds of houses to .
one transformer, with each house containing sev-

eral metres of wiring and many electrical devices, ! |
sooner or later accidental self-earthing will occur.
This can happen because of a fault where the met-
al body of the device connects one phase to earth,
because of a tree touching an overhead line, be-
cause of a person touching a live wire or because

b current

of many other unforeseen circumstances. This
accidental earthing brings the ground to the same Figure 4.31: Dangerous current due to capacitive
potential as the live wire that has been touched. effect when touching a live line

No one will have noticed or gotten shocked — at

least so far. There is some equipment that can detect this fault, but in a large network that
connects hundreds of households with all their consumers, it will be impossible to locate. In
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this accidentally earthed system, if another person now touches a live wire which is not the
same phase as the accidentally earthed phase, this person will get shocked.

L1
L2
L3
N

In an earthed system any insu-
lation failure in equipment E

with an earthed metal body
will lead to a short circuit and
automatic disconnect by a fuse
or circuit breaker. When the
metal body of the equipment
is connected to earth, the volt-  _—____
age when touching the

equipment will always be ze- Figure 4.32: Accidental earthing by defective device (left), second
ro. Earthing can be done via a person (right)

separate earthing conductor

(as in most sockets) which connects the metal body of the device direct to the next earthing

current

current

electrode and to star point of the transform- er.
L1
— > L2
— L3 L3
.
. N N
PE

short circuit
current

------

ateteters’ E

Figure 4.33: Potential across earthed Figure 4.34: Direct earthing of equipment
equipment is always 0 volts.

Earthing can be also achieved when the equipment has its own direct connection to an earth-
ing electrode.

Protective measures against electric shock

e Protection against direct and indi- e Protection against e Protection against indirect contact
rect contact direct contact
e xtra-low voltage (ELV) installation e Insulation e Automatic disconnect of power supply
e Enclosures e Equipotential bonding
e Spacing e Protective insulation

e Non-conductive spaces

e Added option: RCD
protection

Non-grounded local equipotential bonding

Note: Protective measures against direct contact must be applied at AC voltages above 25 V or DC
voltages above 60 V.
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ELECTRICAL SEPARATION

Electrical separation can be achieved by con-
necting equipment to the grid via an isola-

tion transformer. In case of faulty insulation

and contact with a live part in the equipment
housing, there will no dangerous voltage to
ground as the two-wire supply from the in-
sulation transformer is not grounded.

EQUIPOTENTIAL BONDING

All conductive housings of electrical equip-
ment and all metallic structures of the build-
ing (e.g. water pipes) are directly connected

Figure 4.35: Electrical separation with isolating

to ground. This configuration also makes transformer

them interconnected. The potential between 'EE s
the housing and ground will always be zero L3
and the risk of dangerous voltage due to con- | I N T
tact with the housing is therefore eliminated. BUiCticic

current

NON-GROUNDED LOCAL EQUIPOTENTIAL BONDING

If more than one piece of equipment is con-
nected to an isolation transformer, their
housings must be connected to each other in

order to avoid dangerous voltages in the ~ 1"~~~ "~
event of an insulation failure in two or more
pieces of equipment. Figure 4.36: Faulty insulation in grounded equip-

ment automatically trips circuit breaker. Potential to
ground and between equipment is 0 V

4.5. METERING

Metering of energy usage for mini-grid systems has essentially leapfrogged conventional
electromechanical metering technologies to take advantage of newer electronic metering
equipment and solid state controls, which allow features such as pay-as-you-go (PAYG) and
pre-paid meter offerings. These technologies are presented in more detail below.

When speaking about electrical energy, there are two related, yet different, measurement
parameters that need to be understood: consumption and demand. Consumption is a more
familiar concept for most people. Simply put, it is the total amount of energy used. Demand,
on the other hand, is the immediate rate of that consumption.

Mathematically, energy consumed is represented by kilowatt hours (kWh). These are what the
electric meter records as the dials turn. The rate of consumption (power) would be kilowatt
hours per hour or just kilowatts (kW). Typically, electric demand is not measured for residen-
tial customers. Commercial customers, in turn, are charged for both the energy they use and
the rate at which they use it. The faster the collective customer base uses energy, the more
the utility must be able to supply.

The amount of energy that the system must be able to generate to meet the instantaneous
load (even if only for a short duration) is called its capacity. This concept is also used when
designing a system or building to ensure electrical distribution equipment is properly sized.
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The capacity of a utility must be able to meet the demand so no customers are deprived of
their electricity.

We all probably know someone who cannot turn on their toaster and microwave at the same
time without blowing a fuse. This example demonstrates a circuit without the capacity to
meet a specific demand. However, if these devices are operated one after the other, the re-
quired energy would be available.

» Types of meters
ELECTROMECHANICAL METERS

Utilities have used electromechanical meters to measure energy usage for over 100 years.
Improvements in electromechanical meters over the past century have been primarily in the
area of accuracy, now at 98% to 99%, and reliability, currently at 25 years or more of useful
life. The electromechanical meter operates by counting the revolutions of a disc which rotates
at a speed proportional to the power consumed. The number of revolutions is therefore pro-
portional to the energy usage.

SMART METERS

Electronic meters are replacing traditional electromechanical meters in many residential,
commercial and industrial applications because of the versatility, improved accuracy, and
low cost afforded by electronic meter technology. This trend is also observed in Nigeria.
Many circuits are now electronic with LED indicators or an LCD display. These meters are
microprocessor based and have non-volatile memory to record and store energy usage data.
Many electronic meters can accept several add-on modules such as a real-time clock, LCD
display, communication ports/modules, etc.

» Smart metering techniques

Using this electronic meter platform, a number of “smart” features can be added as de-
scribed below:

1. Demand metering: Demand recording, in kW or kVA, is a very low-cost upgrade
available in most electronic meters.

2. Two-way and net metering: Two-way metering of energy is typically used when a
distributed generation source, such as grid-connected solar system, is installed in a
residence or commercial facility. The two-way meter is capable of measuring energy
flowing into the facility from the grid, as well as the energy generated by the solar in-
stallation that flows out of the facility and into the utility distribution grid. The meter
can also display the net energy, which is the amount of energy that flows into the fa-
cility through the meter minus the amount of energy that flowed out of the facility.
Net metering is a very common feature in many rooftop solar systems now operating
in Europe and America. Currently many tariffs allow for “net-zero” solar generation,
which means you can produce as much energy (during the daylight hours, of course)
as you draw from the utility during all other times — thus you can actually have a net
meter reading of zero kWh at the end of a billing cycle. Of course there are usually
service availability charges imposed by the utility so you still have to pay for the
privilege of being connected to the grid.

3. Automated meter reading: Electronic smart meters are available that can transmit en-
ergy usage information back to a utility central receiving point using a low-frequency
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signal injected directly into the distribution power line. This power line carrier tech-
nology can send meter readings on request, or on a periodic basis for billing purpos-
es. Other automated meter reading technologies communicate with the smart meter
and transmit energy usage information via cell phone or other communications tech-
nologies.

Outage management: With two-way communication to the meter, the utility can
“ping” or communicate with the meter remotely and determine if there is power at
the meter. Utilising outage management software that is linked via the two-way
communication path, the location of meters without electricity can easily and quickly
be determined in case of a power outage on the distribution system.

Time-of-use (TOU): Power generation and transmission costs are very dynamic and
can vary significantly even over a 15-minute interval. Factors influencing the fluctuat-
ing cost of power include: cost and availability of the fuel source, cost and availability
of transmission access, and constraints on the distribution system. In several coun-
tries (not currently including Nigeria), utilities are offering time-of-use (TOU) rates
that reflect the varying cost of these time-dependent variables.

Variable rate: Advanced metering technology can be applied to a mini-grid system
for innovative tariff design. For RE-based mini-grid systems, which often include a
diesel gen-set, the cost of generation can vary significantly from day to day. The cost
of energy generated by the solar component during a sunny day can be significantly
less than the cost of operating a diesel gen-set at night; however, cloudy periods with
reduced solar generation can also affect power generation costs. A variable rate tariff
and corresponding metering technology could send signals to consumers to reduce

energy usage during higher-cost periods, regardless of the time of day they occur.

To make a variable tariffs work, consumers
must be notified of the dynamic rate changes.
This is typically accomplished using a “dash-
board” installed in the home that receives a
signal from the smart meter or other commu-
nication channel indicating the change in rate.
A red flashing light may indicate a high-cost
energy period while a green light encourages
energy usage at a lower rate. The smart meter
receives the same signal and determines and
reports energy usage during the variable rate
periods. The simplest form of time-of-use me-
tering is a two-tier peak/off-peak rate. For ex-
ample, a utility serving primarily residential
load will typically have a diurnal peak in the
late afternoon when residents return home

Figure 4.37: In-home energy dashboard used by
Escom, South Africa — Courtesy: Eskom Holdings
SOC Ltd, www.eskom.co.za

from work. This load is typically comprised of heating or cooling loads, lighting, entertain-
ment, and cooking. The utility must invest in generation and transmission facilities to serve
this peak load — even if it only lasts for a few hours of the day. Lowering this peak demand
can yield significant generation and transmission cost savings to the utility. Consequently,
utilities offer a time-of-use (TOU) incentive for consumers to use energy during the non-peak
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times and charge them more for energy used during the peak load period. Often, the peak
time is static and defined as, say, 4.00 pm to 10.00 pm daily.

Remote connect/disconnect: Smart metering technology can provide a tool to manage
one of the most difficult issues related to mini-grid or conventional utility operations
— that of disconnecting customers who are in default and re-connecting them once
their bill has been paid. In the past, this was accomplished by sending an employee of
the utility to the residence and physically removing or replacing the meter. Smart me-
ter technologies can eliminate this labour expense.

Pre-paid smart meters: Using the demand control feature mentioned above and a
smart meter with software to alert customers when a pre-established amount of ener-
gy has been consumed, a simple pre-paid tariff can be established using smart meter
technology. Various communication technologies can link pre-paid smart cards or
vouchers to a reader that then accesses and controls the disconnect device. This op-
tion, which is widely used in Nigeria, is discussed in more detail below.

Pay-as-you-go systems (PAYG): Many recent mini-grid systems are not using con-
ventional electromechanical meters or even the previously discussed electronic smart
meters but rather modern solid state electronics and communication channels to pro-
vide energy services using a system that is very similar to that of pre-paid cellular
phones.

In a typical pay-as-you-go

(PAYG) meter
on a mini-grid distribu-
tion system,
purchase

through a smart card or a
voucher
assigned pre-pay
The amount paid, togeth-

installed

| metering/switching unit

power cable /\

data cable

consumers
electricity

using a pre-

code.

controll unit

er with other information
is encoded in the smart
card or on the code. In
order to transfer the cred-

Figure 4.38: Pay-as-you-go system with major components

it, the consumer inserts the card in the PAYG meter or types the code into a small keyboard
on the control unit at the home. The meter reads the data and begins recording energy usage
up to the purchased limit. When the pre-purchased limit is reached, the consumer proceeds
to one of perhaps several conveniently located dispensaries in the village and purchases ad-
ditional energy units by reprogramming the card or purchasing a new voucher. These PAYG
systems have most, if not all, of the features of previously discussed smart meters including;

= Automated energy use reporting

= Outage management

= Time-of-use rate accommodation

=  Remote connect/disconnect
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430

Figure 4.39: PAYG hardware mounted in a weatherproof cabinet (left) and mounted on a pole (centre) to avoid
tampering. Programmable logic controller (PLC) with line in/line out (upper right) and remote programming
unit (lower right)

» Load limiters

Load limiters are very useful devices in mini-grid systems used in rural electrification appli-
cations when local power and energy availability is limited. Load limiters can replace meters
when electric energy is sold in a “flat rate” plan with a power consumption limit, for exam-
ple 100 W per connection.

A load limiter is a simple electronic device using a positive temperature coefficient (PTC)
thermistor to cut-out when the load exceeds a specified wattage. When the current flow
through the PTC is too high, the temperature rises and, above a certain threshold, the re-
sistance suddenly increases to values of 100 k() and more which, in turn, restricts the power
flow — thus limiting the load. When the load is reduced, the element cools and the normal
resistance is restored. If the excess load is not disconnected, the process repeats, which re-
sults in a constant on/off operation (e.g. blinking of the light bulb) until the excess load is
disconnected. Load limiters are cheaper than meters and are particularly advantageous when
a constant but limited power supply is available as for example from a small hydropower
scheme.

consumer

L N

power source

Figure 4.41: PTC thermistors in
distributor boards (left), PTC in
load circuit (right)

Figure 4.40: 100 W
load limiter with heat
sink

Example: Mini-grid with load limiters in Nepal

In Nepal, load limiters have been used in rural electrification projects since the 1980s. They were first
used in stand-alone micro hydropower projects. Load limiters are particularly appropriate for these
projects because marginal operating costs are minimal; the cost of operating the plant is largely inde-
pendent of how much of its capacity is used. PTC thermistors and thermal micro circuit breakers are
used as load limiters and have generally been found to be reliable. Most connections are of 100 W
(0.5 A) or less.
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In 1989, load limiters were installed at the Andhi Khola electrification project, a 5 MW scheme that
supplies electricity to the local area and sells excess power back to the grid. Rural and semi-urban
consumers are supplied and more than 95% of households have a connection. Initially, there were
three load limiter options: 25 W, 50 W and 250 W, with the 250 W option designed to enable consum-
ers to use a low wattage cooker that was promoted by the project. A 100 W option has been recently
introduced. Before the 100 W option was available, rural consumers generally subscribed to the 50 W
load-limited supply, whereas the semi-urban consumers tended to have a 250 W load limiter or meter.
The monthly costs for the load-limited supplies are USD 0.34 for 25 W, USD 0.70 for 50 W, and USD
1.90 for 250 W. The average monthly consumption of the metered consumers is 87 kWh at a cost of
USD 3.70 (1994).

Each rural community served by a load-limited supply is organised in a users’ group, and one mem-
ber from each group is employed as a service person to collect the tariff and carry out basic repair and
maintenance work. Because every household has a load limiter rather than a meter, the monthly fees
are fixed. This is advantageous for the electricity company and the service person, since both know the
amounts of money due from each consumer. The service person is then responsible for collecting
monthly fees and for periodically depositing a predetermined sum into the local bank account of the
electric utility.

Source: Case example of mini-grid project in Nepal using load limiters. The World Bank Group Energy Sector
Management Programme (ESMAP) Technical Paper 007 Mini-grid Design Manual

4.6. COMMISSIONING

A mini-grid commissioning plan should be developed long before installing a system in or-
der to ensure proper system installation and performance in line with standards. A commis-
sioning plan can be used to verify the compliance of the as-built system with the original
design. The commissioning plan is not intended to serve as a “design review” of the installed
system. Commissioning is done to ensure that the system has been appropriately installed as
per the original system design and drawing, and that all key components and the overall
system are functioning properly. Commissioning usually involves a variety of checks and
tests such as:

= Visual walk-through

* On-site safety inspection

= Generation system voltage test

* Generation system current-voltage power rating

= Battery test

* Inverter test

* Engine generator output test

= Power processing functional tests

The test results are normally written into a “commissioning results report.” No testing
should be performed that might alter equipment warranties. Since inverters are normally
equipped with data acquisition systems, it is recommended that certain validations be con-
firmed by data analysis. Performing the tests in this way will enable a complete evaluation of
system performance in all modes with minimal incursion into the system control structures.

» Checklist for commissioning

Since there are a variety of power generation technologies (e.g. solar, wind, hydro, biomass,
diesel) for a mini-grid system, along with multiple variations of inverters, turbines and other
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component types, a “one size fits all” commissioning checklist does not exist. System com-
missioning needs to be done using a customised approach taking into account the specific
equipment and the manufacturer’s commissioning recommendations. While official commis-
sioning formats are not specified by any national or international standards, there are gen-
eral recommendations on evaluation points for mini-grid system commissioning. In any
commissioning plan, it is important to pay attention to the recommended commissioning
procedures for manufacturer equipment, as these vary considerably depending on the hard-
ware used. Applicable standards require the installer to develop a customised commission-
ing plan appropriate to the particular system and hardware.

