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ABSTRACT

Accurate wind resource assessment is of high importance in wind power project development.
This thesis estimates the annual energy yield and emission reduction potential for a grid

connected 5.95 MW wind power plant at the Island of Sao Vicente in Cape Verde.

Wind speed data from Sao Vicente wind farm is processed and analyzed in R (Statistical
software). The maximum annual wind energy potential at the site is 53,470.2 MWh, but
analysis shows that the turbine can harness an estimated 14,185 MWh per annum. The
estimated annual greenhouse gas (GHG) emissions displacement is 10,071 tonnes of CO.. In
monetary terms, the GHG displacement is worth € 60,428 per annum based on the European
trading system of € 6 per tonne CO». The estimated investment cost of the 5.95MW wind power
project is € 15.5 million against the estimated investment cost of similar project in Germany of
€ 10 million based on the investment benchmark of $ 1,800/kW published by the Fraunhofer
Institute and also in comparison with a typical Vestas wind turbine cost of $1,800/kW. The
difference in investment cost between Cape Verde and Germany is attributed to additional cost
of breaking the complex terrain barriers to the good wind site in Sao Vicente; importation of
turbine and equipment parts; foreign consultancy services and manpower; pre-feasibility and

feasibility studies to identify suitable sites.

With the prevailing electricity tariff of € 0.28 per kwWh in Cape Verde, it was estimated that the
wind power project will break-even within 4 years with or without carbon credit. This indicates

that the project is financially viable.

In the context of Nigeria’s coastal area of Lagos, wind resource potential lies within Class 1
(<5 m/s) at a hub height of 74 metres. This indicates that wind power project could be realized
using a turbine with a cut-in speed below 3 m/s in best case scenario. The implication is that
more numbers of small wind turbines will be needed to reach utility-scale.
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CHAPTER ONE
INTRODUCTION AND PROJECT RATIONALE

1.1 INTRODUCTION

For any power plant to generate electricity, it needs fuel. For a wind power plant, the required fuel
is the freely available wind. Wind resource assessment is the entire process of estimating how
much fuel will be available for a wind power plant over the course of its useful life. This process
is the single most important step for determining how much energy the plant will produce, and
ultimately how much money it will earn for its owners through the sale of energy produced and/or
the carbon credit earned (Brower et al., 2012). It also forms the basis for determining initial the
feasibility and cash flow projections, and it is ultimately vital for acquiring financing for the wind
power project (Windustry, 2014). Wind resource assessment include such activities as the site
identification and screening, preliminary assessment, and micrositing/energy yield estimation of
wind power system (Brower et al., 2012).

Wind speed is essentially the most important data to acquire in wind resource assessment, and it
can be one of the highest risk to the business case for a wind power project. Inaccurate prediction
of wind resource availability can result in a faltered energy yield projection of the wind power
facility, and which in turn will affect the investment plan. A comprehensive pre-screening of wind
resources is required for a successful wind power project development and the exercise constitutes
the first step in ensuring economically viable project (SWERA, 2013).

Wind resource is commonly assessed by fitting the Weibull distribution to time series observations
of wind speeds and directions obtained over a period of at least one year (Christiansen et al., 2006).
The fitted probability density function is characterized by a scale parameter (A) and a shape
parameter (k), which may be used to determine the mean wind speed and the wind power density

(Troen and Petersen, 1989).



Traditionally, there is a strong correlation between wind speed and wind energy. As wind speed
increases, the amount of available energy increases, following a cubic function. Therefore,
capacity factor rises rapidly as the average mean wind speed increases. A doubling of wind speed
increases power output of the wind turbine by a factor of eight (EWEA, 2009). There is, therefore,
a significant incentive to site wind farms in areas with high average wind speeds. In addition, the
wind generally blows more consistently at higher speeds at greater heights. For instance, a five-
fold increase in the height of a wind turbine above the prevailing terrain can result in twice as
much wind power. Air temperature also has an effect, as denser (colder) air provides more energy.
On the other hand, the “smoothness” of the air is also important. Turbulent air reduces power
output and can increase the loads on the structure and equipment, increasing materials fatigue, and
hence operations and maintenance (O&M) costs for wind turbines (IRENA, 2012).

Technologies for measuring wind speeds have been available for centuries. The cup anemometer—
the most commonly used type for wind resource assessment—was developed in the mid nineteenth
century, and its basic design consists of three or four cups attached to a vertical, rotating axis) has
scarcely changed since. Yet, an accurate estimate of the energy production of a large wind project
depends on much more than being able to measure the wind speed at a particular time and place.
The requirement is to characterize atmospheric conditions at the wind project site over a wide
range of spatial and temporal scales—from meters to kilometers and from seconds to years. This
entails a blend of techniques from the mundane to the sophisticated, honed through years of
experience into a rigorous process (Brower et al., 2012).

The overall potential for wind depends heavily on accurately mapping the wind resource. Efforts
to improve the mapping of global wind resource potential are ongoing and further work will be

required to refine estimates of the wind resource. There is currently a lack of data, particularly for



developing countries and at heights greater than 80 meters (IEA, 2009). In an attempt to make
information on wind resource and other renewables potentials available, the International
Renewable Energy Agency (IRENA) recently launched The Global Atlas. The Atlas is an online
Geographic Information System (GIS) linked to a number of data centers located throughout the
world. The GIS interface enables users to visualize information on renewable energy resources,
and to overlay additional information. These include, population density, topography, local
infrastructure, land use and protected areas. The aim is to enable users to identify areas of interest
for further prospection. The ultimate objective is to facilitate advanced energy or economic
calculations for assessing the technical and economic potential of renewable energy (IRENA,
2013). The Global Atlas is a repository of data and information on spatial distribution of renewable
resource potential including wind, solar, geothermal, bioenergy, tidal, hydro (both small and
large).

The National Renewable Energy Laboratory (NREL) is one of the international institutions in the
forefront of developing wind resource maps worldwide. NREL is a national laboratory of the
United States Department of Energy, Office of Energy Efficiency and Renewable Energy operated
by the Alliance for Sustainable Energy, LLC. With the support of U.S. Department of Energy,
U.S. Agency for International Development, and United Nations International Programme, NREL
has developed wind resource maps and atlases for over thirty countries including Ghana and
Angola in Africa. This allows for more accurate siting of wind turbines and has led to the
recognition of higher class winds in areas where none were thought to exist (NREL, 2014).
NREL also provides access to maps available from the Asia Alternative Energy Program (ASTAE)

and the Solar and Wind Energy Resource Assessment (SWERA). The SWERA Link,



http://en.openei.org/apps/SWERA/, includes solar as well as the wind maps, GIS data, interactive
maps, and country reports.

The wind resource is very large, with many parts of the world having areas with high average wind
speeds onshore and offshore. Virtually all regions have a strong wind resource, although this is
usually not evenly distributed and is not always located close to demand locations (IRENA, 2012).
Work is ongoing by the private and public sectors to identify the total wind resource in even more
detail in order to assist policy-makers and project promoters to identify promising opportunities
that can be explored in more detail with onsite wind measurements (IRENA, 2012).

The total wind resource potential depends on a number of critical assumptions in addition to the
average wind speed, including: turbine size, rotor diameter, density of turbine placement, portion
of land “free” for wind farms, etc. This is before consideration of whether the wind resource is
located next to demand centers, transmission bottlenecks, economics of projects in different areas,
etc. Despite these uncertainties, it is clear that the onshore wind resource is huge and could meet
global electricity demand many times over (Archer and Jacobson, 2005) and combining the
onshore and close-in offshore potential results in estimates as high as 39 000 TWh (WBGU, 2003)
of sustainable technical potential.

To conduct feasibility study for wind power project, it is expected that information on the location-
specific wind speed, and other parameters be collected over a period and then analyzed in order to
identify wind resource potential. Data collected at a site is usually processed (cleaned) to remove
unusual observations before exported for analysis (SEL, 2014).

To measure the wind speed on site, meteorological towers equipped with anemometers, wind

vanes, and sometimes temperature, pressure, and relative humidity sensors are installed. Data from



these towers must be recorded for at least one year to calculate an annually representative wind

speed frequency distribution (SWERA, 2013).

Since onsite measurements are usually only available for a short period, data are also collected

from nearby long-term reference stations (usually airports or weather forecasting stations). These

data is used to adjust the onsite measured data so that the mean wind speeds are representative of

a long-term period for which onsite measurements are not available. According to NREL, the

following approaches are important in order to carefully estimate the energy yield potential of a

wind power project:

Correlations between onsite meteorological towers: Multiple meteorological towers are
usually installed on large wind farm sites. For each tower, there will be periods of time
where data is missing but has been recorded at another onsite tower. Least squares linear
regressions can be used to fill in the missing data. These correlations are more accurate if
the towers are located near each other (a few km distance), the sensors on the different
towers are of the same type, and are mounted at the same height above the ground.
Correlations between long term weather stations and onsite meteorological towers:
Because wind is highly variable year to year, short-term (< 5 years) onsite measurements
can result in highly inaccurate energy estimates. Therefore, wind speed data from nearby
longer term weather stations (usually located at airports) are used to adjust the onsite data.
Least squares linear regressions are usually used, although several other methods exist as
well (AWEA, 2013).

Vertical shear to extrapolate measured wind speeds to turbine hub height: The hub heights
of modern wind turbines are usually 80 m or greater, but cost effective meteorological

towers are only available up to 60 m in height. The power law and log law vertical shear
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profiles are the most common methods of extrapolating measured wind speed to hub
height.

e Wind flow modeling to extrapolate wind speeds across a site: Wind speeds can vary
considerably across a wind farm site if the terrain is complex (hilly) or there are changes
in roughness (the height of vegetation or buildings). Wind flow modeling software, based
on either the traditional Wind Atlas Analysis and Application Program (WASP) linear
approach or the newer Computational Fluid Dynamics (CFD) approach, is used to calculate
these variations in wind speed.

« Energy production using a wind turbine manufacturer's power curve: When the long term
hub height wind speeds have been calculated, the manufacturer's power curve is used to
calculate the gross electrical energy production of each turbine in the wind farm.

o Application of energy loss factors: To calculate the net energy production of a wind farm,
the following loss factors are applied to the gross energy production:

= wind turbine wake loss

= wind turbine availability

= electrical losses

= Dblade degradation from ice/dirt/insects

= high/low temperature shutdown

= high wind speed shutdown

= curtailments due to grid issues
It has been established that one way to solve curtailment issues associated with the grid integration
of wind power is accurate forecasting of wind resource. Wind resource forecasting rely on the

assessment of historical data to unmask the wind speed characteristics (Brower, 2012).
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Wind power developers use various types of application softwares to assess wind resources. Wind
data management software assists in gathering, storing, retrieving, analyzing, and validating wind
data. Typically the wind data sets are collected directly from a data logger, located at a
meteorological monitoring site, and are imported into a database. Once the data set is in the
database it can be analyzed and validated using tools built into the system or it can be exported for
use in external wind data analysis software, wind flow modeling software, or wind farm modeling
software (Bailey et al., 1997).

Many data logger manufacturers offer wind data management software that is compatible with
their logger. These software packages will typically only gather, store, and analyze data from the
manufacturer's own loggers. Third party data management softwares and services exist that can
accept data from a wide variety of loggers and offer a more comprehensive analysis, and flexible
data validation. It also offers a cheaper means of analyzing wind data. A statistical package such
as RStudio can be used as wind data analysis software to offer flexibility in removing measurement
errors from wind data sets collected by different types of wind measuring devices, and performing
specialized statistical analysis. R Studio accepts wind data exported to it either in text, csv, excel
formats. However, for the purpose of thorough engineering computations and ease of analyses in
R Studio, wind data is usually preferred in Comma Separated Values (CSV) format.