» PV array commissioning and testing

System performance is based upon how well the PV arrays supply power to the mini-grid
and charge the battery banks. The tests are designed to evaluate the overall system perfor-
mance.

OPEN-CIRCUIT VOLTAGE TEST (ON-SITE TEST)

An open-circuit voltage measurement of each string of the sub-array shall be obtained under
clear-sky conditions with an irradiance of over 500 W/m?. Testing will identify correct array
wiring, module polarity, and open-source circuits. For any string, an open-circuit voltage
deviating more than 10% from the norm will be investigated for possible cause.

PV ARRAY FIELD TESTING

In this series of tests, each of the string modules is checked for open-circuit voltage. These
field tests will help indicate if one of the bypass diodes in a single module has failed in a
shorted mode. Shading tests will be conducted on any under-performing strings to find the
exact module and failed diode.

As you measure the string currents, also make sure to record the inverter AC power. The
measurements listed below should be taken twice in order to measure the DC/AC conversion
efficiency of the inverter.

= Photovoltaic temperature (°C)

= Photovoltaic array DC voltage

= Photovoltaic array DC current

= Power being delivered by PV (kW)
* Energy delivered by PV (kWh)

PV ARRAY CURRENT-VOLTAGE |-V CURVE TEST (ON-SITE TEST): ONLY POSSIBLE WITH AN APPROPRIATE |-V CURVE
TRACER

I-V curves are used for two purposes: first, they show the maximum power point that each
circuit can produce under the test conditions. Second, the shape of an I-V curve is useful
when diagnosing problems within the circuit. The presence of weak and failed modules in
the circuit results in “sags” along the curve. The I-V curve charts all possible voltage and
current values, including Isc, Voc, Imer, and Vwmrr, as well as calculating Pwmee.

A few randomly selected PV modules should be tested to verify manufacturer power claims
and then normalised to standard test conditions (STC). This will help verify the module tol-
erance specified on the manufacturer nameplate for subsequent system testing for the manu-
facturer for system testing.
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The I-V curves for sub-array segments will be obtained under an irradiance of at least 800
W/m?, weather permitting. Strings with abnormal I-V curves will need to be investigated.
Summation of the I-V curves for individual strings will be used to determine a full array rat-
ing. These array segment curves will be combined and normalised to give a single array rat-
ing at 1000 W/m? with a module temperature of 25°C.

» Battery testing
Best results for battery system testing are obtained if the battery bank is near full charge. The
battery bank should be previously connected and equalised.
SPECIFIC GRAVITY (ON-SITE TEST)
The test team will measure and record the electrolyte temperature and specific gravity of at
least 10% of the cells in the battery bank after the batteries have been at rest for at least two
hours. The readings will be recorded and any variation greater than 15% highlighted.
BATTERY VOLTAGE AT REST (ON-SITE TEST)
The battery voltage of each battery bank cell is measured and recorded after the batteries
have been at rest for at least two hours to reduce any surface charge. The readings will be
recorded and any cell voltage variation greater than 15% highlighted.
BATTERY VOLTAGE UNDER DISCHARGE (ON-SITE TEST)

The voltage of each battery bank cell will be measured and recorded under discharge. The
PV array and the generator will be disabled during this time. The maximum available site
load, not to exceed 80% of nameplate rating, will be applied to the system. The readings will
be recorded and any variation greater than 15% highlighted.

The following values and set points for will be obtained and evaluated each battery bank:

= Battery status indicator

* Battery temperature (°C)

= Battery DC voltage

= Battery DC current

= Power delivered by the batteries (kW)

= Voltage setting for equalise cycle

* Length of time for equalise cycle

= Voltage setting indicating fully charged battery (HVD)

= Voltage setting indicating maximum battery depth of discharge (LVD)

» Power conditioning unit functional tests

All power conditioning units (PCU) will be measured to determine their proper function in
all modes. This includes both the sub-array string inverters and the battery inverters. Invert-
er DC-to-AC efficiencies, display accuracies and additional harmonic distortion tests will be
conducted as permits. Determine the conversion efficiency of the string inverter under clear
sky conditions (irradiance greater than 1,000 W/m?).

There are several factors that influence the inverter’s performance in converting DC power
available from the array to grid-compatible AC power: conversion efficiency, MPPT capabil-
ity, operating temperature, input voltage level, and power-limiting features. Simultaneous
consideration of these factors, along with the electrical characteristics of the array, the availa-
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ble solar resource, and relevant weather data is required to verify compatibility of system
components and to optimise system performance.

PCU ouUTPUT (ON-SITE TEST)

The PCU output will be tested under typical maximum load conditions. The output voltage
and frequency will be monitored. The readings will be recorded and any deviation from the
vendor/manufacturer specifications of 15% or more will be highlighted.

The following programmable values and set points will be evaluated for each PCU:

* Inverter temperature (°C)

= Inverter phase A RMS voltage

= Inverter phase B RMS voltage

= Inverter phase C RMS voltage

= Inverter phase A RMS current

= Inverter phase B RMS current

= Inverter phase C RMS current

= Inverter real power (kW)

= Inverter reactive power (kVAR)

* Inverter energy delivered (kWh)

= Inverter frequency (Hz)
BALANCE-OF-SYSTEM (BOS) TESTING: SWITCHGEARS/WIRES (ON-SITE TEST)

All switches and disconnects will be inspected for the proper labelling of load break or non-
load break components. All wiring will be inspected for correct labelling and tight connec-
tions. During the documentation review and field tests, all switchgears will be checked to
ensure proper ratings. During the field test, a check will be performed to ensure that proper
markings have been placed on all non-load break switches and disconnects. Proper wiring
and electrical measurements for the multi-cluster box for voltages must be verified for the
following:

= Phase 1 to neutral
= Phase 2 to neutral
= Phase 3 to neutral
= Phase 1 to phase 2
= Phase 2 to phase 3
= Phase 3 to phase 1

ENGINE-GENERATOR PERFORMANCE TESTING (ON-SITE TEST)

The normal output of the engine generator will be determined in the actual system configu-
ration. The generator is typically used to power the loads, charge batteries, and provide
backup power. The output of the engine generator under each mode of operation will be
determined. The voltage, frequency, and harmonic distortion will be measured with the gen-
erator loaded using the available site loads, not to exceed 80% of the inverter rating.

The engine-generator PCU interface will be tested and an engine-generator start initiated.
The electrical transient on the AC grid must be within a range of no more than +10% absolute
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deviation from the voltage sine wave. Use the manufacturer’s commissioning sheet for the
generator.

The following programmable values will be evaluated for each generator:

* Generator control indicators = Generator phase C RMS current

= Generator phase A RMS voltage = Generator power (kW)

= Generator phase B RMS voltage = Generator energy (kWh)

= Generator phase C RMS voltage = Generator reactive power (kVAR)
= Generator phase A RMS current = Generator frequency (Hz)

= Generator phase B RMS current

4.7. OPERATION AND MAINTENANCE

Good practice guidelines suggest that sustainable projects revolve around the proper opera-
tion and maintenance of a facility as indicated in Figure 4.42. Unfortunately, most projects
both in Nigeria and abroad are prone to fail for lack of proper consideration of operations,
maintenance and management. Project developers and stakeholders need to design and ad-
here to an O&M plan upon commissioning. Questions to consider within the plan include
ownership of the completed project facility, for example: Will the facility be commercially
operated? Will it be owned by the government, community, investors or a combination of
these stakeholders? Will these factors change or remain the same in the future (i.e. in the next
10 or more years)?

STEPS, PROCEDURES AND CONSIDERATION

Routine maintenance of a facility should include monitoring, diagnosis and control to identi-
ty, rectify and minimise potential problems that may cause operational downtime. Mainte-
nance activities are usually technical and involve fieldwork. More recently, the option of us-
ing remote data acquisition systems to gather monitoring information on a pre-emptive basis
has been gaining ground — as opposed to relying on reactive maintenance once faults are
present. Remote systems are geographically neutral, equipped with fault detection, GPS
mapping and troubleshooting functions. However, remote monitoring systems depend on
reliable Internet connectivity. Facilities in rural locations may have poor connectivity and
thus problems with logging the required data for proper remote monitoring.

Operational facilities are considered assets and as such, asset management activities, mainly
financial, commercial and administrative/office-based are required to ensure that energy
production translates into the appropriate revenue stream.

Different technologies have different requirements for operations and maintenance (O&M).
Project developers are required to customise O&M schedules to suit specific needs of the
facility and technology in use. Documentation of O&M plans is advisable.

Training and skills transfer for local personnel responsible for O&M should be included in
contracts with technology partners or suppliers. Personnel should be trained correctly from
the outset of the project in order to perform all relevant routines and reduce the need and
cost of bringing in foreign experts whenever possible. At the village level, detailed technical
training for end users must cover both the applications and limits of electricity use. Health
and safety measures are also important when carrying out facility maintenance activities.
Industry requirements and national regulatory guidelines in Nigeria such as the Grid Code,
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Health and Safety Code as well as the Nigerian Electricity Health and Safety Standards
Manual along with other applicable guidelines' should be consulted.

» Mini-grid sustenance

Many mini-grid systems that operate reliably feature advanced engineering for high-value
applications, such as an uninterruptible power supply for remote microwave repeater sta-
tions. For less reliable or failed systems, common problems include component failure, poor
or virtually non-existent maintenance, inadequate support by the supplier, and a rapid in-
crease in electricity demand that drives the systems into a virtually pure diesel gen-set mode.
In one case the latter problem was observed when poor villagers who supposedly could not
pay for electricity purchased refrigerators, freezers, and colour TV sets once full-time AC
power was available to them.

Operations

Monitoring & Supervision Grid Integration/Regulation Reporting

- Performance monitoring - Power, voltage, reactive - Production reporting

- Issue detection/diagnostics power, frequency control - Performance reporting

- Service dispatch/supervision - Energy forecasting - Service activity reporting
- Security monitoring - Outage scheduling

Corrective Maintenance Predictive Maintenance Ancillary Services (1)
- Restore production - Trending/analytics - Warranty management

- Repair/replace equipment - Forecasting of issues - Production guarantee

- Manage spare parts - Preventive action - Authorities interface

- Insurance/ext. warranty

- Incentive management

Preventive Maintenance Site Maintenance (1) - Accounting & taxes

- Inverter connections, filters - Module cleaning - Revenue collection

- Combiner seals, connections - Vegetation control

- Tracker lubrication - Snow removal

- Module/racking inspections - Site security Management

- Circuit testing, IV curve

tracing, thermal imaging, etc. En ineerin
- Transformer/switchgear Site Maintenance (2) g g

- MV/HV substation - Road/fence maintenance

) ) Ancillary Services (2)
- Monitoring & security systems - Environmental protection

& compensation measures - Plant (re)commissioning

- Quality audit/inspection
- Upgrade/re-powering

Maintenance

- Monitoring install/retrofit

- Plant design review

Figure 4.42: Example of O&M action point of a solar PV power plant
— Courtesy: SoliChamba Consulting and GTM Research, “Megawatt-Scale PV Plant O&M”

Once commissioned, hydropower and solar PV plants usually have low operation costs and
require little maintenance. Costs may differ according to location, scale and technology type.

! Refer to NERC codes and manuals, www.nercng.org/index.php/document-library/Codes-Standards-and-Manuals/
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Studies! have shown that small-scale hydropower operations and maintenance costs repre-
sent between 2 to 4% of total capital costs. One rule of thumb for gauging operations and
maintenance costs for a power delivery system is that they should run between 1/30% and
1/8™ of the total capital costs on an annual basis?.

Example: An off-grid 4 kWr solar PV system was installed in the Genesis Academy in Kuje, Abuja,
by Creeds Energy in 2013. The system for powering classrooms has a quarterly maintenance sched-
ule:

= PV array: Verify that all panels are attached properly to mounting brackets and the roof structure or
ground mount. Visually inspect the array for obvious abnormalities. Perform short-circuit current
tests using a digital multimeter or volt-ohm meter to ensure that the PV array output falls within an
acceptable range. Clean the photovoltaic array with a damp cloth to remove dust on a regular basis.

= Inverter: Confirm that the inverter is producing the expected power output on the supplied meter.

U

Battery bank: Confirm that batteries are in good working condition by testing them with the multi-
meter. Check that the battery bank is connected in series or parallel according to the installation plan.
Check that batteries are placed in a secure, dry and well-ventilated location. The first battery bank
has a lifespan of two years (i.e. first replacement due in 2015).

= Cabling: Ensure correct wire size as well as appropriate attachment and grounding.

U

Handover: Provide proper explanations and guidance on first-level troubleshooting to the facility
manager who is in charge of the system on site

Figure 4.43: PV array and battery checks

FURTHER READING

1. “Large DC Bus Hybrid Systems for Village Power & Cell Sites”, 10" Annual Small Wind
Conference, Stevens Point, Wisconsin ® M. Bergey, Bergey Windpower, June 18 (2014)

2. “Microgrids & the Ten Island Challenge”, Micro-Grid Deployment Workshop, HOMER,
Cancun, Quintana Roo, Mexico ® P. Boyd, Carbon War Room, November 8, 2013

! See the IRENA (2014): “Operations and maintenance costs for small hydro in developing countries”, IRENA Working
Paper: Renewable Energy Technologies Cost Analysis Series, Volume 1, Issue 3/5 Hydropower, June 2012.
www.irena.org/documentdownloads/publications/re_technologies cost analysis-hydropower.pdf

2 See USAID, Alliance for Rural Electrification (2014): “Hybrid mini-grids for rural electrification: Lessons Learned”.
http://ruralelec.org/sites/default/files/hybrid_mini-grids for rural electrification 2014.pdf
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Solar World Congress, International Solar Energy Society (ISES), Daegu, Korea, No-
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”

“Geothermal Energy for Village Scale,” ® R. Foster; Village Power Revisited, American
Wind Energy Association, Washington D.C., December 12, 2012

“Afghanistan Photovoltaic Power Applications for Rural Development,” ® R.E. Foster and
A. D. Cota; Area 9.5 Modules and Systems: Off-Grid Systems, 38" IEEE Photovoltaic
Specialists Conference, Austin, Texas, June 8, 2012

Solar Energy, Renewable Energy and the Environment ® R. Foster, M. Ghassemi and A.
Cota; In Ghassemi, A. (ed.): Energy and the Environment Series, Volume 2. Boca Ra-
ton, Florida: Taylor and Francis Publishing, CRC Press. ISBN: 13:9781420075663
(2009)

“Lessons Learned from the Xcalak Village Hybrid System”  R. E. Foster, R. C. Orozco and
A. Romero; A Seven Year Retrospective”, ISES Solar World Conference Proceedings,

Volume I, International Solar Energy Society, Israel Ministry of Science, Jerusalem, Is-
rael, July 7, 1999

“Hybrid Energy Solutions” e Kreagar, T., SMA America; Micro-Grid Deployment
Workshop, HOMER, Cancun, Quintana Roo, Mexico, November 8, 2013

“Nicaraguan Renewable Energy for Rural Zones Program Initiative” ® D. Ley, H. Mar-
tinez, E. Lara, R. Foster, and L. Estrada; Paper A185, Solar 2006, American Solar Ener-
gy Society, Denver, Colorado, July 13, 2006

National Electrical Code 2014, National Fire Protection Association, Quincy, Massa-
chusetts.