12 PROBLEM BACKGROUND AND IDENTIFICATION
Renewable energy sources are fast becoming attractive due to the negative externalities associated

with the use of conventional sources of energy. Renewables have the potential to provide energy
with zero or almost zero emissions of greenhouse gases and other pollutants. Renewable energy
sources such as solar, wave, wind, hydro, tidal, geothermal and bio-energy are readily available in
different parts of the world and can provide complete energy security if their conversion
technologies are well established (REN21, 2008). In West Africa, the potential for solar, hydro,

7



wind and bio-energy is huge. Technologies are available off the shelf, but the major barrier is the
absence of adequate energy infrastructure planning that incorporates renewable energy resource
assessment and exploitation for electricity generation in the region. Major energy infrastructure
projects for electricity generation are centered on thermal/gas turbines and hydro. In order to make
viable infrastructure planning for renewable energy projects, there is the need for techno-economic
assessment of available renewable energy sources to ascertain the potentials that exist for
electricity generation from renewables. The way to go about this is by deploying a number of pilot
scale renewable energy assessment and data acquisition systems to monitor highly intermittent
renewable energy sources such as solar and wind; develop local expertise in the processing and
interpretation of such data for techno-economic assessment to determine the viability of renewable
energy projects. The Energy Commission of Nigeria (ECN), which is the apex government organ
responsible for strategic planning and coordination in the field of energy in its entire ramification
has the strong mandate to promote renewable energy resource assessment projects. Policy and
strategic planning rely on high quality data, and the analysis of such data facilitates policy
formation on sustainable energy infrastructure development which form the core mandate of the
Energy Commission of Nigeria (ECN). These data will also help other stakeholders in renewable
energy sector to conduct energy yield estimation, feasibility study of renewable power projects,
and ultimately to develop bankable renewable energy projects that can attract funding from venture
capitalists, financial institutions, and international development institutions.

13 PROJECT OBJECTIVE

1.3.1 General Objective

The main objective of this thesis is to undertake the technical performance assessment and
greenhouse gas emissions reduction analysis for a grid-connected 5.95 MW wind power plant

based on wind data collected at Cabeolica wind farm in Sao Vicente Island, Cape Verde.



1.3.2 Specific Objectives

The specific objectives are four-fold:

1. To estimate the wind energy resource potential at a wind farm in Sao Vicente Island,
2. To estimate the investment cost and cost of energy produced,

3. To identify the scope for financing the wind power project through carbon credit.

1.4 DESCRIPTION OF THE PROJECT AND PROJECT ENVIRONMENT

Cape Verde is an archipelago with ten Islands located between 500-800 kilometers off the coast
of West Africa. Sdo Vicente (Portuguese for "Saint Vincent"), also Son Visent or Son Sent in Cape
Verdean Creole, is one of the Barlavento islands of Cape Verde. It is located between the islands
of Santo Antéo and Santa Luzia, with the Canal de S8o Vicente separating it from Santo Antéo.
The island is roughly rectangular in shape with a surface area of ca. 227 km?. From east to west it
measures 24 km and from north to south no more than 16 km. The terrain includes mountains in
the west, the southwest, the south, the east-central and the north. The area is flat in the north-
central, the central part, the eastern part south of Calhau and the northern part in the Baia das Gatas
area. The urban area of Mindelo is in the northern part. Much of the island is deforested. Although
volcanic in origin, the island is quite flat. Its highest point is Monte Verde (Portuguese for green
mountain) located in the northeast-central part with an altitude of 725 metres. Although a great
amount of erosion has taken place, some craters still remain-in particular near the bay of Mindelo.
Other mountaintops include Monte Cara and Topona.

The Island of Séo Vicente is subject to constraints that affect its climate, such as its rugged
topography, high altitudes and exposure to regular wind gusts. These climatic conditions are well
pronounced throughout the Island where there is a certain climatic variability ranging from very
arid to sub-humid. The average annual precipitation during the last 10 years in the region in

question was approximately 120 mm, with the highest monthly average of 43.9 mm occurring



during the month of September. The evaporation in the area is also quite elevated. The dominant
winds of the Island blow from the Northeast, reaching average speeds of about 5.56 m/s. The
seasonal winds are dominated by the presence of Northeasterly winds which occur predominantly
between November and May.

The wind farm is located in the region of Selada de Flamengo in the eastern part of Sao Vicente
Island. The site is about 6 kilometers from the main city of Mindelo. The wind farm occupies
approximately 15 hectares of land and contains seven (7) Vestas wind turbines, which corresponds
to a total of 5.95 MW installed capacity. The project area presents greatly varied morphological

characteristics composed of a mixture of ridges, peaks and valleys.
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Figure 1.1: Location of Cabeolica wind farm in Sao Vicente
The Sao Vicente wind farm project is a component of the republic’s first renewable energy public-
private partnership, which is a pool of 28 MW project spread across four different islands in the
Republic of Cape Verde. The overall project valued at 65 million euros, according to the European
Investment Bank (EIB), was jointly financed by the European Investment Bank (EIB)/African

Development Bank (AfDB) which provided 45 million euros, while the trio of African Finance
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Corporation (AFC), Finnish Development Finance Company (Finnfund), and InfraCo provided
the 20 million euro equity portion. The plant was developed by the London-based Infrastructure
Developer InfraCo Ltd. and the local power utility Electra SA.

The wind farm consists of the following main components: towers with wind turbines (Vestas
V52-850 kW OptiSpeed® Wind Turbine), transformer poles, underground cables for the
transmission of electrical energy, a control center, a substation and access roads to the towers,
interconnection installations and other complementary infrastructure, installations or equipment.
In compliance with the Civil Aeronautics Institute requirement issued in 2003, signal lights were
installed at the top of each wind turbine for aviation safety purposes.

The wind farm is connected to the existing electrical network in Sao Vicente Island. The wind
farm is designed to operate for a total lifetime of at least twenty years, after which they will either
be decommissioned and the site restored, or a new planning application submitted to re-power the
site with either rehabilitated or new equipment. The post operation decommissioning and removal
is estimated to take up to 12 months, with the majority of components and materials being recycled
either on the Islands or shipped to an outside approved recycling location.

The main benefits that the project brings to the Island include:

« Diversification of the Island’s energy mix which is currently dominated by diesel thermal
power generation (97 % of total installed capacity). The diversification of the energy matrix
will allow for a more stable grid system which will help reduce the frequency of blackouts.

o Stabilization of energy tariffs due to the volatile prices associated with the importation of
fossil fuels, which is a huge burden on the Island’s economy. The price of the energy produced
by wind does not increase as much as that of conventional energy which oscillates in

accordance with the usually unstable market price of oil.

11



« Additionally, the project offers some distinct environmental advantages considering that this
type of power production is created by clean energy from the wind. Therefore, with this
project, the polluting emissions, and other environmental problems created by the
conventional methods of energy production are reduced. One of the main factors in emission
reduction is the displacement of CO> and other equivalent greenhouse gases, and the potential
economic benefits from the generation of Clean Development Mechanism (CDM) carbon
credits.

15 PROFILE OF RENEWABLE ENERGY DEPLOYMENT IN CAPE VERDE

As at 2013, the installed capacity of renewable energy has grown from 3 MW in 2005 to about 32
MW in 2013. Of this, wind energy constitutes about 75 % of the total installed capacity of
renewables in Cape Verde Island. Wind energy was actually the first renewable energy option
explored in the Island. Solar energy was integrated into the renewable energy mix in 2010 at a
capacity much higher than the installed wind energy. While the investment in wind energy sees
accelerated increase over solar energy in 2011, the installed capacity of solar energy has remained
nearly the same. This accelerated increase in wind power project deployment can be attributed to
the proven wind resource that abounds in the Island. In addition, the levelized cost of electricity

generated from wind is known to be much cheaper when compared to solar electricity.
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Figure 1.2: Profile of Renewable Energy Deployment in Cape Verde, West Africa [Source:
IRENA, 2014]
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1.6 METHODOLOGY

Literature were cited in order to get acquainted with the relevant works that have been done in the
field of wind power. The Cabeolica wind farm in Sao Vicente Island was visited in August, 2014
to familiarize with the site and to collect a three-year wind speed data from 2011 to 2013. Several
literature on the energy situation in the African continent and West African sub-region were cited.
Other information sought were the standard relationships between wind speed and estimated power
that can be generated per square meter, and the relevance of wind power in the country. Sources
of information include site visit, consultation of journal and workshop publications by reputable
organizations such as the International Renewable Energy Agency (IRENA), National Renewable
Energy Laboratory (NREL), Fraunhofer Institute for Solar Energy Systems (ISE), the Deutsche
Gesellschaft fiir Internationale Zusammenarbeit GmbH (G1Z), ECOWAS Centre for Renewable
Energy and Energy Efficiency (ECREEE), West African Power Pool, Ghana Energy Commission,
Nigerian Electricity Regulatory Commission (NERC), Energy Commission of Nigeria (ECN),
Southpole Carbon, Lahmeyer International GmbH. The wind speed data collected from Sao
Vicente Island were cleaned and analyzed in R statistical computing environment. Annual
averages of wind speed and wind speed distribution were determined and the potential energy
available at the site was estimated. An horizontal axis wind turbine was selected based on lower
cut-in wind speed.

Carbon dioxide emissions reduction analysis was performed in Microsoft Excel by comparing a
base case scenario with the proposed wind power plant scenario. This analysis helped to determine

the estimated scope for carbon dioxide emissions displacement in metric-tonne unit per annum.
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CHAPTER TWO
LITERATURE REVIEW AND THEORETICAL BACKGROUND

This chapter presents a review of relevant literature about wind resource analysis, which is a
subject of common interest within various disciplines, like meteorology, environment, energy
planning, aero dynamics, and engineering.

2.1 WIND RESOURCE ASSESSMENT

According to Vestas (2012), first factor among the key aspects in wind power project development
is the evaluation of wind potential at the site of interest. Energy production depends on the wind
speed potential at the proposed site. The best way to determine the wind potential at a chosen site
is by erecting one or more anemometer masts, which will measure the wind speed at the site for at
least 12 months. If a thorough wind study is performed upfront, the feasibility study will be much
more accurate and reliable. Since the energy in the wind increases exponentially with the wind
speed, only small deviations in the wind resource assumption can significantly affect the overall
economy of the wind power project. It is also note-worthy that financial institutions generally
require wind study documentation from an independent specialist prior to closing a finance
agreement for wind projects. Over the years, the number of wind survey industry has grown with
the wind power industry itself. There are several institutions and independent specialists who could
perform a wind study. Some also have off-the-shelf wind data for specified region
(NREL/Renewable Resource Data Centre, 2014). It is also possible to team up with an experienced
wind power developer in order to help in developing the proposed site for wind project. The
American Wind Energy Association’s home page (www.awea.org) has a list of all American wind
energy developers.

For projects on sites with hills and mountain ridges, it is recommended to team up with

professional micro-siting consultants at an early stage of the project development. The wind flow
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over such sites can be very complex, thereby significantly affecting the energy production and
lifetime of such projects.

To estimate the production potential of a specific site, it is essential to have as much wind data as
possible. The longer the duration of the wind study, the more accurate the production estimates
will be. Since there are typical “windy seasons”, where the wind blows at a substantially higher
speed than the rest of the year, a full year of wind data is preferred. For an indication of the wind
potential in a region, one way is to contact the local airport or weather bureau, which could provide
the mean average wind speed for that area.

However, in order to achieve a reasonable accuracy, the distance from the measurement location
to the potential wind farm site must be less than 24 km. Site specific wind measurements can be
further correlated with long term averages from the above-mentioned sources to provide a more
thorough estimate of the site wind data. As a rule of thumb, the average annual wind speed on
current economically feasible projects must be a minimum 15 mph (7 m/s).

The annual average wind speed is often mentioned as a way to rate or rank wind project sites, and
indeed, it can be a convenient metric. These days, most wind project development takes place at
sites with a mean wind speed at the hub height of the turbine of 6.5 m/s or greater, although in
regions with relatively high prices of competing power or other favorable market conditions, sites
with a lower wind resource may be viable. However, the mean speed is only a rough measure of
the wind resource. To provide the basis for an accurate estimate of energy production, the wind
resource must also be characterized by the variations in speed and direction, as well as air density,
in time and space (Brower et al., 2012).

The estimation of wind energy potential of any proposed site requires that the wind data collected

from the location be properly cleaned, analyzed, correlated and predicted. Past studies recommend
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the use of long term wind data from the meteorological stations near the proposed site for
preliminary estimation of wind resource potential. This metrological data, which may be available
for long periods, must be carefully extrapolated to estimate the wind profile of the candidate site.
The preliminary investigation gives a clue to making informed decision whether or not to
undertake thorough field measurements. The field measurements are generally made at the
prospective location for shorter periods (Dawde, 2013). One year wind data recorded at the site is
sufficient to represent the long term variations in the wind profile within an accuracy level of 10
percent (Sathyajith, 2006). The minimum monitoring duration should be one year, but two or more
years will produce more reliable results. One year is usually sufficient to determine the diurnal and
seasonal variability of the wind. With the aid of a well-correlated, long-term reference station such
as an airport, the inter-annual variability of the wind can also be estimated. The data recovery for
all measured parameters should be at least 90 % over the program’s duration, with any data gaps

kept to a minimum, at most a week (NREL, 1997).