“Mini Grids: System Design and Energy Storage”  S. Philips, Optimal Power Solutions;
Micro-Grid Deployment Workshop, HOMER, Cancun, Quintana Roo, Mexico, No-
vember 8§, 2013

“The Renewable Energy Micro Grid at Punta Allen, Quintana Roo” ® A. Romero, C.V.
Ecoturismo y Nuevas Tecnologias; Micro-Grid Deployment Workshop, HOMER,
Cancun, Quintana Roo, Mexico, November 8, 2013

“Bamiyan Small Hydro Project: Distribution System Assessment” ® O. Salinas; NRECA,
Winrock International, USAID Afghanistan Clean Energy Program, Kabul, Afghani-
stan,May,2010
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5. SOCIAL, ECONOMIC AND LEGAL FRAMEWORK

About this module

This module aims to present an overview of project planning, outline the stages of project planning,
and highlight challenges likely to be faced by project planners, as well as introduce various factors
that aid in successful project outcomes.

Learning outcomes
At the end of this module, the participant is able to
=  Outline the procedures involved in planning RE systems

= Carry out a basic financial analysis of RE projects

5.1. POLICIES, PERMITS AND KEY INSTITUTIONS

KEY INSTITUTIONS

Various institutions are tasked with governing the activities of renewable energy and rural
electrification sectors in Nigeria. The key public and private institutions that project devel-
opers liaise with during the course of planning and implementing their projects include the
following:

» Public sector institutions

FEDERAL MINISTRY OF POWER, WORKS AND HOUSING (FMPWH) — POWER

The FMPWH (Power) has the overall responsibility of formulating electric power policy. Its
mission is to provide Nigeria with an adequate and reliable power supply by implementing
power generation, transmission and distribution projects in the sector and facilitating the
emergence of a private sector-led, competitive and efficient electric power industry.

The relevant departments and agencies within and under the supervision of the FMPWH
(Power) include the Rural Electrification Agency (REA), National Power Training Institute of
Nigeria (NAPTIN), the largely independent Nigerian Electricity Regulatory Commission
(NERC), Nigerian Electricity Management Services Agency (NEMSA), and the Department
for Renewable and Rural Power Access. The Ministry of Power also coordinates the Inter-
Ministerial Committee on Renewable Energy and Energy Efficiency (ICREEE).

Selected mandates include:

= Conducting statutory tests and certification of electric poles (concrete, wooden, steel)
and other major electrical components before they are used on the grid and networks
in Nigeria

* Implementing renewable energy programmes/initiatives (solar, wind, biomass, small
hydro)

RURAL ELECTRIFICATION AGENCY (REA)

The REA was first inaugurated in 2006 to rapidly expand rural and peri-urban electricity
access throughout Nigeria in a cost-effective manner, employing both on-grid and off-grid
options. The broad vision behind the establishment of the REA was to mobilise capital for
sustained private sector-driven investment in rural electricity development in Nigeria to im-
prove living conditions in rural areas through the enhancement of agriculture, commercial,
industrial and domestic activities. The core function of the REA is to promote and support
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rural electrification projects of up to 1 MW capacity. It is also responsible for the Rural Elec-
trification Policy 2009' and for administering the rural electrification fund (REF).

Selected mandates include:
* Providing access to reliable and affordable electricity for rural dwellers for a reasona-
ble return on investment through an economically responsive tariff structure

* Maximising the economic, social and environmental benefits of rural electrification
subsidies

To be approached for:
= Contributions to renewable energy fund by licence holders at rates to be determined
by NERC
NIGERIAN ELECTRICITY REGULATORY COMMISSION (NERC)

NERC is an independent regulatory agency inaugurated in 2005 to promote and ensure an
efficient market structure to meet the needs of Nigeria for safe, adequate, reliable and afford-
able electricity. The Renewable Energy Research and Development Division of NERC focus-
es on rural electrification, energy studies and various projects.

Selected mandates include:

= Setting and regulating tariffs, market rules and operating guidelines
= Issuing of licences to market participants
* Monitoring compliance

To be approached for:

* Licensing above 1 MW
= Electricity tariffs
* Renewable energy feed-in tariff
= Codes and standards
= Market rules and regulations
* Consumer protection
= Dispute resolution
FEDERAL MINISTRY OF ENVIRONMENT (FMENV)

The Federal Ministry of Environment was established in 1999 and charged with protecting
the natural environment against pollution and degradation, conserving natural resources,
and instituting procedures for the environmental impact assessment of all development pro-
jects. FMENYV houses the Renewable Energy Programme (REP), the National Environmental
Standards Regulatory and Enforcement Agency (NESREA) and the Climate Change De-
partment.

Selected mandates include:

= Protection of the environment and natural resources in general
* Environmental stewardship, resource conservation and climate change

* Cooperation with relevant government ministries, departments and agencies, the
private sector, NGOs, and international organisations on environmental matters

! See the section on policies and plans below for further details on the Rural Electrification Policy2009
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To be approached for:

* Environmental impact assessment approval and certification
= Application for concessions (tax holiday, customs exemptions, land procurement as-
sistance) in conjunction with the Nigerian Investment Promotion Commission
TRANSMISSION COMPANY OF NIGERIA (TCN)

The TCN provides the grid network through which power is transmitted from the electricity
generation companies (GENCOs) to the electricity distribution companies (DISCOs), as well
as to eligible customers and for export. Project developers need the support of the TCN for
system planning and the coordination of regional interconnectors. To be approached for:

= DPower evacuation studies (load flow, stability and short-circuit studies) for grid-
connected power generating plants. These are a stipulated NERC licencing require-
ment for both renewable and non-renewable plants.

= Establishing common point of connection to grid

= Approval confirming that a proposed connection point has the capacity to handle a
load which will be fed to it from a generation plant

NATIONAL BULK ELECTRICITY TRADING PLC (NBET)

NBET is the central market off-taker (or purchaser) that aims to be an effective and efficient
catalyst for private sector investments in the Nigerian electricity industry. It is essentially
responsible for purchasing electricity from GENCOs with long-term power purchase agree-
ments (PPAs). As a government-owned public liability company, its PPAs with independent
power producers (IPPs) are backed by credit enhancement instruments offered by the federal
government.

Selected mandates include:
= Purchase and resale of electrical power and ancillary services from IPPs and from the
successor generation companies

To be approached for:
= PPA negotiations for independent power production greater than 1 MW

* Submission of funding commitment

= Letter of intent issuance for PPA to be submitted to NERC

» Private sector institutions

ELECTRICITY DISTRIBUTION COMPANIES (DISCOS)

DISCOs are private entities that distribute and sell electricity received from the transmission
grid or from an embedded generation scheme to end users. Currently, there are eleven exist-
ing DISCOs in Nigeria. Project developers may have to communicate with DISCOs depend-
ing on the structure of their power distribution plans.

To be approached for:

= Distribution negotiations

= PPA letter of intent for embedded generation

219



MODULE 5: SOCIAL, ECONOMIC AND LEGAL FRAMEWORK

Table 5.1: Key institutions which project developers may need to approach for permits and documentation

Institution Description

Partner for

Nigerian Electricity Management Services Agency — www.nemsa.com.ng

Established in 2015 for the
enforcement of technical
standards, technical inspec-
tions, testing and certification
of electrical installations, elec-
tricity meters, instruments and
commercial services in key ar-
eas of the Nigerian electricity
supply industry

Federal parastatal .

Federal Ministry of Environment — www.environment.gov.ng

Established in 1999

e Regulator for environmental
and social impact assessments
(ESIAs), which are mandatory
under Nigeria’s EIA Act No. 86
of 1992

e Special unit for coordinating
climate change matters

Federal ministry .

e Special unit for renewable
energy and energy efficiency;
focusing on biomass use re-
duction and displacement

Nigerian Electricity Regulatory Commission (NERC) — www.nercng.org

Established in October 2005 as
part of the Electric Power Sec-
tor Reform Act 2005.

Federal regulator .

Transmission Company of Nigeria

State entity, currently
with outsourced man-
agement

Electricity distribution companies (DISCOs)

See section 4.1 on the national
grid

Privatised companies, .
mostly with state shares

National Bulk Electricity Trading Plc — www.nbet.com.ng

Federal public liability .
company

Incorporated in 2010 in line

with the Roadmap for Power
Sector Reform and the EPSR

Act of 2005

Rural Electrification Agency

Established in 2006, under
Section 88 (1) of the EPSR Act

Federal parastatal agency e
under FMPWH
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Electrical Inspectorate Services for
inspection, testing and certification
of IPP and on-going and completed
rural electrification projects

ESIA approval and certification

Application for concessions (tax
holiday, customs exemptions, land
procurement assistance) in conjunc-
tion with Nigerian Investment Pro-
motion Commission

Licencing above 1 MW
DISCO tariff charges

Codes and standards
Market rules and regulations
Consumer protection
Dispute resolution

Power evacuation studies and es-
tablishing common point of connec-
tion to grid

Distribution negotiations

PPA letter of intent for embedded
generation

Power purchase agreement (PPA)
negotiations for independent power
plants greater than 1 MW
Submission of funding commitment

Letter of intent (LOI) issuance for
PPA to be submitted to NERC

Contribution to REF as licence hold-
ers at rates to be determined by
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Institution Description Partner for
of 2005 to promote rural elec- NERC
trification in Nigeria:
e By setting up and managing
the Rural Electrification Fund,

e By coordinating rural electrifi-
cation in the country

REGULATORY GUIDELINES FOR LICENCES

NERC is primarily in charge of licencing for generation, distribution, transmission and sys-
tem operation. Below are sets of guidelines for project developers:

Generation: A generation licence authorises the licensee to construct, own, operate and
maintain a generation station for the purposes of generating and supplying electricity in ac-
cordance with the Electric Power Sector Reform Act, 2005. Subject to this Act, the holder of a
generation licence may sell power or ancillary services to any of the classes of persons speci-
fied in the licence. An electricity generation licence is needed for any power generation activ-
ity beyond 1 MW. A distribution licence authorises the licensee to construct, operate and
maintain distribution systems and facilities.

Distribution: A distribution licensee may also have the obligation to provide electricity to its
distribution customers, pursuant to the terms of a trading licence issued by NERC to the dis-
tribution licensee.

Transmission: A transmission licence authorises the licensee to carry on grid construction,
operation, and maintenance of a transmission system within Nigeria, or one that connects
Nigeria with a neighbouring jurisdiction subject to limitations as may be specified in the li-
cence.

System operation: A system operation licence authorises the licensee to carry on system op-
eration. A trading license authorises the licensee to engage in the purchasing, selling, and
trading of electricity. NERC determines the terms and conditions of trading licences as may
be appropriate under specific circumstances.

Prior to submitting an application to NERC, prospective license applicants should be familiar
with:
= NERC Regulation for mini-grids 2016 (Draft)

* NERC Regulation on Application for Licences (generation, transmission, system op-
erations, distribution & trading) 2010, Regulation No: NERC-R-0110A

= NERC Regulation on Licence and Operating Fees, 2006, Regulation No: NERC-R-0206
= Technology-Specific Sections of the Electric Power Sector Reform Act (EPSRA), 2005

= Section 65 (1) of the EPSRA, 2005

= Section 66 (1) of the EPSRA, 2005

= Section 67 (1) of the EPSRA, 2005

= Section 68 (1) of the EPSRA, 2005

= Section 96 (1) & (2) (c) & (d) of the EPSRA 2005
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» NERC licensing requirements

MINI-GRIDS BELOW 1 MW

According to NERC's draft regulation on mini-grids (2016), a voluntary permit is required for
isolated mini-grids below 100 kW to benefit from the protection mechanisms in the regula-
tion. On the other hand, isolated mini-grids above 100 kW must obtain an obligatory permit.
To get this permit, the developer of the mini-grid shall;

Submit an application for the intended location
Confirm that the mini-grid shall not interfere with the expansion plans

Ensure that the intended geographic location is an area where there is no connection
to the electrical grid (unserved) and has not been assigned to another mini-grid de-
veloper

Submit an executed agreement with the project host community to the commission
for approval

Ensure that the host community is in agreement with the installation of the mini-grid
Ensure that all necessary land of construction and installation have been acquired

The proposed tariff structure is based on MYTO methodology and approved by
NERC

Execute health and safety requirements as stipulated in the regulation

MINI-GRIDS ABOVE 1 MW

For grid-connected and off-grid operations above 1 megawatt (MW), there are twelve man-
datory submissions common across all generation sources that need to be filed to allow for a
complete licence application. These are:

Completed application form. The form is attached as Schedule 2 of the NERC Regula-
tion No: NERC-R-0110A document.

Certificate of incorporation and memorandum and articles of association, or deed of
partnership, or deed of trust

Registered title deed to site, or sale agreement, or deed of assignment/gift, or evi-
dence of submission of a titled deed to a relevant land-processing agency (as applica-
ble)

Tax clearance certificate for the immediately preceding three years
Ten-year business plan
Off-take agreement or arrangement

Environmental impact assessment (EIA) approval certificate, or proof of submission
and acceptance for processing of the EIA report to the Ministry of Environment, or
details on how effluents and discharges will be managed (if proposed capacity is less
than 10 MW)

Fuel supply agreement or a letter from a fuel supplier and transporter indicating the
inclusion of the fuel needs of the applicant in the supply plans of the fuel supplier
and transporter

Memorandum of understanding with or letter of intent from engineering procure-
ment contract (EPC) contractor (if applicable)

Memorandum of understanding with or letter of intent from the technical partner (if
applicable)
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= Financing agreements or letter to fund the project from financial institution(s)

= Timelines for commissioning the power plant and planned dates for commencing op-
erations of different plant capacities

For each generation resource, specific required elements are listed within Schedule 1B of the
NERC-R-0110A Regulation.

» Licencing requirements for embedded generation

Embedded generation is defined in NERC’s regulations as “the generation of electricity that
is directly connected to and evacuated through a distribution system which is connected to a
transmission network operated by a System Operations Licensee”, meaning the grid. Provi-
sion is also made for independent electricity distributions networks (IEDNs) that are off-grid
to embed capacities above 5 MW.

The EPSR Act 2005 exempts project developers of off-grid generation systems from the need
to obtain a licence. The exemptions apply to developers that:

= Construct, own or operate an undertaking for generating electricity not exceeding 1
megawatt (MW) in aggregate at a site;

= Construct, own or operate an undertaking for electricity distribution with a capacity
not exceeding 100 kilowatts (KW) in aggregate at a site; or

=  Such other capacity as NERC may determine from time to time.

For embedded generation/off-grid generation, NERC requires the following information:

= Total capacity per site

= Number of generating units per site

= Fuel type

= Size of generating units (MW and MVA)

* Terminal voltage

= Rated power factor

= Reactive power capacity (if any)

* Noise level

= System protection

= Waste management plan or environmental impact assessment (if required)
= Agreement or arrangement with DISCO for network use

= Manufacturer’s name, year of manufacture, warranty

» NERC licencing process

The flowchart below provides an overview of NERC's licencing process for mini-grids above
1 MW.
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Figure 5.1: Licencing process — Source: Handbook on Application for Licences, NERC
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Table 5.2: Timelines and cost scale for grid-connected projects

NERC requirement

Completed application
form

Certificate of incorpora-
tion and memorandum
and articles of associa-
tion, or deed of partner-
ship, or deed of trust

Registered title deed to
site, or sale agreement,
or deed of assign-
ment/gift, or evidence of
submission of a title
deed to a relevant land
processing agency (as
applicable)

Tax clearance certificate
for the immediately
preceding three (3) years

Ten-year business plan

Off-take agreement or
arrangement

Environmental impact

Estimated
time

1 week

4 to 6 weeks

Upto 24
months

Up to 36
months

3 to 6 weeks

Upto 24
months

Up to 36

Estimated
costs

Low

Low

High to
very high

Low to
high

Low

High to
very high

High to
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Notes

An example of the application form can be
found in Schedule 2 of NERC-R-0110A.

It is important to note that this application
form is crucial as a first step and must be
properly completed by the applicant.

Failure to complete this form correctly or com-
pletely can lead to delays in the processing and
due-diligence section of the NERC audit of your
application.