Modern wind measurement systems provide the average wind speed, standard deviation, wind
direction, temperature, and site solar radiation for a pre-fixed time intervals. The commonly
applied measurements are ten minutes interval. This short term wind data are further grouped over
time spans and analyzed with the aid of statistical models and software to make precise estimates

on the energy available in the wind (Dawde, 2013).

From the perspective of wind resource assessment, the key characteristic of a wind turbine is the
turbine power curve. This describes the power output as a function of wind speed measured at the
hub. It is characterized by a cut-in speed, typically around 3 or 4 m/s, where the turbine begins
turning and generating power; a sloping portion, where the output increases rapidly with speed; a

rated speed, typically around 13-15 m/s, where the turbine reaches its rated capacity; and a cut-
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out speed, above which the turbine control software shuts the turbine down for its protection.
Although well-operated turbines are finely tuned machines, it is wrong to assume that a turbine
produces exactly the expected power at every wind speed. For example, blade wear and soiling,
equipment wear, and control software settings can all cause turbines to deviate from their ideal
power curve. In addition, power output depends on wind conditions, such as turbulence, the
variation of wind speed across the rotor, and the inclination of the wind flow relative to horizontal.
Taking account of such variations is part of the process of estimating energy production, and it

starts with a detailed understanding of the wind resource (Brower et al., 2012).

2.2 CHARACTERISATION OF OBSERVED WIND RESOURCE

After data validation is complete, wind data can be analyzed to produce a variety of wind resource
statistics and informative reports. This type of analysis provides a useful summary of the wind
resource observed over the course of the monitoring program. Software to do this is available from
several vendors, including some data logger manufacturers. Customized reports can also be created
with spreadsheet, R and database software. Parameters to determine in order to characterize wind
resource data include: Data recovery, mean and annualized mean wind speed, wind power density,
wind shear, exponent turbulence intensity, air temperature, air density, speed frequency

distribution and Weibull parameters (A and k), wind rose, daily and hourly speed distributions.
2.2.1 Data Recovery

The data recovery (DR) is defined as the number of valid data records (Nvaiia) divided by the total
possible number of records (N) for the reporting period. It is usually expressed as a percentage.

The equation is given as:

DR = 2414 % 100 (%) (2.1)
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For instance, if the total possible number of 10-min records in December is 4464 and 264 records
were deemed invalid, the number of valid data records collected would be 4200. The Data

Recovery (DR) for this example would be DR=94.1 %.

The best practice is usually to determine the Data Recovery for each sensor for all levels at each

site.

2.2.2 Mean and Annualized Mean Wind Speeds

The mean wind speed is the average of the valid wind speed values for the period under study:

= 1 valid
7= _Z{“_ ;s 2.2
Nyqiig <=1 ¢ (2.2)

However, the mean wind speed can sometimes be a misleading indicator of the wind resource. If
the data spans a period much shorter than a full year, the mean will not reflect the full seasonal
cycle of wind variations. Even if the data span a full year, there may be large gaps in the record
that can bias the mean in favor of months with more complete data coverage. And if the data covers
more than one year but not an integer number of years, some calendar months may occur more
often than others, also possibly resulting in a bias in the estimated mean speed. As an example,
suppose the data record spans a period of 14 months, with January and February appearing twice.
If the winter months are typically the windiest, a simple average of the wind speeds for the entire
period will probably overestimate the true annual average speed. Or suppose the period of record
spans exactly 12 months, but half of the data in the winter months are lost because of icing. In that

case, it is likely that the calculated mean speed will understate the true annual average.

The annualized mean wind speed attempts to correct for these problems. Note that this is not the

long-term historical mean speed, rather it is a seasonal correction for the observed period of data.
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The annualized mean can be estimated in a variety of ways but it is usually found by calculating,
first, the mean for each calendar month in the record, and second, the mean of the monthly means

weighted by the number of days in each month. The equation is given as follows:

1 1

— _ 12 — _ 12 1 Nm
Vannual = 365.252m=1Dmvm ~ 365.25 m=1Dm (mzizlvim) (23)

The outer sum is over the 12 calendar months, with Dm being the average number of days in a
particular month, m. For instance, Dm =28.25 for the month of February. The inner sum is over
those speeds that fall within a particular calendar month. N, is the number of wind speed observed

within a particular month, m. vim is the observed wind speed records within the month.

2.2.3 Frequency Distribution of Speed and Weibull Parameters.

The frequency distribution represents the number of times in the period of record that the observed
speed falls within particular ranges, or bins. The speed bins are typically 0.5 or 1 m/s wide and
span at least the range of speeds defined for the turbine power curve, that is, from 0 to 25 m/s and
above. It is usually presented in reports as a bar chart, or histogram, covering all directions. In
addition, the frequency distribution by direction is stored in a tabular format, which is used as an
input to wind plant design software. In a typical frequency distribution curve for wind speed, the
horizontal axis shows the wind speed (m/s or mph) while the vertical axis indicates the frequency
of these wind speeds. Wind speed distribution curve is a critical piece of information useful in
making good production estimate (power output) of a wind turbine placed at the same location as

the mast used in site study (Brower et al., 2012).

The Weibull distribution is a mathematical function that is often used to represent the frequency

distribution of the wind speed at a site. In the Weibull distribution, the probability density (i.e. the
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probability that the speed will fall in a bin of unit width centered on speed (V) is given by the

equation (Brower et al., 2012):

k
v v

) =£(2) G 24)

The corresponding cumulative distribution function is given by:

P@) = 1—exp(— (%)) 25)
Where k is a dimensionless factor that determines the shape of the curve; A (m/s) is the scale
parameter related to wind speed. The parameters A and k are collectively known as the Weibull
parameters.

Five methods are available in literature for estimating the parameters of the Weibull wind speed
distribution, namely: Empirical method, Maximum Likelihood method, Modified Maximum
Likelihood method, and Energy Pattern Factor method.

2.2.3.1 Graphical Method

The graphical method (GM) is achieved through the cumulative distribution function. In this
distribution method, the wind speed data are interpolated by a straight line, using the concept of
least squares regression (Kaoga et al., 2014). The logarithmic transformation is the foundation of
this method. By converting the equation (2.5) into logarithmic form, the following equation
IS obtained:

In[-In(1 — P(v))] = kin(v) — kin(A) (2.6)
The Weibull shape and scale parameters are estimated by plotting In(v) against In[-In(1-P(v))] in
which a straight line is determined. In order to generate the line of best fit, observations
of calms should be omitted from the data. The Weibull shape parameter, k, is the slope of the

line and the y-intercept is the value of the term —kin (A).
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2.2.3.2 Empirical Method
The Empirical Method (EM) is the special case of the moment method, where the parameters k

and A are defined by:

k = (%)_1'086 2.7)
A= r(iz) (29)
0 = |G I - 97 (29)
F(x) = [t~ t.et.dt (2.10)

['(1+1/k) is the value of the Gamma function for (1+1/k). ¢ is the standard deviation of the
observed wind speed data [m/s]. ¥ is the mean wind speed [m/s].