It is important that the directors of the compa-
ny are clearly defined at this time. NERC’s legal
due diligence team will conduct a CAC review
and any difference found in the CAC document
will delay this process.

It is advised that a law firm handle all docu-
ments and sections related to this section. This
can increase the overall costs but will save
time and money towards the end of the NERC
process.

It is strongly advised that a law firm conduct
and handle this section of the application.

It is strongly advised that land issues be re-
solved prior to the submission of the license
application based on the level of due diligence
conducted by NERC and their legal team.

As stated above, it is advised that auditors and
tax professionals assist in this section.

It may be possible to waive this section for a
new entity. However, direct consultation with
NERC is needed.

A complete business plan is required, not only
by NERC but also by other agencies that are
involved with the project and the project li-
cencing process.

It is highly advised that developers spend sig-
nificant time on this section to ensure all as-
pects are properly covered to minimise any
delays within this process. Schedule 1F of the
NERC regulation R-0110A outlines the manda-
tory content required within a business plan.

This requirement relates to the connection
type and off-taker. For grid-connected pro-
jects, this is NBET or the local distribution
company.

This item is often one of the very last to be
submitted by the applicant.

This section should be initiated with dispatch,



NERC requirement

assessment (EIA) ap-
proval certificate, or
proof of submission and
acceptance for pro-
cessing of the report on
EIA to the Federal Minis-
try of Environment, or
details on how effluents
and discharges will be
managed (if proposed
capacity is less than 10
MW)

Fuel supply agreement,
or a letter from a fuel
supplier and transporter
indicating the inclusion
of the fuel needs of the
applicant in the supply
plans of the fuel supplier
and transporter

MoU with or letter of
intent from engineering
procurement contract
(EPC) contractor (if appli-
cable)

MoU with or letter of
intent from the technical
partner (if applicable)

Financing agreements or
letter to fund the project
from financial institu-
tion(s)

Estimated
time

months

Upto 24
months

Upto6
months

Upto6
months

Upto 24
months after
grant of li-
cense

Estimated
costs

very high

High —
depend-
ing on
technolo-
gy type

Medium

Medium

Medium
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Notes

as it can encounter significant delays in dealing
with various government departments, and
involves significant associated costs.

It is not uncommon for developers to abandon
an endeavour due to this section. If not man-
aged properly, the EIA process can be very
expensive and can result in major delays.

It is strongly advised that any developer at this
stage properly consult with NERC and the fed-
eral ministry of environment on the exact
scope of the EIA that needs to be performed.

It is also critical that developers and funding
institutions understand the scope of the work
to be done. Developers should note that any
EIA seeking foreign direct investment needs to
be carried out under the system prescribed by
the lender or foreign direct investment institu-
tion, such as the World Bank or the African
Development Bank. The methodology differs
from that incorporated in the Nigerian system.

It is highly advised that an accredited firm carry
out this section of the application to ensure
that all policies and procedures are duly fol-
lowed and that the report remains independ-
ent at all times.

It is important to speak with NERC on their
requirements for technologies such as solar
and wind.

NERC may request fuel source studies, such as
yield reports and/or wind maps to pass this
requirement. If yield reports are not required
in this section by NERC, lenders may require
them for their financing agreements with the
developer.

EPC and technical partners can be the same
entity. It is important to note that NERC may
request additional details of any partner pre-
sented in this section.

It is advised that developers focus on securing
strong partners, as they will need to be availa-
ble to travel into Nigeria for various meetings

throughout the development of the project.

This section can be linked to other sections
within the application and can cause significant
delays, especially if the funding source is not
properly disclosed during the scoping meetings
with NERC.

All details on funding institutions need to be
disclosed to NERC, which will conduct due
diligence on the funding sources to verify and
confirm.

It is critical that the developer present a com-
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NERC requirement Estn.'nated Estimated Notes
time costs
plete picture of their funding situation to allow
for a smooth approval process.
This section is a difficult requirement to pass
and has been, in the past, a major impediment
to projects seeking regulatory approval.
Timelines for commis- 6 months Medium  Linked to the MoU and Lol with technical part-
sioning the power plant ners and suppliers of the project.
and pIanngd dates f9r Significant delays can be encountered in this
commencing operatlon§ requirement if the MoU and Lol are taking
of different plant capaci- considerable time to conclude.
ties
ACTS AND POLICIES

The Nigerian renewable energy policy landscape is composed of numerous policy docu-
ments, guidelines and action plans. In 2013, the Nigerian Energy Support Programme
(NESP) conducted a policy mapping study, which reviewed about 30 documents and agen-
cies concerned with renewable energy in Nigeria. As the study notes “barriers leading to
gaps and overlaps in the energy sector in Nigeria are not rooted in the limits or efficiencies of
clean energy technologies, but are caused by inconsistencies in the policy, regulatory and
institutional system in Nigeria”. Key policies in this framework are outlined below.

» Approved documents

NATIONAL ENERGY PoLicy 2003

The National Energy Policy hinges on a private sector-driven approach to promote the opti-
mal utilisation of the nation’s viable energy resources for sustainable development. The Fed-
eral Executive Council approved this policy document. Although not limited to renewable
energy sources, the document sets out a range of energy sources such as hydropower, fuel-
wood, solar, biomass, wind and hydrogen.

Some of the policy’s objectives include the achievement of national energy security with a
diversified energy resource mix, in an environmentally friendly manner, and with indige-
nous participation as well as substantial private sector participation. In addition, the policy
also states among its objectives the promotion of international cooperation in energy trade
and project development in both the African region and the world at large.

The policy targets the rapid expansion of overall electricity access and rural electrification
with diversified power generation sources to achieve an access rate of 75% by 2020. The En-
ergy Commission of Nigeria (ECN), FMPWH and FMENV are the implementing bodies for
the policy.

RENEWABLE ENERGY MASTER PLAN (REMP) 2005

Nigeria’s Renewable Energy Master Plan identifies considerable potential for generating
solar, small and large hydro, biomass, biogas, and wind energy throughout the country.
REMP is solely devoted to renewable energy sources. It highlights the gradual movement
from a fossil-fuel economy to one driven by an increasing share of renewable energy, as well
as the need for active private sector participation. REMP 2005 is an approved document that
sets out short-, medium- and long-term targets for renewable energy sources within the na-
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tional energy supply mix. There is also a REMP 2012 (not approved), which is a follow-up on
the recommendation of the National Energy Policy 2003.

Objectives include expanding access to energy, especially in the rural areas, increasing the
scope and quality of rural services (for schools, health centres, water supply, information,
entertainment) and improving learning, capacity-building, research and development related
to various renewable energy technologies in the country. The ECN is the implementing
agency for REMP.

RURAL ELECTRIFICATION PoLicy 2009

The policy seeks to express the intention of federal government to enable greater access to
electricity and to meet its 2020 rural electrification target in Nigeria. One of its key objectives
is to promote more environmentally friendly alternatives to the prevalent kerosene, candle
and vegetable oil lamps and fossil fuel-powered generating sets.

Like the National Energy Policy, the targets of the Rural Electrification Policy include mak-
ing reliable electricity available to 75% of the population by the year 2020. In addition, it aims
to utilise renewable energy resources for at least ten per cent of all new connections by 2025.
The implementing bodies for this policy include the FMPWH, NERC and REA.

RURAL ELECTRIFICATION STRATEGY AND PLAN (RESP) 2015

RESP sets out how the federal government intends to accomplish the goals of the former pol-
icy and EPSR Act 2005. RESP primarily seeks to expand affordable access to energy in rural
grid and off-grid locations.

Like the Rural Electrification Policy, a key objective of RESP is the promotion of cleaner
power and lighting alternatives through the use of more convenient and more environmen-
tally friendly alternatives to the prevalent kerosene, candle and vegetable oil lamps and fos-
sil fuel-powered generating sets. The main target of RESP is to make reliable electricity avail-
able to 75% of the population (rural or urban) by 2020.

RESP was prepared for the Bureau for Public Enterprise (BPE) by the Nigeria power sector
reform team. Other coordinating agencies include FMPWH, REA and NERC.

NATIONAL RENEWABLE ENERGY AND ENERGY EFFICIENCY PoLicY (NREEEP) 2015

As a steering framework to boost access to and the sustainable growth of clean energy within
Nigeria’s energy mix, the NREEEP highlights the need for a “coordinated and comprehen-
sive renewable energy policy linked to an equally comprehensive energy efficiency policy”.
It is aligned with the regional ECOWAS Renewable Energy Policy and the ECOWAS Energy
Efficiency Policy, mandating the development and implementation of a National Renewable
Energy Action Plan as well as a National Energy Efficiency Action Plan, both of which were
drafted, approved and published as of December 2016.

Some of the objectives of the NREEEP include increasing the proportion of Nigeria’s electric-
ity generated from renewable energy sources to a level that meets or exceeds the Nigerian
government’s national target for renewable electricity generation for 2020 and beyond. In
addition, it seeks to transform provisions for renewable electricity and energy efficiency gen-
eration activities into policy statements and district plans of states. The proposed implement-
ing ministry for NREEEP is the FMPWH.

REGULATION ON FEED-IN TARIFF FOR RENEWABLE ENERGY SOURCED ELECTRICITY (REFIT)
Approved in December 2015 and to be enforced by NERC, the REFiT defines special tariffs
for renewable energy power generation assets dependent on technology and size. These spe-
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cial tariffs shall be reviewed every three years, with the outcomes affecting only power gen-
eration assets that come on-stream aftterwards. By design, the REFiT targets the inclusion of
up to 2 GW (10% of Nigeria’s target power generation by 2020) of power generation capacity
by 2020 to the national grid. The REFiT also defines the obligations of the various stakehold-
ers as well as penalties for non-compliance.

Table 5.3: Benchmark capacities for technologies to qualify for REFiT

Technology Minimum capacity (MW) Maximum capacity (MW)
Solar Photovoltaic 1 5
Small hydropower 1 30
Biomass (including municipal solid waste) 1 10
Wind 1 10

The REFiT also considers hybrid renewable energy generation assets that fall within the
scope for application of the special tariffs.

» Draft documents

REGULATION FOR MINI-GRIDS 2017

The regulation for mini-grid intended to accelerate electrification in areas without an existing
distribution grid i.e. “unserved areas” and also areas with existing non-functional distribu-
tion grid i.e. “underserved areas”. However, the regulation shall encourage the involvement
of all stakeholders such as communities, non-governmental organisations, private sectors,
etc. in achieving nationwide electrification. In addition, certain risks like sudden tariff
changes, stranded mini-grid operator investment, etc.

In this regulation, mini-grids are classified into two categories based on interconnection,
namely: Isolated mini-grids which are not connected to the distribution network (DISCO)
and interconnected mini-grids which are connected to the distribution network.

The regulation explains the process of obtaining the necessary permits for the different clas-
ses of mini-grids based on the power generation capacity as listed below:

= Isolated mini-grids with generation capacity above 100 kW but less than 1 MW
= Isolated mini-grids of up to 100 kW distributed power

* Interconnected mini-grids

RENEWABLE ELECTRICITY ACTION PROGRAMME (REAP) 2006

REAP highlights the significance of renewable energy in adding value to the national elec-
tricity mix and the opportunity to scale up electricity access for semi-urban and rural dwell-
ers as indicated in the National Economic Empowerment and Development Strategy
(NEEDS) and targets of the former Millennium Development Goals (MDGs). REAP is a 10-
year programme designed to provide a framework for the Federal Government of Nigeria to
implement the renewable energy policy regulatory guidelines. The final version of the doc-
ument was completed in December 2006 but is yet to be approved.

The objectives of REAP include setting achievable targets for renewable electricity and strat-
egies for reaching those targets, establishing a funding and programme management frame-
work, and providing a mechanism for programme monitoring and evaluation. The proposed
implementing bodies for the REAP are FMPWH, Energy Commission of Nigeria (ECN),
NERC and REA.
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Under REAP, a series of 10-year targets for the contribution of renewable electricity to the
economy (2007-2016) was defined as follows:

5% contribution to total electricity generating capacity, excluding large hydropower
735 MW cumulative renewable electricity generating capacity

5 TWh (terawatt-hours) of energy

2 million new connections

1 million solar home systems

2,000 rural solar school electrification systems

2,000 rural solar clinics electrification systems

10,000 solar street lights

500,000 jobs

100 billion Naira renewable electricity industry

MT CO: emission reduction

ENVIRONMENTAL IMPACT ASSESSMENT ACT 1992

The EIA Act stipulates that any person or authority that seeks to undertake or authorise ac-
tivities that may significantly affect the environment has to give due prior consideration to
the environmental effects as well as the appropriate mitigation procedures.

The Department of Environmental Assessment under the Federal Ministry of Environment is
responsible for enforcing laws guiding EIA projects. General principle 4 under the EIA Act
states that an environmental impact assessment shall include at least the following;:

Description of the proposed activities

Description of the potentially affected environment including specific information
necessary to identify and assess the environmental effects of the proposed activities
Description of the practical activities as appropriate

Assessment of the likely or potential environmental impacts of the proposed activity

and the alternatives, including the direct or indirect cumulative, short-term and long-
term effects

Identification and description of measures available to mitigate adverse environmen-
tal impacts of the proposed activity and assessment of those measures

Indication of gaps in knowledge and uncertainties which may be encountered in
computing the required information

Indication of whether the environment of any other state, local government area or
areas outside Nigeria is likely to be affected by the proposed activity or its alterna-
tives

Brief and non-technical summary of the above points

Note that the EIA Act of 1992 was amended in 2014 to incorporate strategic environmental
assessment: “In line with current international best practices, the committee introduced a

section of strategic environmental assessment to cover areas such as policies, plans and pro-
grammes which have long-term effects on the environment”.

230



MODULE 5: SOCIAL, ECONOMIC AND LEGAL FRAMEWORK

» Global and regional policies

Apart from the national policies, plans and guidelines, Nigeria has also made commitments
to uphold various international policies, conventions and agreements such as the United
Nations Sustainable Energy for All (SE4All) initiative which is outlined in section 1. Another
such policy is the ECOWAS Renewable Energy Policy (EREP) 2012, whose vision is “to se-
cure an increasing and comprehensive share of the Member States’ energy supplies and ser-
vices from timely, reliable, sufficient, cost-effective uses of renewable energy sources ena-

177

bling universal access to electricity by 2030'".

5.2. NON-FINANCIAL APPRAISAL

ENVIRONMENTAL IMPACT ASSESSMENT (EIA)

Environmental impact assessments (EIA) are used to comprehensively measure the potential
environmental consequences of a proposed project prior to the decision to implement. Envi-
ronmental ethics suggest that developers take balanced decisions to promote sustainable
development through the identification of appropriate enhancement and mitigation
measures for the benefit of humans, existing ecosystems and future generations.

» Technology-specific environmental impacts

The type and intensity of environmental impacts can vary greatly depending on the specific
technology used, the geographic location, and a number of other factors. By understanding
the current (baseline) and potential environmental issues or changes that may occur as a re-
sult of a proposed renewable energy source, developers can take steps to effectively avoid or
minimise these impacts. Some of the impacts associated with producing power from renew-
able wind, solar, geothermal, biomass, and hydropower can be significant and may warrant
the conduct of an EIA.

Solar power: The Sun provides a tremendous resource for generating clean and sustainable
electricity. The environmental impacts associated with solar power can include loss of land
use, water use and habitat, as well as risks associated with hazardous materials used in
manufacturing. Nevertheless, the types of impacts vary greatly depending on the scale of the
system and the technology used, whether photovoltaic (PV) solar cells or concentrated solar
thermal plants (CSP). One major concern is usually the disposal and recycling of storage bat-
teries at the end of their useful life.