In order to fit wind speed data to this equation, the value of shape factor (k) must be known. This
is often obtained by some form of fitting procedure to the measured probability distribution which
is usually cumbersome. However, a statistical package such as R can be used to determine the
Weibull parameters (A and k) directly. Having known the value of k, the corresponding Gamma
function can be determined from Figure 2.2a, and in turn the mean wind speed for the site can be

evaluated using Equation 2.8.
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Figure 2.2a: Gamma function curve
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2.2.3.3 Maximum L.ikelihood Estimation Method
The Weibull distribution can be fitted to time series wind data using the maximum likelihood
estimation as suggested by Stevens and Smulders (1979). The shape parameter k and the scale

parameter c are estimated using the following two equations:

n k n -1
_ i=1 Vi In(vy) _ YizqIn(wy)
k= < s, vk n ) (2.11)
1
1
A= (o, vk (2.12)

Where vi is the wind speed in time step i, and n is the number of non-zero wind speed data points.
Equation (2.8) must be solved using an iterative procedure (k=2 is a suitable initial guess), after
which Equation (2.9) can be solved explicitly. Care must be taken to apply Equation (2.8) only to
the non-zero wind speed data points.

Maximum likelihood estimation endeavours to find the most "likely" values of distribution
parameters for a set of data by maximizing the value of what is called the "likelihood function.”
This likelihood function is largely based on the probability density function (pdf) for a given
distribution (ReliaSoft Corporation, 2001).

The method of maximum likelihood is used in statistical inference to estimate parameters. Given
a random variable with a known probability density function, f(x, ) describing a quantitative
character in the population. It is required to estimate the vector of constant and unknown
parameters (3 according to sampling data: X1, X2,...... Xn. Maximum likelihood estimation begins
with the mathematical expression known as a likelihood function of the sample data. Loosely
speaking, the likelihood of a set of data is the probability of obtaining that particular set of data

given the chosen probability model. This expression contains the unknown parameters. These
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values of the parameter that maximize the sample likelihood are known as the maximum likelihood
estimates (MLE).

Maximum likelihood estimation can be implemented in R statistical package by invoking either of
the following statements: mle (), which is included in the package “stats4.” Or fitdistr ( ), included
in the package “MASS.”

“Stats4” package contains the function mle( ), which allows to fit parameters by maximum
likelihood method using iterative methods of numerical calculus to minimize the negative log-
likelihood (which is the same of maximizing the positive log-likelihood). The negative log-
likelihood analytical expression need be specified as argument and giving some starting
parameters estimates. Estimates obtained from the method of moments can be a good starting
point. Where this is not available, starting values can be supplied by trial and error. The statement
mle () allows to estimate parameters for every kind of probability density function, it needs only
to know the likelihood analytical expression to be optimized.

In MASS package, fitdistr () for maximume-likelihood fitting of univariate distributions without
any prior information about likelihood analytical expression. It is enough to specify a data vector,
the type of pdf and eventually the list of starting values for iterative procedure (start).

2.2.3.4 Modified Maximum Likelihood Method

When wind speed data are available in frequency distribution (Weibull) format, a variation of
maximum likelihood method can be applied. The Weibull parameters are estimated using the

following two equations:

n k n -1
_ (2Ziz1vi n@)P;)  Xio, In(w)P ;)
k= < L v P(w) P(v20) ) (2.13)
1
— 1 n k N
A = (5 X vl PO) (2.14)
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Where vi is the wind speed, P (vi) represents the Weibull frequency, P (v>0) is the probability that
the wind speed equals or exceeds zero.

Equation (2.10) must be solved iteratively, after which Equation (2.11) can be solved explicitly.

2.2.3.5 Energy Pattern Factor Method
This is a new method suggested by Akdag and Dinler (2009). It is related to the averaged data of
wind speed. This method has simpler formulation, easier implementation and also requires less

computation. The method is defined by the following equations:

3

Err = o7 (2.15)
k=1+-2 2.16

e (216
7=AT(1+3) (2.17)

Where Eg is the energy pattern factor, v3 is the mean of cubic wind speed, and 72 is the cube of
mean wind speed.

Equation (2.12) is known as the energy pattern factor method which can be solved numerically or
approximately by power density technique using Equation (2.13). Once k is determined, A can be
estimated using Equation (2.14). The Gamma function can be determined using Figure 2.2a.
Other parameter estimation techniques include: Probability Plotting, Rank Regression (or Least
Squares), and Bayesian Estimation Methods.

Among the methods for Weibull parameters estimation discussed, the method of Maximum
Likelihood Estimation (MLE) is, with some exceptions, considered to be the most robust of the
parameter estimation techniques from a statistical perspective. The MLE method is most favoured
in the case where a large sample data is involved. It has many large sample properties that make it

attractive for use. It is asymptotically consistent, which means that as the sample size gets larger,
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the estimates converge to the true values. It is asymptotically efficient, which means that for large
samples it produces the most precise estimates. It is also asymptotically unbiased, which means
that for large samples one expects to get the true value on average. The estimates themselves are
normally distributed, if the sample is large enough. In a nutshell, MLE method has an all-excellent
large sample properties.

With fewer data points, however, the MLE method can be biased. It is known, for example, that
MLE estimates of the shape parameter for the Weibull distribution are biased for small sample
sizes, and the effect can be increased depending on the amount of censoring. This bias can cause
discrepancies in analysis.

There are also pathological situations when the asymptotic properties of the MLE do not apply.
One of these is estimating the location parameter for the three-parameter Weibull distribution when

the shape parameter has a value close to 1. These problems, too, can cause major discrepancies.

As a rule of thumb, it is recommended to use rank regression techniques when the sample sizes
are small and without heavy censoring. When heavy or uneven censoring is present, when a high
proportion of interval data points are present and/or when the sample size is large enough, MLE
method should be preferred.