Hydropower: Hydropower includes both massive hydroelectric dams and small run-of-the-
river plants. One environmental impact associated with hydropower dams is flooding,
which destroys forest, wildlife habitat, agricultural and scenic lands. Flooding is said to
cause the vegetation and soil in the area to decompose and release both carbon dioxide and
methane. Furthermore, if too much water is stored behind the reservoir, the downstream
river segment can dry out. Reservoir water tends to have lower oxygen and temperature
levels compared to normal river water. All these factors can have adverse effects on down-
stream animal and plant life. Like any infrastructure project, hydropower dams are a source
of greenhouse gases produced during the installation and dismantling of the plant. Global
warming emissions released over the lifetime of hydroelectric plants are said to be much
higher for plants built in tropical areas.

! Source:www.ecreee.org/page/ecowas-renewable-energy-policy-erep
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Wind power: Harnessing power from the wind is one of the cleanest and most sustainable
ways to generate electricity as it produces no toxic pollution or global warming emissions.
Wind is also abundant and inexhaustible, which makes it a viable and large-scale alternative
to fossil fuels. Despite its vast potentials, there are a variety of environmental impacts associ-
ated with wind power generation that should be recognised and mitigated. The most widely
documented impacts are birds and bats colliding with the turbines as a consequence of habi-
tat disruption and changes in air pressure around the spinning turbines. For humans, acous-
tic and visual impacts have been associated with health and community concerns regarding
wind farms.

Biomass for electricity: Biomass power plants share some similarities with fossil fuel power
plants: Both involve the combustion of a feedstock to generate electricity. Thus, biomass
plants raise similar, but not identical, concerns about air emissions and water use as fossil
fuel plants. The major difference is that the feedstock of biomass plants can be sustainably
produced, while fossil fuels are non-renewable. Potential biomass sources for electricity pro-
duction are diverse and include energy crops (like switchgrass), agricultural waste, manure,
forest products and waste, and urban waste. Both the type of feedstock and the manner in
which it is developed and harvested significantly affect land use and the life-cycle green-
house gas emissions of power produced from biomass.

» Nigerian EIA procedure

Nigeria’s EIA Act of 1992 makes EIAs a mandatory and an integral part of the statutory ap-
proval procedure for any project that is likely to have significant effects on the environment.
Power generation, transmission, mini-hydropower development and renewable energy de-
velopment all fall under categories 1 and 2 as outlined in the table below.

Table 5.4: Projects where EIA is mandatory in Nigeria — Source: FMEENV, 1995!

Project category Project type Other considerations

1 Agriculture/agro-allied,
industry/manufacturing, food, beverage,
tobacco processing, infrastructure: ports,
housing, airport, drainage and irrigation,
railway transportation, resort and recreation-
al development, power generation, petrole-
um, mining, quarries, waste treatment and
disposal, water supply, land reclamation and

brewery

2 Agriculture/rural development, If the project is located in an
reforestation/afforestation, environmental sensitive area such
small-scale irrigation, small-scale as coral reefs, mangrove swamps,

small island, tropical rainforest,
areas prone to erosion, mountain
slope areas prone to desertification,
natural conservation areas, areas
with protected or endangered spe-
cies, areas of scientific interest, it
moves to category 1.

aquaculture, saw milling, logging, rubber
processing, fish processing, indus-
try/infrastructure, mini-hydropower devel-
opment, any small-scale industry develop-
ment (e.g. textiles), chemical industry, power
transmission, renewable energy develop-
ment, telecommunication facility, rural water
supply, public hospitals, road rehabilitation,
any form of quarry or mining

! As cited in Nwoko, Chris O. (2013): Evaluation of Environmental Impact Assessment System in Nigeria. Greener Journal
of Environmental Management and Public Safety 2(1). 22-31.
www.gjournals.org/ GIEMPS/GJEMPS%20PDF/2013/January/Nwoko.pdf
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Before the certification decision and subsequent monitoring, the Nigerian EIA procedure
follows the general procedural steps of opening the proceedings, screening and/or scoping,
conducting an environmental impact study and report, and preparing environmental impact
statements.

The project proponent, irrespective of whether from the private or public sector, initiates the
EIA process. The project proponent prepares a project description with a summary of the
technical, economic and environmental features essential to the project, as well as the identi-
fication of the proposed location. The project proponent in consultation with the Federal
Ministry of Environment (FMENYV) selects the most suitable category for the project. Based
on the category, the project either goes directly to the scoping stage (if category 1) or goes
through the screening stage (if category 2).

Screening is a preliminary analysis of environmental impacts to determine whether a full-
scale assessment is necessary. Scoping is carried out to determine the range of the issues to
be addressed and to identify the significant issues related to the proposed action.

There is a need for public consultation at various stages of the EIA procedure. Public consul-
tations call for the participation of affected or interested parties with regard to the proceed-
ings and outcomes of the EIA. Interested parties include the general public, pressure groups,
environmental associations, independent experts or institutions, and other local or federal
authorities. There are several advantages to requesting and strengthening public participa-
tion: If the public is involved from the early stages of an EIA, additional information might
be made available to the decision makers, potential environmental concerns can be voiced by
affected persons, and public attitudes will become clear with regard to support for the pro-
posed activity or resistance to it and can be dealt with accordingly. Generally, involving the
public in the EIA will increase the credibility of government decision-making and help to
achieve subsequent public support or acceptance of the final decision concerning the pro-
posed activity.

Next, the FMENV decides whether an EIA is needed or not; if an EIA is required, the propo-
nent proceeds to carry out a scoping assessment and a second round of public consultation.
A draft report is then submitted to the FMENV and reviewed for adequacy. If found ade-
quate, a third round of public consultation is carried out before the decision to approve and
certify or to reject the proposal.

After certification, the project may proceed to implementation. It will still be necessary to
monitor the actual developments during the preparation, implementation and operation
stages of the project. By monitoring the actual impacts and results of the project and compar-
ing them to the predictions and standards made by the EIA, it is possible to detect undesira-
ble developments and take measures to correct, reduce and, if possible, eliminate the harm-
ful impacts. Monitoring can be used both as a tool for post-project auditing and as a method
of evaluating the quality of the EIA. Possible deficiencies of the EIA can then be recognised
and avoided in the next EIA with a similar scope, thereby continuously improving the EIA
procedure.
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Figure 5.2: EIA procedure in Nigeria — Source: Chris O. Nwoko?

» Best practices in EIA

Key principles for effective EIA:

Focus on the main issues: Stick with the most likely and serious potential impacts.
Mitigation measures should focus only on workable, acceptable solutions. Conclu-
sions of the EIA should be communicated in a concise form, including a summary
relevant to the needs of decision makers.

Involve all appropriate stakeholders: This includes those appointed to manage and
undertake the EIA, those who can contribute with facts, ideas or concerns about the
project (e.g. scientists, engineers, developers, policy makers, groups affected by or in-
terested in the project), as well as those who have authority to permit, control or alter
the development.

! Nwoko, Chris O. (2013): Evaluation of Environmental Impact Assessment System in Nigeria. Greener Journal of Environ-
mental Management and Public Safety 2(1). 22-31.
www.gjournals.org/ GJEMPS/GIEMPS%20PDF/2013/January/Nwoko.pdf
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= Involve stakeholders at an appropriate stage: Integrate stakeholders where they can
contribute to the design and mitigation measures as they are developed. If ap-
proached too late, the developer may have to bear a costly project redesign and con-
flicts are likely to arise.

= Link information gained to decision-making stages: It is important that the EIA pro-
cess be designed to have multiple or on-going inputs into the development of the
project.

= Present clear options for managing impacts (mitigation measures): A key issue is
commitments to mitigation. Are mitigation measures really going to be implement-
ed? Will they help? Are they realistic (for example has a cost-benefit analysis been
conducted)?

= Institute an environmental management plan for internal monitoring: This step is
recommended for the project developer despite monitoring by the authorities.

= Provide information in a simple and useful form to decision makers and managers:
Briefly present hard facts and predictions of impacts, comment on reliability of information

and summarise consequences of alternatives.

Use simple terminology and vocabulary that decision makers and those likely to be affected
can understand.

Present essential findings in a brief format and support with additional materials where nec-
essary.

Make the documentation easy to use and present information visually wherever possible.

SOCIAL IMPACT ASSESSMENT
Socio-economic impacts affect quality of life and livelihoods. Social impact assessments seek
to understand those affected and their likely responses, compare identified effects with expe-
riences in similar cases and use an appropriate expertise and knowledge base to determine
mitigation measures. Best practice for social impact assessment (SIA) involves:

= Predicting adverse impacts

= Specitying impacts for individual groups

= Explaining reasons for differences between groups

= Highlighting impacts on vulnerable groups

= Guarding against representational bias — has your analysis included all groups equal-

ly?
= Forecasting likely demographic changes arising from project requirements

= There is no separate information/guideline on national requirements for project SIAs;
in many instances, are a part of the EIA and are only required separately for larger in-
ternational projects such as those funded the World Bank or the African Development
Bank.

» Social norms

The dynamics of local cultural norms and resulting definitions of social acceptability can
heavily determine whether a project succeeds or fails. Appreciating how these definitions
and norms operate in different cultures, religions and ethical systems and making informed
decisions from the onset is critical.
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According to P.R. Shukla, “the social engineering perspective considers alternative develop-
ment paths which best suit the transitional needs of a developing country while keeping in
view the specificities of prevailing socio-economic dynamics”!. Going above and beyond a
market-based “technology fix” perspective, the social engineering approach also considers
socio-economic dynamics, equity and sustainability. The founder of the Colombian eco-
village Gaviotas, Paolo Lugari, once said, “There is no such thing as sustainable technology
or economic development without sustainable human development to match”2.

Social engineering in project development should therefore react to human variability, which
is mostly unpredictable. It is the approach one takes to deter opposition and allay concerns —
either factual, emotional, or both.

A simple approach considers:

* Communication and willingness to communicate by all stakeholders involved

= Participation and suitable forms of involvement for the situation and stakeholders
(passive, keeping informed, consultation, functional, informal/formal interaction)

= Expectations, both financial and non-financial, as well as gender-based expectations

= Feedback and suggestions, which should be solicited from different groups — from
the elders to the laymen. Useful information is everywhere!

*  Multi-dimensional thinking to prevent preconceptions or an arrogant or “know-it-all”
attitude. No two communities or projects are ever the same!

» Economic impacts

Economic impacts are often centred on employment and the relative immigration of workers
versus local employment. During project implementation, it is likely that the local popula-
tion will increase and cause greater stress on local services (such as health care) and infra-
structure (for example roads and sewerage). Employment opportunities will also be created.
These include:

= Construction employment related to the implementation phase of the project, e.g. site
clearing, EIA experts, civil works engineers
= Direct employment at the project, e.g. project manager, systems engineers, installers

* Increase in employment, if any, brought about by linkages between the proposed de-
velopment and local firms, e.g. local energy service companies managing fee collec-
tions and maintenance, security companies for the site

= Possible increases in service sector employment, e.g. transportation of materials and
people, hospitality and catering

The magnitude and extent of economic impacts depend on the following main factors:
= Duration of construction: Length of construction activities in terms of days, months,
etc.

= Operational periods: Lifespan of facility and personnel required for operations,
maintenance and management

! Shukla, P. R. (ed.) (1997): Energy Strategies and Greenhouse Gas Mitigation. New Delhi: Allied Publishers.

2 Weisman, Alan (1999): Gaviotas: A Village to Reinvent the World. White River Junction, VT: Chelsea Green Publishing
Company.
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* Temporary workforce requirements: Skills required and number of people to be em-
ployed during each project phase

= Earnings expected: Depending on local rates, project budgets, characteristics of the
local economy

* Raw materials and other inputs available for purchase locally

= (Capital investments dedicated to the project development activities

5.3. COMMUNITY MOBILISATION

Community mobilisation is a core component in the successful implementation of rural elec-
trification projects, especially where facilities are to be situated within communities. The mo-
bilisation process can also be used as a gateway to engendering development in a range of
other spheres such as women’s empowerment, savings groups, water and sanitation im-
provements, natural resource management, improved cooking stoves and the use of biogas.

Experience shows that most communities tend to be welcoming on first approach. Central
gathering points like town halls are always good locations to begin interacting with commu-
nities. Introduce yourself and engage in informal dialogue to obtain basic information.

Try to ascertain the power dynamics within the community and identify the key person(s) or
groups that need to be approached formally. You may ask if it is okay to be escorted around
the community to establish its suitability for a potential project, for example, as well as to
gauge the social dynamics and relative security of the location. Be open with information,
but do not raise expectations too much or too early. Get contact details from a point person
you intend to communicate with later on. It is worth having a local person guide you
through communities if you do not share a common language or traditions with the people
in the community.

Mobilise community members and arrange for a more formal meeting to introduce your
proposed project and your community engagement strategy. You may be able to form func-
tional groups at this point or organise for a later meeting. Keep in mind that equitable repre-
sentation is something to strive for throughout the project. The proactivity of a project devel-
oper can instil a sense of responsibility for renewable energy systems within the community.

Keep community groups involved at various stages of the project leading up to implementa-
tion. Project developers should strive to make their projects as beneficial to the local commu-
nity as possible. Seeking the permission of the locals to showcase their experiences and tell
their story about the project can help gain trust and support. Spreading information about
their achievements as a community can also give local communities a sense of pride and
strengthen their sense of responsibility for the upkeep of the project.

In Nepal, for instance, community mobilisation conducted as part of the UNDP’s Rural En-
ergy Development Programme served as an innovative and essential vehicle for self-
governance to ensure active participation of local people at all levels of managing and oper-
ating rural systems, primarily micro hydropower and other community development initia-
tives. The programme was designed to place local communities at the centre of the process
by implementing a community mobilisation process based on the four pillars of participa-
tion, transparency, consensus decision-making and inclusion. The case of scaling up decen-
tralised energy services in Nepal certainly illustrates how support for local governance be-
came a key enabler in the scaling up of decentralised energy services to rural areas. REDP
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ensured the participation of both male and female beneficiaries, transparency and consensus
based on inclusive decision-making processes. Experience to date indicates that this ap-
proach was highly effective in strengthening ownership at the local level and ensuring the
sustainability and cost-effectiveness of the programme’s interventions and activities.!

In Rije, an off-grid community in Kuje, Nigeria, for example, community youth from the
Osalase Youth Association were mobilised and involved in conducting energy audits for the
community. Another notable example is the Roguwa community project by the UNDP in
Nasarawa state, where young people were trained as installers during project implementa-
tion. This innovative approach warrants a brief case study, which is presented below.

CASE STUDY: Sustainable energy for the Roguwa community

Despite its proximity to the Federal Capital
Territory, the community of Roguwa in Na-
sarawa state is among the many communities
that do not have access to grid electricity.
Travelling from Abuja to the Roguwa com-
munity only takes about one hour. The com-
munity is located in the Karu Local Govern-
ment Area of Nasarawa state. Roguwa is not
connected to the electricity grid, a circum-
stance which had forced villagers to rely
heavily on local kerosene lamps and petrol

generators (popularly called “I better pass my
neighbour”).

Figure 5.3: Roguwa community members

The inhabitants of Roguwa community are predominantly farmers. Their main source of
drinking water is a commercial borehole located in a central place in the community. Many
of the community members also fetch water from an open well adjacent to the Emir’s palace.
At the time of our visit in August 2013, the open well was drying up. In line with the UN
Sustainable Energy for All (SE4ALL) initiative, the GEF-supported Nigeria Energy Efficiency
Programme implemented by the UNDP and the Energy Commission of Nigeria selected the
Roguwa community as a pilot site.

» Project objectives

The project aimed to increase access to sustainable electricity in the community in order to
boost economic activities, to reduce CO: emissions and associated respiratory ailments
among community members, to increase access to clean and potable water, to build the ca-
pacity of youths to install and maintain solar off-grid systems and to create awareness of the
potential of sustainable energy in meeting national development and environmental sustain-
ability goals.