There are two parameters in the Weibull function: The scale parameter (A), which has a dimension
of speed and is related closely to the mean wind speed, and the dimensionless shape parameter (k),
which controls the width of the distribution. Values of k range from 1 to 3.5, a higher value
indicates a narrower frequency distribution (i.e., a steadier, less variable wind). A commonly
observed k value is in the range of 1.6 to 2.4. Within this range, the mean speed is about 0.89 times
the scale factor. Figure 2.2c illustrates Weibull probability density curves for several values of k

and constant A.
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It is often convenient to refer to the Weibull parameters, particularly k, when characterizing a site-
specific wind resource. However, the Weibull curve is only an approximation of the true wind
speed frequency distribution. In many sites, the real speed distributions fit a Weibull curve quite
well. However, there are some sites where the fit is poor, as suggested in Figure 2.2b. For this
reason, the Weibull curve should never be used in place of the observed speed frequency
distribution when estimating energy production, except in a preliminary stage. Many resource

analysts choose to ignore the poor fit to simplify computations (Brower et al., 2012).
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Figure 2.2b: Frequency distribution of wind speed and Weibull curve
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Figure 2.2c: Weibull probability density curves at various k, & A=8 m/s (AWS Truepower)
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2.2.4 Wind Power Density

Wind power density (WPD) is defined as the flux of kinetic energy in the wind per unit cross-
sectional area. Combining the site’s wind speed distribution with air density, it provides an
indication of the wind energy production potential of the site. It is calculated as follows:

WPD = 3N, pv} (W/m?) (2.18)
Where N = number of records in the period; vi = wind speed for record i (m/s). p = air density
(kg/m3). The density must be computed from correlations stated in Equations (2.26) and (2.28).
Note that the cubic equation must be evaluated for each record and then summed, as shown, rather
than being applied to the mean wind speed for all records. This is because above-average wind
speeds contribute much more to WPD than do below average speeds, thanks to the cubic exponent.
Even then, the WPD estimate is not exact since it ignores variations in speed within each recording
interval. The true WPD is generally a few percent greater than that calculated from this formula.
This is usually not important for wind resource assessment, since WPD is not used directly in
calculating energy production.

2.2.5 Wind Shear

Near the ground, the wind is strongly braked by obstructions and surface roughness. At a sufficient
height above the ground is the undisturbed air layers of the geostrophic wind (at approx. 5 km
above ground) where the wind is no longer influenced by the surface obstructions. Between these
two extremes, wind speed changes with height. This phenomenon is called vertical wind shear
(The Swiss Wind Power Data Website).

The wind shear (the rate of change in horizontal wind speed with height) is typically expressed as
a dimensionless power law exponent known as alpha (a)). The power law equation relates the wind

speeds at two different heights in the following manner:
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B _ (k)" (2.19)

V1 hy
Where v, = the wind speed at height h2; vi = the wind speed at height h1. This equation can be

inverted to define a in terms of the measured mean speeds and heights:

S log(z—i)

N log(z—i)

Taking the average of the speeds before calculating the shear, as in the equation above,

(2.20)

conveniently yields a time-averaged shear exponent, which is of most interest at this stage of the
analysis. Time-averaged exponents can range from less than 0.10 to more than 0.40, depending on
land cover, topography, time of day, and other factors. For short periods, and especially in light,
unsteady winds, shear exponents can extend well beyond this range. All other things being equal,
taller vegetation and obstacles lead to greater shear. Complex terrain also usually produces greater
shear, except on exposed ridges and mountain tops where topographically driven acceleration can
reduce shear. Sites in tropical climates tend to have lower shear than similar sites in temperate
climates because the atmosphere is less often thermally stable. The calculated shear is sensitive to
small errors in the relative speed between the two heights, and this sensitivity increases as the ratio
of the two heights, h1 and h, decreases. This is evident from the following equation for the error

in the shear exponent:

 log(1+¢)

log(z—i)

Where ¢ is the error in the ratio of speeds measured by the top and bottom anemometers. For

Ax

(2.21)

example, for anemometers at 40 and 60 m height (a height ratio of 1.5), an error of 1.5 % in the
speed ratio, a reasonable deviation under field conditions, results in an error of 0.037 in the shear

exponent. This, in turn, produces an error of 1.1 % in the predicted speed at 80 m. For heights of
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50 and 60 m (height ratio 1.2), the same relative speed error produces an error of 0.082 in the
exponent and 2.4 % in the speed at 80 m.

Given the sensitivity of the calculated shear to small speed errors, three rules are mandatorily
followed to produce a reasonably accurate shear estimate: First, the speed ratio should only be
calculated using concurrent, valid speed records at both heights. This avoids errors caused by
mixing data from different periods or with different rates of DR. Second, the two heights in the
shear calculation should be separated by a ratio of at least 1.5 (e.g., 33 and 50 m or 40 and 60 m).
Third, the speed data should originate from anemometers mounted on horizontal booms of the
same length and with the same directional orientation relative to the tower, so that the effects of
the tower on the speed observations will be similar. One implication of this last rule is that, in
general, data that have been substituted from other sensors should not be used in shear calculations.
Instead, only data originally collected from two identically oriented anemometers are appropriate
for this purpose.

Just one average shear value for each pair of heights is usually provided in wind resource reports.
This shear is calculated as noted above, by averaging the concurrent speeds from each anemometer,
then taking the ratio and calculating the exponent. Some analysts choose to exclude speeds below
3 or 4 m/s in this calculation, as shear tends to be more variable in light winds, and low speeds do
not contribute significantly to energy production.

In a more simplified context, wind shear can be determined using the relationship below:

ln(ZZ_O)l 2.22)

v(z) =1 l@
The reference is a known wind speed vi1 measured at height z1. v(z) is the unknown wind speed at
height z. Where Zy is the roughness length. The values of roughness length for various types of

terrain are shown in Table 2.1.
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2.2.6 Roughness Classes and Roughness Lengths

Roughness classes and roughness lengths are characteristics of the terrains used to evaluate wind
break conditions at a potential wind farm. A high roughness class of 3-4 characterizes terrain dotted
with trees and buildings, while a sea surface has a roughness class of zero.

In between these extremes, concrete runways at airports and road surfaces have a roughness class
of 0.5. This is also the case of a flat and open landscape grazed by cattle and livestock. Siting wind
farm on grazed land appears to be advantageous since grazing reduces the surface roughness of
the surrounding ground. Other possible roughness classes are listed in Table 2.1.