» Baseline economic analysis of Roguwa community
Households and businesses in Roguwa community relied on kerosene lamps, gasoline gen-
erators and dry-cell batteries for lighting, phone charging and powering of home appliances.
Individual households spend on average NGN 10,800 annually on kerosene fuel and phone

"' UNDP (2011): “Poverty reduction — Scaling up local innovations for transformational change”. New York: UNDP.
www.undp.org/content/dam/undp/library/Poverty%20Reduction/Participatory%20Local%20Development/Nepal REDP_we
b.pdf
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charging while shops spend over NGN 100,000 per annum. In addition, the community
spends NGN 750 per day (NGN 273,750 per year) on fossil fuel to run the generator which
serves the water borehole. The generator will work for about six hours in a day to fill the
overhead tanks with a storage capacity of 13,000 litres. The average household spends ap-
proximately NGN 10 to buy 50 litres of water. The total revenue from the sales of water in a
day is NGN 2,600, with a gross profit of NGN 1,850. This equals NGN 275,250 annually.

PROJECT ACTIVITY 1: TRAINING OF COMMUNITY YOUTH

As part of the sustainability plan, a sensi-
tisation and training workshop was or-
ganised in 2014. The workshop served as
a platform to empower community
stakeholders by teaching them the basic
skills to install and maintain PV systems.
The workshop was attended by over 180
participants. Very few women were pre-
sent. Workshop attendees included the
community head and religious leaders,
among others. In addition to the work-
shop, four technicians from the commu-

) i i o ] Figure 5.4: Sensitisation and training workshop in
nity received practical training to install Roguwa community

and maintain PV systems; they were se-
lected by community elders to assist the Local Energy Regulatory Committee (LERC) with
project management on behalf of the community.

PROJECT ACTIVITY 2: PHOTOVOLTAIC INSTALLATIONS

A 4 kWr solar micro off-grid power station was installed which generates a minimum of 14
kWh daily. The plant proved sufficient to power the pump of the 13,000-litre water tank. 63
beneficiaries including households, businesses and health centres were connected and each
household and shop was provided with two LED lamps for lighting and a wall socket for
phone charging and low-power home appliances. Electricity is supplied to the community
from dusk to dawn and water is pumped into the overhead tank for four to five hours daily.
The plant requires very little maintenance, has no recurring costs and it is capable of generat-
ing a total savings of over NGN 1.6 million annually with a zero carbon footprint.

Table 5.5: Summary of beneficiaries

S/no. Descriptions Quantity
Households 50
Health centre

Drugstores (medicine shop)

Eatery

A U A W N

1
2
Businesses (5 shops, 1 barber, 1 game centre, 1 discotheque) 8
1
1

Shoe mender shop

Total 63
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The solar power plant is made up of 20 units
of 200 Wr solar PV panels arranged in five
arrays with 4 panels per array. All solar ar-
rays were ground-mounted and tilted at
angle of 15° due south of the Equator. Cur-
rent limiters were installed at different
points along the mini-grid. These compo-
nents prevent the beneficiaries from draw-
ing more current than the individual alloca-
tions for each household.

PROJECT ACTIVITY 3: LOCAL ENERGY REGULATORY
COMMITTEE

Figure 5.5: Solar array in Roguwa community

A four-member committee called the Local

Energy Regulatory Committee (LERC) was formed, with the members being nominated by
community leaders and gender balance as an additional consideration. Supported by the
technical team, the committee is responsible for day-to-day management of the facility.
LERC collects an agreed monthly energy fee from beneficiaries, 50% of which goes to facility
maintenance and up-scaling, while the other 30% is set aside as a token for the LERC mem-
bers, who work on part-time basis. The cost of water shall remain unchanged and 20% of the
total revenue collected shall be placed in a revolving fund.

The community was recently divided into two groups for load shedding after the community had
decided to connect seven additional households. Load shedding was implemented to prolong the
system battery life and to prevent over-discharge. Routine maintenance is carried out by the com-
mittee, which ensures that the following activities are performed on the system:

= C(Cleaning of PV modules to remove dust and bird droppings
= Cleaning the system to remove dust, insects and spider webs
= Good housekeeping of and around the system

= Assisting the project/technical officer in checking distribution lines for any fault or il-
legal connections of houses or appliances

= Cleaning of battery terminals

5.4. OWNERSHIP MODELS AND FUNDING

OWNERSHIP AND OPERATING MODELS

» Private company ownership

This model is often preferred by for-profit developers or private companies due to their fi-
nancial (or near financial) viability status. They operate in a purely commercial nature as
their aim is to fully cover costs and to benefit from returns made on a non-subsidised portion
of capital cost. Private companies also operate as joint ventures or collaborate under a public-
private partnership with the government. This model is usually adopted by large-scale, grid-
connected project developers in Nigeria.

» Community ownership

Community-based organisations (CBOs), associations, cooperatives and micro-enterprises
can be self-operated and/or self-owned. This model tends to thrive in rural communities be-
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cause the community has close ties to its own members and is able to collect on due pay-
ments to keep the system running. The operating structure for community owner-
ship/operation can be in the form of a commercial or non-commercial entity.

There are a number of different examples of the community ownership model. One is
Pokhari Chauri, a rural settlement of 239 households in Kavre district, Nepal, where the
community formed a cooperative — the Chauri Khola Micro-Hydro Cooperative Ltd. — to
manage the system and income generated!. In contrast, Tungu-Kabiri community in Kenya
established a commercial enterprise that owns, operates and maintains a micro hydropower
plant. This complete community ownership model has been central to the project’s success.
A 10-member community committee manages the day-to-day operations of the plant and
conducts consultations with the wider community about how the power generated should
be used? In Ndelle, Senegal, an off-grid village system supplying 1,200 inhabitants is also
owned by the community through a village energy committee, with local technicians provid-
ing operational support.

» Government ownership

Governments can also take ownership and manage operations of renewable energy and rural
electrification projects. Many examples exist, many of which provide electricity as a social
service at no fee. One recent example is Nigeria's “Light-Up Rural Nigeria”® project. Global
experience, however, indicates that projects owned solely by government tend to suffer from
a lack of continuity and often end up poorly maintained, chiefly arising from the lack of rev-
enue collection.

» Mixed ownership

This variant relies on a combination of two or more of the above-mentioned models for the
ownership and management of renewable energy projects. Mixed structures tend to perform
better and remain sustainable in the long term. Governments, non-governmental organisa-
tions (NGOs) and international development organisations oftentimes fund and manage
projects, as was the case for Jigawa state’s project where the Japanese government and Unit-
ed States Agency for International Development (USAID) sponsored a USD 450,000 rural
electrification project. The project was implemented and maintained by the Solar Electric
Light Fund (SELF), an NGO based in the USA*.

» Types of funding

While a wide variety of instruments can be used to finance renewable energy projects, three
categories characterise the major types: equity, debt and grant funding.

"'See Yadoo, A. (2012): Delivery models for decentralised rural electrification. London: International Insti-
tute for Environment and Development (IIED). http://pubs.iied.org/pdfs/16032I1ED.pdf (accessed Aug. 30,
2016)

? See Klunne, Wim J. (2007): “Small hydropower development in Africa”. ESI Africa. July 31, www.esi-
africa.com/small-hydropower-development-in-africa-8038/ (accessed Aug. 30, 2016)

? See also Premium Times (2014): “Jonathan inaugurates “Light-Up Rural Nigeria” project in Abuja”, January
14. www.premiumtimesng.com/news/153317-jonathan-inaugurates-light-rural-nigeria-project-abuja.html

* See Omisore, Bolanle (2011): “Nigeria’s solar projects yield both failure and success”, National Geographic,
November 3. http://news.nationalgeographic.com/news/energy/2011/11/111102-solar-power-in-nigeria/
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Table 5.6: Types of funding

Type Risk scale Level of control

e Equity funding: An equity invest- e Highestrisk with e Equity investors maintain the right
ment can be made in support of a higher expected to get involved in the decision-
specific project. Equity funds can returns making processes of a project or
be provided to the company car- company in order to protect their
rying out the project. investment.

e Debt funding: Lenders who pro- e Medium risk with e Because lenders must be repaid
vide debt financing to a project modest expected before distributions can be made to
do not own shares in the project. returns shareholders, lenders bear less risk
They provide capital for the pur- than equity holders. For this rea-
pose of earning interest. son, the potential return to lenders

is limited to risk-adjusted market
interest rates.

e Grant funding: Governmentaland e No expected e Minimal or no control wielded by
international organisations offer returns granting body. However, project
grants (donations) to promote reporting including use of funds
environmental and developmen- may be required.
tal policies.

Renewable energy entrepreneurs, project developers and rural communities are likely to
require a mixture of substantial grant (subsidies) and equity or debt financing if they are to
invest in large-scale electrification infrastructure. Yet, it can be difficult to gain access to
commercial financing because of the degree of risk in the early stages of project development
as shown below.

At the early stages of a project, as shown in Figure 5.6 developers rely on their own money
and contributions in kind, typically labour (“sweat equity”), loans from friends and family
and sometimes high net worth people (“angel investors”) who believe in the potential of a
project.

The intermediate stages
(development and technical
feasibility) require impact
funding from donors,
grants, subsidies, philan-
thropic institutions and de-

High Risk

Decreasing Risk

Technical Commercia
Imple
Feasibility Feasibility
) /

velopment financiers. Both | J |

, \ ) I N | |

- - N\ /
early-stage and mid-stage y \/ X » Y,
funding are usually sunk Own Money bonors | Strategls 'E\ﬁttyors \
costs that may not be recov- Frisevrvzztfg:%y Grants & Subsidies Social Investors  Financial Investors
. Angel Investors P hilanthropic Institutions Development Banks Banks

ered before projects prove 9 Impact Investors Venture Capital

Specialist Dvpt Finance

commercially viable. Risk Capita

The commercial stage re-
quires seed funding, equity
from strategic investors,

Figure 5.6: Project financing stages and sources

private equity, social investors, low-interest loans from development banks and venture cap-
italists for a return on investment.

Once the project becomes commercially viable and moves on to implementation, debt financ-
ing from financial investors and banks can be accessed.
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Finding the right structure for renewable projects is about finding the right balance of risks
and returns, and spreading these across the project participants.

» Access to project funding

Availability of financing creates an enabling environment for renewable energy projects to
develop. Potential sources of project financing include:

International donor assistance: On medium- to large-scale projects, international enti-
ties work to improve the lending terms offered by national financial institutions.
Through partial risk guarantees, grants and technical support, they assist financial
lending institutions (commercial banks) in developing innovative loan products and
identifying high-quality products and trustworthy developers with sound business
models in whom to invest. Examples include Winrock International, Africa Devel-
opment Bank and USAID.

Micro-finance institutions: When structured to suit local situations, microfinance
lending can support small-scale renewable project developers.

Social investors: Socially motivated financing organisations improve access to fund-
ing, either through the direct provision of loans or equity financing or through tech-
nical and business support for rural energy businesses and aspiring entrepreneurs.
Yet, the investment process can be slow and arduous, particularly as due diligence
cannot rely on standard assessment procedures in the absence of credit histories. A
successful case has been the Grameen Bank in Bangladesh which has focused on
building relationships and offering collateral-free group loans, as well as aligning its
overall strategy, culture and structure to fit the local situation.

Carbon emissions financing: This form of environmental financing supports projects
that reduce greenhouse gas emissions. Through joint implementation and a clean de-
velopment mechanism (CDM) process, project developers can generate emissions
credits for renewable energy projects that reduce emissions. Experiences have shown,
however, that it is extremely difficult to make carbon financing economically viable
for rural electrification projects because most of these projects remain economically
unviable due to high project transaction costs (e.g. writing the project design docu-
ment and conducting annual monitoring).

Government funds and grants: The Central Bank of Nigeria MSME Fund offers fund-
ing for renewable energy and energy-efficient products and technologies. The fund
combines a mixture of commercial, developmental and grant-based funding. Loans
are to be managed and administered by microfinance institutions (MFIs), non-
governmental organisations (NGO), financial cooperatives, deposit money banks
(DMBs) and development finance institutions (DFIs). Other programmes include the
Bank of Industry (BOI) Access to Renewable Energy competition.

Crowd funding: This new public investment model has been gaining ground in the
USA and elsewhere. It has been successfully applied to financing utility/commercial-
scale solar projects by Mosaic, a California-based start-up company. Crowd funding
is a rewards-based funding model where small amounts of equity are sold to many
investors through social media with a reasonable expectation of return on invest-
ment.
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5.5. PRODUCTIVE END USES

Productive end use is energy consumed for the production of goods or provision of services,
with resultant income plus welfare benefits. Identifying the main productive activities at a
project site is important in designing appropriate and sustainable projects. Productive uses
differ widely from location to location. For instance in Nigeria, while energy and electricity
may be required to support farming in the North, in the South it may be used more preva-
lently for fishing and aquaculture. Agro-processing is dominant in the West, markets in the
East and so on. Projects designed around the needs of business tend to add significant value
because they facilitate specific activities that contribute to economic and hence social ad-
vancement. Productive end uses also help generate income from the sale of electricity, thus
providing a sustainable foundation for RE projects and eventually benefiting all consumers.
Project developers are well advised to design their projects with productive end uses in mind
for greater project sustainability on the whole.

The following points can help identify such opportunities:

= Surveying local energy resources: What resources are currently being used to supply en-
ergy/electricity? Why that choice? Are there waste streams that could be reused to
generate energy/electricity without taking away from current use? For example, rice
husks may be a good by-product for bioenergy but they are also used as animal feed.

= Identifying existing productive activities in a project location: Taking time to understand
the local energy supply and consumption patterns as well as the peak usage periods
will make it easier to design appropriate technologies.

*  Quantifying the added value gains from enhancing energy inputs for selected productive uses:
For example, if there is a market day where women sell their farm produce, what ex-
tra value will be gained by providing lighting for the market stalls to operate after
dark?

= Identifying potential socio-economic issues and/or benefits: For example, will the standard
of living improve by providing refrigeration to vendors selling fish? What spin-off ef-
fect(s) will this have on enabling new enterprises to emerge?

=  Gauging willingness to pay: Will the user earn enough marginal income to cover opera-
tions and maintenance costs? How willing is the user to do so?

= Identifying community champions: Are there youths, associations and leaders within the
community willing to participate as local support groups for the project? Can they be
trained in first-level maintenance and security?

= Productive uses will not necessarily develop organically unless active promotion by
way of awareness-raising, training, seed capital and tariff discounts is offered. Some

productive uses linked to energy needs in rural communities are presented in Table
5.7

Table 5.7: Examples of productive end uses

Agriculture Rural businesses Household Community
e Land preparation/tillage e Oven cooking (bakeries) e Cooking e Refrigeration of
e Weeding e Cooking and water heating e Lighting med.icines and
e Harvesting (food kiosks, small restau- e Charging cell vaccines
e Drip-feed/sprinkler irrigation rants) e phones * Use.of medical
e Grain milling * Beerbrewing e TV &radio equipment

e Lighting (medical
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Agriculture
Oil pressing
Drying (fruits, vegetables,
coffee, tea, meat, fish, spices)
Smoking (fish, meat, cheese)
Food and drink cooling (e.g.
milk chilling and pasteurisa-
tion)
Ice-making (fish storage)
Water heating (e.g. textile
dying, separating nut kernels)
Sawmilling
Electric fencing
Improved warehousing
Fish hatcheries and fish
Farms (water circulation and
purification)
Lighting (e.g. to increase
night growth in nurseries)

Rural businesses
Grinding
Compressors, welding (ve-
hicle repair)

Drilling & cutting, welding,
use of lathes and mills
(metal workshops)

Refrigeration, freezing,
lighting (shops)

Colour TV, lighting (bars)
Use of electrical cosmetic
appliances (barbers)

Charging batteries/cell
phones

Cutting and filing (car-
pentry, crafts)

Use of sewing machines

(clothing outlets) and pos-
sibly power looms

Use of computers/printers
(internet cafés)

MODULE 5: SOCIAL, ECONOMIC AND LEGAL FRAMEWORK

Household
e Use of sewing
e machines
e Fans

e Refrigeration

Community
clinics, especially
for night births, re-
ligious buildings)
Street lighting
Computing
(education)
Drinking water
pumps
Sewage pumps

REVIEW QUESTIONS

i.  Consider the policies above. Can they be improved? If so, how?
ii. ~ What other business and community engagement models do you think could be used
in your locality?

iii. ~ What impacts, negative and positive, could be prevalent in your locality? Discuss.
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6. Delivery models for decentralised rural electrification ® Y. Annabel; London: International
Institute for Environment and Development (IIED) (2012)
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6. PROJECT DEVELOPMENT

About this module
This module aims to present an overview of project planning, outline the stages of project planning,
and highlight challenges likely to be faced by project planners as well as present factors that aid suc-
cessful project outcomes.
Learning outcomes
At the end of this module, the participant is able to

= Qutline the procedures involved in planning RE systems

= Carry out basic a financial analysis of RE projects

= Appreciate the role of the local community in RE projects

6.1. PROJECT PLANNING AND MANAGEMENT

INTRODUCTION

Renewable energy projects are generally undertaken to address a particular need. As is most-
ly the case in Nigeria, the need for reliable electricity in rural areas is immense. Proper pro-
ject planning seeks to ensure that appropriate technologies and available resources (such as
solar and hydro) are utilised in a cost-effective manner that benefits project sponsors, end
users and the environment.

Developing renewable energy projects primarily involves undertaking a set of activities sub-
ject to significant risks and unknowns. Projects require inputs such as on-going investments
of time, financial, and even political resources toward achieving a successful output (the
completed project) and outcomes (objectives and associated benefits).

There are various approaches to project development. From experience within and outside of
Nigeria, renewable energy and rural electrification projects tend to consist of some or all of
the phases outlined in the diagram below.

Pre-development Development

Operations,
Maintenance &
Management

Implementation Closure

Figure 6.1: Project planning stages

» Phase I: Pre-development

At this stage, a project developer defines the proposed project. One way of doing this is by
describing the motivation behind it. A motivated project is one that defines a clear pathway
to success and enough potential that it simply cannot be ignored. Establishing the project
motivation is essential to attract the resources and expertise necessary to execute the project
during the pre-development stage. To establish the project motivation, project developers
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can use the BEPTC! assessment tool — baseline, economics, policy, technology, consensus —in
relation to their project. The elements of this tool are outlined below.

Baseline: A statement of purpose that identifies a simple, clear and strong purpose or need for
the project to exist. For example, “without access to decentralised electricity generated at the
source, the majority of Nigeria’s underserved rural and semi-urban communities will remain
in darkness. Millions of households will continue to live in energy poverty, exposed to harm-
ful fumes from the use of finite resources such as kerosene, petrol, diesel and firewood.”
Along with the statement of purpose it is also useful to include the objectives (i.e. specific,
measurable, agreed and realistic goals with a set time frame) as well as the scope and desired
outcomes of the project.

Economics: A reasonable and objective analysis of fundamental energy economics to establish
the “bankability” of providing energy in the location, both in terms of the total costs of ac-
quiring energy from existing sources (self-generated or utility-based) and from the proposed
sources as a point of comparison. Factors such as the prevailing utility rates, spending on
independent generation schemes and incentives for proposed sources need to be considered.
Financial analysis tools can be used to measure or score project motivation in financial terms.

Policy: Examine the existing federal, state, local and regulatory policy environments for bar-
riers and form strategies to mitigate or deal with them prior to expending significant re-
sources on a project. Remember to consider both internal and external policies. Reference
relevant policies in the proposal, for example, “this project supports the government’s drive
to improve access to electricity using renewable energy resources to make reliable energy
available in rural areas as expounded in the National Renewable Energy and Energy Effi-
ciency Policy (NREEP) approved in 2015.”

Technology: Resource assessments characterise the renewable resources that are available at a
specific site. Maps of renewable energy resources might be available from a simple desktop
study. Assessing commercial technologies, reliability, and bankability may require more, but
still relatively minimal, effort. Project developers may wish to invest in an upfront pre-
feasibility study to screen areas of opportunity and establish whether the project merits a
more serious investment of time and resources.

Consensus: Project developers need to generate buy-in for their project. Communication and
consensus-building among stakeholders involves a creating a common understanding of the
project fundamentals, and a unification of purpose. This will involve many parties’ input,
investment, and possibly compromise. If the project motivation is acceptable to project deci-
sion makers, they may proceed to project development activities by investing further re-
sources.

» Phase IlI: Project development

At this stage, the project developer proposes a specific project delivery plan. Activities here
involve feasibility assessments (e.g. site, resource, financial, non-financial, risks) and project
design (objectives, technology design, project plan, operating models and ownership struc-
tures, project management processes).

" BEPTC™ is a trademark of the Alliance for Sustainable Energy, LLC, the operator of the National Renewable Energy
Laboratory (NREL), a US government-owned, contractor-operated laboratory for renewable energy and energy efficien-
cy research and development. See www.nrel.gov
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THE FEASIBILITY STUDY

The first step in every project development is the feasibility study/assessment. The feasibility
study consists of the following:

Situation analysis - every feasibility study is based on a comprehensive situation analysis.
This analysis forms a substantial part of different planning methods. In our context, the situ-
ation analysis is focused on problems (such as the lack of energy/electricity in a given village,
rural area, etc.), stakeholders and their social environment.

The issues to be tackled, as well as the scope and the depth of analysis depend on the situa-
tion to be analysed. It is not the instruments which determine the analysis, but the guiding
interests which determine the choice of tools.

As problems are always connected to unfulfilled objectives, a situation analysis comprises an
objectives analysis as well as a problems analysis. Moreover, since it is always people’s prob-
lems and objectives which make up a situation, the analysis includes a stakeholder analysis.

A good feasibility study provides a detailed analysis of the project using the following as-
sessments:

Site-specific assessments - identifies siting options, physical issues, space availability and
other factors that may affect project execution at the considered site. The detail level of these
assessments depends on the project scale as well as national legislation and technology-
specific requirements. Outcomes from this assessment would be a selected site and list of
required permits.

Problems analysis - identifies deficiencies and their causes by precisely describing deficien-
cies as the difference between a desired end and an existing/actual situation so that the
symptoms become clear. In other words, this analysis answers the question: Why is an elec-
trification project required?

Constraints and potentials analysis - constraints result from (and respective potentials refer
to) resources that are available for carrying out activities (in our case electrification projects)
such as know-how, capital and means of production.

Renewable energy resource and technology feasibility - an analysis is performed to establish
and support resource availability, quality, and characteristics within a tight range of certain-
ty for a specific site. This requires on-site data collected over a period of time, complemented
with computer modelling. Outcomes from this assessment would be a preferred technology
recommendation, i.e. an evidence-based suggestion to install a PV system instead of a wind
energy system due to the better availability of sun over wind.

Commercial feasibility - this includes using financial forecasting and planning tools to help
decision makers and investors determine whether the project is worth undertaking. Out-
comes of this analysis would include figures detailing the system yield, capital expenditures,
operation and maintenance costs, revenue and savings over time, as well as other financial
indicators such as rates of return, payback, etc.

Non-financial analysis - this type of analysis includes environmental, social and economic
impact assessments (see module 5.2.) for the proposed project. Outcomes of this assessment
would be a survey outlining any socio-economic and environmental impacts and associated
mitigation measures. Possible negative results would have to be taken into consideration for
further planning.
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Stakeholder or participant analysis - the stakeholder or participant analysis is an analysis of
the problems, fears, interests, expectations, restrictions and potentials of all important
groups, organisations and institutions, implementing agencies, other projects and individu-
als who may have an influence on a situation or (intended) project or are themselves affected
by it.

The stakeholder analysis identifies individuals or groups who have problems to be ad-
dressed, agencies which implement measures, individuals or groups who supervise the pro-
ject and carry overall responsibilities, as well as any other strategic groups.

It is necessary to communicate with all stakeholders, taking time to analyse relevant project
participants as part of project planning.

The following points are to be considered in a stakeholder analysis:

= Social structure and hierarchy of power and the most important actors of a given sit-
uation or project, their interests and their objectives, as well as their relations amongst
each other.

= Important actors or stakeholders are those both positively and negatively affected by
the project.

* Women'’s interests: planners should put an effort into including women and fostering

their participation.

Table 6.1: Extract from a stakeholder register

Stakeholder register

stakeholder Role/Interest Expectation, influ- Attitude tto- Strategy for Contact
ence, other wards project management frequency
e Rural Elec- e Funding rural e Potential source e Unknown as e Getthem e Bi-weekly
trification electrification of funding for of January 1 fully on updates fol-
Agency of projects mini-grid project board and lowed by of-
Nigeria throughout Ni- supporting fer to meet
(REA) geria the project one-on-one
e Local NGO e Representing e Support for e Has ex- e Analyse e Continuous
the interests of project imple- pressed in- interest updates;
the local popu- mentation by terest for 2 and discuss monthly
lation communicating years now, their view contact dur-
with local bene- interested in of the pro- ing the
ficiaries permanent ject and planning
cooperation sugges- phase
tions

e Ministry of e

Permission for

e Avoid possible

e Open, princi-

e |nvolve at a

e Continuous

Environ- installing RE infringements pally in fa- very early updates
ment systems with environ- vour of RE stage of during plan-
mental legisla- projects planning ning; bi-
tion weekly
e Product o Selling their e Essential stake- e Principallyin e Involveata e Regular
and service products, pro- holder for calcu- favour very early contact dur-
suppliers vide cost esti- lating project stage of ing early
mates costs planning planning
phase
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Others:

= Planners, engineers, procurement specialists, accountants, regulatory agencies with
jurisdiction over the project, etc.

= Other groups or departments that will participate in the project, e.g. development
and training organisations at the village level.

= Other organisations concerned with the project, e.g. national and local governmental
groups
Project design - a good project design consists of the following:

Technology design - following from the pre-development stage, a more detailed outline of
the feasible technology is carried out with engineering design, equipment selection, and pro-
curement activities planned for. Common stages of engineering design include conceptual
design development and construction documents with full specifications, which may be used
for bid and contract procurement. Note that all of these design processes require varying
degrees of financial investment depending on project scale and scope.

Project plan - the main purpose is to plan time, cost and resources adequately to estimate the
work needed and to effectively manage risk during project execution. Project plans help to
organize and interpret information, inform decisions, and monitor project progress, in a reg-
ular, repeatable, disciplined manner. Some of the components of project plans include:

= Task schedules which are essentially work packages that break down the project
scope into achievable, ordered activities and tasks. This will inform on the appropri-
ate team structure for the project with key roles and responsibilities.

= Key milestones are intermediate targets at various sub-levels. They define targets to
be reached by each task or subtask. With the successful completion of significant
work segments (mostly in consecutive order), “milestone” is said to be achieved.
They signal project progress and often trigger the next sequence of activities, leading
to the completion of a project.

= Resource schedule identifies available inputs and dependencies such as people work-
ing on the project, budget, space, materials and equipment required. Resources are
assigned to appropriate tasks.

= All projects have a finite duration. A project planner allocates time to each task based
on the amount of effort it takes e.g. hours it takes to complete a task or calendar span
e.g. days or weeks. An estimated time of completion for work packages and the entire
project is arrived at in this way. There is always a degree of uncertainty in time esti-
mation. Sometimes project planners factor in additional time to cover for unexpected
events or delays.

= Risk analysis and assessment help to frame uncertainties and issues that are likely to
adversely affect the project. As such, it is contingent on the project developer to iden-
tify potential risks (internal and external), the likelihood of the risks occurring, the
impact of each risk on the project and the prescribed mitigation measure for each risk.
Common risks involved in renewable energy and rural electrification projects include
political risks, construction and development risk, operational risk, political risk, fi-
nancial risk, regulatory risk, environmental risk and force majeure.
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Table 6.2: Risk register showing a single risk entry

Risk register

Risk Likelihood Impact Mitigation Responsible

1D# Description H/M/L H/M/L P Agent Update
001 e Project funding is o Low e High e Formulate ¢ Project e Agency’s budg-
unexpectedly can- letter of in- manager et is stated for
celled terest be- the project, dis-
forehand and cussed and
sign binding signed.
contracts.

» Phase lll: Project implementation

Here a project developer delivers the project according to plan or with minimal changes to
the original plan. Implementation activities include managing all the resources allocated for
the project to successfully construct the proposed facility. At the end of construction, testing
is usually carried out to ensure that the facility is functional before full operations com-
mence.

» Phase IV: Project commencement

At this stage, all project development activities across all of the processes are finalized and
formally closed. The facility is formally commissioned, handed over to the relevant manag-
ers for full operation. A post implementation review is vital at this stage for the project team
and other stakeholders to learn from experiences and apply to future projects. Normally this
takes the form of a “lessons learned” presentation that shows the things that went well and
those that went badly on the project, any change that modifies the tangible portions of the
finished work and how these variables were managed by the project team.

Every facility has an end of life where it may need to be retired or renovated. If the choice is
to retire or decommission, project developers have to think of site clean-up, disposing of
components in a manner that is non-polluting and not injurious to human health and the
environment. Should the choice be to renovate, issues such as permit revision, new financing
arrangements, negotiating new lease agreement, power purchase agreement (PPA) need to
be considered.

» Challenges

No project is without constraints. The primary challenge of project management is to achieve
all of the project goals and objectives while honouring the preconceived constraints. The
primary constraints are scope, time, quality and budget. The secondary — and more ambi-
tious — challenge is to optimize the allocation of necessary inputs and integrate them to
meet pre-defined objectives. Projects are also impacted by external constraints such as policy,
social issues etc. In dealing with constraints, trade-offs need to be made as to which is ac-
ceptable, which can be enhanced and which has to be managed. Barriers that developers may
encounter include:

i.  Development barriers: Most projects do not eventually progress along the phases
from pre-development to closure. For instance, although 277 potential sites for small
hydro in Nigeria have been identified, most remain undeveloped!

! Renewable Energy Master Plan 2012, ECN and UNDP
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Financial barriers: High investment costs, feasibility study costs, other fees and
charges such as custom duties and levies form barriers to project development. With-
out adequate funding, projects risk not taking off or collapsing along the way.

Technology barriers: When selecting the appropriate technology to use, project de-
velopers need to answer pertinent questions like is there enough resource and skillset
to manage the proposed technology?

Maintenance barriers: Most projects fail for lack of maintenance plans. Project devel-
opers should consider what arrangements to make for replacements and repairs.
Who manages maintenance? Who pays for maintenance?

Business model barriers: The business model helps identify who the customer is, how
to reach them and how profits be made from payments? Without a clear business
model suited to the local context, projects may suffer.

Policy and regulations barriers: Lack of strong policy frameworks, incentive schemes,
standards and enforcement of laws can adversely affect project development by hin-
dering investments. The level of government commitment to both policy formulation
and implementation can make or mar an enabling environment for project develop-
ment.

Market barriers: Without a proper understanding of the existing market, alternatives
available, what costs make sense to the end-users, project developers may face re-
sistance and lack of adoption of new technology.

Skills barriers: Lack of skilled local experts to operate and manage proposed technol-
ogy can lead to prolonged downtime,

Social vices: Theft and vandalism are some of the social vices peculiar to infrastruc-
ture developments within the country where community involvement in projects is
weak. Project developers need to think through how these can be avoided and man-
aged.

Stakeholder buy-in: Stakeholders can become adversaries to a project before it even
begins. Without consensus and communication efforts on the developer’s part, pre-
cious resources may not be made available for projects.

» Success factors

Most projects are deemed to be successful when they are completed within the scheduled
time, budget and quality specifications. Below are some of the less pronounced aspects that
lead to successful projects beyond completion:

i.

Keep it simple: It is very important that developers keep processes and plans as sim-
ple as possible.

Proper understanding of costs: It is critical to understand that development and pro-
ject costs are never static. Development costs include feasibility study costs, impact
assessment costs, site preparation, permit and license costs amongst others. Project
costs include equipment costs, financing costs, total installed cost, fixed and variable
costs, operating and maintenance costs (O&M), fuel costs. Factoring in cost buffers to
cover for the unexpected and having the ability to make adjustments can ensure that
projects go smoothly.
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Social acceptance: No matter how brilliant a project, its success heavily relies on being
accepted within the community where it is situated. It also follows that involving the
local community happens to be the best way to prevent theft and vandalism. A pro-
ject planner needs to gain the support and buy-in of community stakeholders by car-
rying them along from initiation to closure. Bringing all the stakeholders together is
fundamental to any sustainable, successful and secure project especially in remote lo-
cations.

Manage expectations: Stakeholders need to have a clear understanding of the project
in terms of benefits, choices, challenges and changes. Ambiguities and concerns need
to be addressed early to avoid future disputes.

Flexibility: In reality, projects rarely go according to plan. Project plans are therefore
documents written before the start of a project. Almost everything is based on esti-
mates that eventually need adjustments during project implementation.

Clearly defined roles and responsibilities: Responsibilities within a project are as-
signed according to roles and skills needed to fulfil the project objectives. Manage-
ment and project team members need to have delineated roles and responsibilities in
order for the project to function well.

Team involvement: It is important for the project team and management to co-
operate and have a good working relationship for projects to achieve success.

Progress tracking: Monitoring project progress and reviewing periodically is neces-
sary to keeping projects on track. Without progress tracking, controls and adjust-
ments cannot be made on time to avoid overruns, delays and failure.

Training: It is important to incorporate skills transfer and training for local personnel
on the project, who should be able to fully operate the plant, perform routine checks
and maintenance. This removes the need to maintain O&M contracts with foreign en-
tities that can drive up the overall costs of O&M.

Sustainability Plan: A sustainability plan provides a continuity strategy for the project
beyond its completion and commissioning. Very often this is overlooked and great
projects end up failing.

It is worth learning from best practices from successful projects worldwide. The table below
provides some insights:

Table 6.3: Adapted from Micro-grids for rural electrification: A critical review of best practices based taking
place seven case studies — United Nations Foundation, 2014

Parameter Example 1 Example 2
Project e Chhattisgarh Renewable Energy Develop- e Partners of Community Organization (PA-
ment Agency (CREDA), India COS), Malaysia

Brief

e The state’s designated government agen-
cy for the development of renewable en-
ergy solutions

e Significant forest cover and a low rate of e Micro-hydro facility, NGO-community part-
electrification in the Indian state of nership. Together, the NGOs and PACOS use
Chhattisgarh necessitated the develop- the micro-hydro projects as an entry point
ment of off-grid electrification solutions in into a village to advocate for other issues re-
the form of both solar PV micro-grids and lated to the community.

solar home lighting systems.
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Parameter Example 1 Example 2
Successes e Scalability and wide reach e Community building/ownership
e Public-private partnership e Conservation
e Effective monitoring and verification e Community maintenance efforts

e Equity and coverage

Challenges e Limited electricity service levels e Major repairs
e Poor payment collection e Community adaptation to seasonal variabil-
e Central grid extension ity
e Personnel security issues * Demand-side management

¢ Inefficiencies due to shared management
responsibilities

Lessons e Strong state backing is required for long- e Investin community training
learned term sustainability and equity e Community commitment is the key to long-
e Increase in energy needs by consumers for term success.
residential and commercial activities e Incentivize labour continuity to ensure con-
o Effective monitoring and verification key sistent maintenance and operations
for quality operation e Devise thoughtful rules and enforcement

mechanisms pertaining to customer usage
e Cooperate with other NGOs
e Communities have solutions

e Government recognition necessary for pro-
tection and channels for recourse

6.2. FINANCIAL ANALYSIS

Renewable energy and rural electrification projects often require high capital expenditures.
As is the case with all projects and investments, there are also associated risks and potential
rewards to consider. Financial risks and returns are co-dependent categories; if returns are
increased for any given level of risk, or if the perceived levels of risk are reduced for any giv-
en level of risk, renewable energy investments are more likely to occur more frequently.

Since project sponsors, lenders and investors want to achieve a return proportional to the
level of risk they undertake, it is incumbent upon a project developer to understand the
risk/return balance and be able to present convincing financial projections to justify invest-
ments or secure funding.

FINANCIAL FORECASTING TOOLS

Financial forecasting tools support decision-making and provide the project developer with
vital information for planning. It is common to conduct a multi-criteria analysis by including
two or more of the following financial analysis tools in project financial plans.

» Net present value (NPV)

NPV is defined as the sum of the present values of incoming and outgoing cash flows over a
period of time. NPV is an indicator of how much value an investment or project adds to a
developer or company. NPV is used to analyse the profitability of a project. The more posi-
tive the NPV, the better the returns.

If... It means... Then...

NPV >0  Theinvestment would add value. The project may be accepted.
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If... It means... Then...

NPV <0  Theinvestment would subtract  The project should be rejected.
value.

NPV =0  The investment would neither Acceptance or rejection is not a clear-cut matter. This pro-
gain nor lose value. ject would break even, i.e. it would add no monetary value.
Decision should be based on other criteria, e.g., strategic
positioning or other factors not explicitly included in the
calculation.

Formula:

NPV = Sum of present value of future cash flow — initial cost of investment
n
NPV Z ‘¢
B o 1+rn 0

Cn = Future cash flow from time/period 1 to n
n= Time span
r= Discount factor or interest rate

Co= Initial cost of investment at time zero

» Internal rate of return (IRR)

IRR is used to measure and compare the profitability of investments. IRR can be defined as
the discount rate at which the present value of all future cash flow is equal to the initial in-
vestment or, in other words, the rate at which NPV equals zero. That is, the cumulative NPV
of all project costs would be exactly equal to the cumulative NPV of all project benefits or
cash flow if both were discounted at the internal rate of return. Solving for IRR is an iterative
process where different rates are tried until arriving at the one that makes NPV equal or
closest to zero.

For two or more competing projects, the project with the highest IRR is more desirable. As
such, IRR can be used to rank several prospective projects, assuming all other factors among
the various projects are equal.

Formula:

n Cn
IRR ~ NPV = Z— —Cy =0
t_01+r"

Cn = Future cash flow from time/period 1 to n
n= Time span
r= Discount factor or interest rate

Co= Initial cost of investment at time zero

» Life-cycle cost analysis (LCCA)

LCCA takes into account the present value of all costs associated with an investment option
over its lifetime, that is, the total cost of ownership over a given period. This includes acqui-
sition costs (capital cost, installation costs), replacement costs, operations and maintenance
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(O&M), fuel costs, conversion and/or decommissioning costs at the end of the life of the in-

vestment. The advantage of LCCA is that it is a familiar tool for decision makers and econo-

mists and it provides a means to include time preferences or the opportunity cost of money.

If... It means...

LCC>0 Over the lifespan of the project,
it fails to generate net income.

LCC<O0 Over the lifespan of the project,
it generates net income.

LCC=0 Over the lifespan of the project,
it breaks even.

Then...

The project may be rejected.

The project should be accepted.

Acceptance or rejection is not a clear-cut matter. This pro-
ject would break even, i.e. it would add no monetary value.
Decision should be based on other criteria, e.g., strategic
positioning or other factors not explicitly included in the
calculation.

The project with the lowest (or negative) life-cycle cost over its lifespan is more favourable;
this means it generates net income. The project with a zero lifecycle cost breaks even, mean-
ing that its costs equal its income, while the project with the most positive life-cycle cost
(greater than zero) is a failure, as it fails to generate net income.

Formula:
n
[(Cn + Mn + Fn - Rn) - In]
LCC =
14+rn
t=0
Cn=  Capital cost at time n
Mn=  Operations and maintenance cost at time n
Fn= Fuel cost at time n
Rn= Residual cost at time n
In= Income at time n
n= Time span
r= Discount rate

» Cost-benefit analysis (CBA)

Prior to erecting a new plant or taking on a new project, prudent developers will conduct a
cost-benefit analysis as a means of evaluating all of the potential costs and revenues that may
be generated if the project is completed. A cost-benefit ratio is normally calculated where
only the recurrent income is taken as the benefit.

If... It means...
CBR>1 Costs exceed benefits.
CBR<1 Benefits exceed costs.

CBR=1 Benefits exactly equal costs.

Then...
The project may be rejected.
The project should be accepted.

Acceptance or rejection is not a clear-cut matter. This pro-
ject would break even, i.e. it would add no monetary value.
Decision should be based on other criteria, e.g., strategic
positioning or other factors not explicitly included in the
calculation.
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Formula:

n
CBR = Z[(Cn'l' Mn+Fn_Rn) - In]
t=0

14+rn
Cn=  Capital cost at time n
Mn = Operations and maintenance cost at time 7
Fn=  Fuel cost at time n
Rn=  Residual cost at time n
In= Income at time n
=  Time span

r= Discount rate

» Payback period (PP)

Payback period is the time it takes for an investment to generate an amount of income or
cash equal to the cost of the initial investment. The shorter the payback period, the better the
investment is deemed to be. Developers and investors use payback period to make a quick
judgment about a particular investment or capital purchase.

Formula:

pp — Capital costs
"~ Annual savings

» Levellised cost of energy (LCoE)
LCoE is the ratio of the NPV of total investment/capital costs, fuel costs, operating and
maintenance costs of a system to the NPV of the total electricity generated by the system
over its economic lifespan. It allows for comparisons to be made between different technolo-
gy sources based on the electricity cost.

The LCoE gives the price of electricity required for a project where revenues would equal
costs, including making a return on the capital invested equal to the discount rate. An elec-
tricity price above this would yield a greater return on capital, while a price below it would
yield a lower return on capital, or even a loss.

Formula:
n I+ Mg+ Fy
t=1 t
1+r
LCOE = )
n t
t=1 (141t
Ii= Investment expenditures in period ¢
Me=  Operations and maintenance expenditures in period ¢
Fe= Fuel expenditures in period t
Ei=  Electricity generation in period ¢
r= Discount rate
n=  Economic life of the system
Ie= Investment expenditures in period ¢
M= Operations and maintenance expenditures in period ¢
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Example: Financial implication calculation

Example: An off-grid community requires your expert advice on choosing between a water turbine and a
solar PV system. For a theoretical lifespan of n = 10 years (120 months) and an assumed equivalent dis-
count rate r = 0.5% per month, the discount factor Dnr = [[1-(1+r)™]/r} = {[1-1.00520]/0.005} = 90.073. Com-
pare the financial implications using net present value, life-cycle cost analysis, cost benefit ratio, and pay-
back period for each of the projects below:

2 kW water turbine 20 kW solar PV
plus battery storage
Average installed capacity 1,460 kWh/month 14,600 kWh/month
Average availability 0.75 0.07

Average monthly output

Generated savings(income)

Capital cost C (at start of project) in-
cluding fees, control system, electrical
connections, etc.

O&M costs
including insurance,
maintenance, spares, etc.

Lifetime net expenditure (OxD,,)

Lifetime net income (IxD,,)

Lifetime net electricity generation

Payback period (PP)

Net present value (NPV)

Life cycle cost analysis (LCCA)

Cost benefit ratio (CBR)

Levellised cost of energy (LCoE)

1,095 kWh/month

NGN 43,800/month or
NGN 525,600/year

NGN 3,000,000 including
civil works

NGN 1,500/month

Calculations

NGN 1,500 x 90.073
= NGN 135,100

NGN 43,800
% 90.073
= NGN 3,945,200

1,095 kWh
x 90.073
= 98,630 kWh

NGN 3,000,000
/ NGN 525,600
=5.7yrs

NGN 3,945,200
—NGN 3,000,000
= NGN 945,200

NGN 3,000,000

+NGN 135,100
—NGN 3,945,200
= NGN -810,100

(NGN 3,000,000 +
NGN 135,100)

/ NGN 3,945,200
=0.795

NGN 135,100
/ 98,630 kWh
=NGN 1.4/kWh

1,022 kWh/month

NGN 409,00/month or
NGN 490,800/year

NGN 2,500,000 including energy storage

(batteries) and inverter

NGN 4,000/month

NGN4,000 x 90.073
=NGN 360,300

NGN 40,900
% 90.073
=NGN 3,684,000

1,022 kWh
x 90.073
= 92,055 kWh

NGN 2,500,000
/ NGN 490,800

=5.1yrs
NGN 3,684,000

—NGN 2,500,000
=NGN 1,184,000

NGN 2,500,000
+ NGN 360,300
—NGN 3,684,000

=NGN -823,700

(NGN 2,500,000 + NGN 360,300)

/ NGN 3,684,000
=0.776

NGN 360,300
/92,055 kWh
=NGN 4/kWh

Based on the calculations for PP, NPV, LCCA, CBR and LCoE, the solar PV project demon-
strates better economics and should therefore be recommended.
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» Considerations when making a financial analysis

When conducting a project financial analysis, a multi-criteria approach is recommended as a
source of different valuation mechanisms to inform investment decision-making. Most inves-
tors and almost all financing institutions will require some form of multi-criteria analysis or
several different key performance indicators (KPIs). While a single analysis technique or KPI
tool is sufficient to provide all the investment data needed for an efficient decision, a multi-
criteria analysis can be helpful in evaluating future financial performance. It should also be
noted that the quality of an analysis tool strongly depends on the quality and level of detail
of the input data. Also, renewable energy technologies vary by technology, country, and pro-
ject, with differences as to the renewable energy resource, capital and operating costs, and
technology efficiency/performance. A strong financial analysis considers the following:
YIELD AND DEMAND ANALYSIS

= Can we produce enough power and can we sell all power produced?

= Technology

* Do we have the right technology for this project?

= s it cost-effective and does it fit into the financial model?

INFRASTRUCTURE
= Substations, roads

Risk (technical, financial and institutional)
* Additional studies

SENSITIVITY

= Financial conditions (tariff rates, engineering procurement and commissioning turn-
key costs, payment methods)

* Economic conditions (using SWOT, PEST)
= Ownership structures

* Financing structures

FINANCIAL STATEMENTS

In addition to the financial projection tools, for certain categories of projects, permitting
agencies require project developers to provide projections of the following financial state-
ments for the duration of the licence or a minimum of five years.

» Profit and loss (P&L) account

The P&L account or income statement reports the financial performance of an entity or a
project in terms of net profit or loss over a specified period of time. It takes the difference
between the income and expenses to present either a profit or a loss.

Advantage Disadvantage
An updated profit and loss account is a useful tool for  No intrinsic disadvantage. However, as with all financial
measuring performance and expenditures. It can statements, its utility depends largely on the accuracy of
identify: the data used to generate the statement.

e Sources of financial gain and loss, and how
to improve performance

e Trends, as well as predictions of future perfor-
mance
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» Cash flow statement

The cash flow statement presents the inflow and outflow of cash over a period of time.

Advantage Disadvantage
e Shows the actual cash position available. e On its own, a cash flow forecast shows only cash
e Helps project the future liquidity position, thereby positions and not the company’s actual profit and
allowing for arrangements to be made in advance loss.

for any cash shortages.

» Balance sheet

The balance sheet is a statement of financial position presented at a given date. It captures
the position of assets, liabilities and equity of an entity or a project.

Advantage Disadvantage

e Allows investor to form a well-informed opin- e Balance sheets present a snapshot of the
ion of risk and return prospects. financial position at a given point in time;

¢ Financial ratios can be calculated using various its figures can be misleading.
balance sheet items to obtain a very thorough e Many balance sheet items such as fixed
summary of the financial health of the project by assets are reported at their historical cost
analysing its cash position, working capital, li- basis — the amount an asset was pur-
quidity and leverage. chased for, which often has little to do

e Balance sheet items enable the assessment of a with the more meaningful fair market
project’s asset turnover rates — a measure of effi- value.

cient asset use, key profitability and return
measures such as return on equity.
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