The roughness length (Zo) is defined as the height above ground in meters at which the wind speed
is theoretically equal to zero.

The Roughness Classes (RCs) are defined in terms of the roughness length (Zo) in meters,

according to:

InZ 0

RC = 1699823015+ ==,  for Z, < 0.03 (2.23)
RC =3.912489289 + —22_  for 7, > 0.03 (2.24)
In3.3333

Table 2.1: Roughness classes and the associated roughness lengths

Roughness Roughness  Energy Land cover types
class (RC) length (Zo) Index (%)
0.0 1 0.0002 m 100 Water surfaces: seas and Lakes
0.5 0.0024 m 73 Open terrain with smooth surface, e.g. concrete,

airport runways, mown grass etc.

1.0 0.03m 52 Open agricultural land without fences and hedges;
maybe some far apart buildings and very gentle hills

1.5/ 0.055m 45 Agricultural land with a few buildings and 8 m tall
sheltering hedgerows separated by more than 1 km

2.0/ 0.10m 39 Agricultural land with a few buildings and 8 m tall
sheltering hedgerows separated by approx. 500 m
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25/0.20m 31 Agricultural land with many trees, bushes and
plants, or 8 m tall hedgerows separated by approx.
250 m

3.0 040m 24 Towns, villages, agricultural land with many or high
hedges, forests and very rough and uneven terrain

35/ 061m 18 Large towns with high buildings
4.0/1.60m 13 Very large cities with high buildings and
skyscrapers

2.2.7 Exponent Turbulence Intensity

Wind turbulence, defined as rapid fluctuations in wind speed and direction, can have a significant
impact on turbine performance and loading. The most common indicator of turbulence is the
standard deviation (o) of the wind speed calculated from 1- or 2-s samples over a 10-min recording
interval. Dividing this value by the mean wind speed for the same interval gives the turbulence

intensity (TI):

TI = % (2.25)
Where ¢ = the standard deviation of wind speed for the recording interval; v = the mean wind

speed for the recording interval (Brower et al., 2012).

The mean TI generally decreases with increasing wind speed up to about 7-10 m/s, above which
it is relatively constant. TI values above 10 m/s typically range from less than 0.10 in relatively
flat terrain with few trees or other obstacles to more than 0.25 in forested, steep terrain. Along with
the mean wind speed and air density, the Tl at 15 m/s enables a preliminary determination of the
suitability of a turbine model for the project site. The final determination is usually made by the

manufacturer, who is responsible for the warranty, and may take into account the frequency
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distribution of turbulence as well as turbulence generated by upstream turbines (Brower et al.,

2012).

2.2.8 Mean Air Density
The air density depends on temperature and pressure (and thus altitude) and can vary by as much
as 10-15 % seasonally. If the site pressure is measured, the air density can be calculated from the

ideal gas law:

p=rr  (kg/m®) (2.26)

Where P = site air pressure (Pa or N/m2); R = specific gas constant for dry air (287.04 J/kg-K);
T = the air temperature in degrees Kelvin (°C+273.15).

If the site pressure is not available (as is usually the case), the air density can be estimated as a

function of the site elevation and temperature, as follows:

p=(2)elF)  (kg/m?) (2.27)

Where Po = Standard sea-level atmospheric pressure in Pascal (101,325 Pa); T = Air temperature
(K); T (K) =T ("C) +273.15; g = gravitational constant (9.807 m/s?); z = the elevation of the

temperature sensor above mean sea level (m).

After substituting the numerical values for Po, R, and g, the equation becomes:

)= (353;05) 0034177 (kg/m3) (2.28)

While this equation is quite accurate (to within 0.2 % at most sites), the error increases with

increasing elevation because the air pressure does not follow the exponential function exactly.
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2.2.9 Wind Rose
In most projects, it is desirable to space turbines much further apart along the principal wind
direction than perpendicular to it in order to minimize wake interference between the turbines. For

this reason, the directional frequency distribution is a key characteristic of the wind resources.

A polar plot displaying the frequency of occurrence by direction is called a wind rose. Wind rose
plots often display the percentage of time the wind blows in certain speed ranges by dividing each
segment of the plot into different color bands. Another type of plot, known as an energy rose,
displays the percentage of total energy in the wind coming from each direction. Sometimes these
plots are combined into one. Wind and energy rose plots are created by sorting the wind data into
the desired number of sectors, typically either 12 or 16, and calculating the relevant statistics for

each sector.

Frequency(%): f; = 100% (2.29)

N; XWPD;

Percentage total energy: E; = 100 N WED

(2.30)

In these equations, Ni refers to the number of records in direction sector i, N is the total number of
records in the data set, WPD; is the average wind power density for direction sector i, and WPD

is the average wind power density for all records. A typical wind rose plot is shown in Figure 2.3.
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Figure 2.3: Typical plot of wind and energy rose (Source: AWS Truepower, 2012)
2.3 SELECTION OF SITES FOR WIND FARM PROJECT
The following are among the leading factors that might be considered in selecting a wind project

site (Brower et al., 2012):

1. Wind Resource: This is almost always a key consideration because the better the resource,
the greater the potential power production and project revenues. Before a wind monitoring
campaign is conducted, the developer must consider sources of regional wind resource
information to identify potentially attractive sites.

2. Buildable Windy Area: The larger the area where turbines can be installed with an
adequate resource, the larger the wind project can be. The buildable windy area is often

constrained by topography and also by other factors described below.
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Proximity to Existing Transmission Lines: The costs and risks associated with building
new lines to connect wind power projects to the existing transmission grid are substantial.
It is a common practice that wind project developers try to minimize the distance that must
be covered.

Road Access: The developer should consider whether it is feasible to transport wind
monitoring equipment to the site by truck through the existing roads and trails and the
possible need to build new roads or upgrade existing roads to support the eventual delivery
of wind turbines.

Land Cover: All other things being equal, development costs are generally greater in
forested terrain than elsewhere, as trees have to be cleared for wind monitoring masts and
eventually for wind turbines, service roads, and other plant needs. Conversely, some land
cover types, such as cropland and rangeland, may be especially conducive to wind energy
development.

Land Use Restrictions: Areas may be off-limits for a variety of reasons such as for
military use or wildlife protection. Such restrictions may eliminate a site from
consideration or constrain its buildable area.

Proximity to Residential Areas: A common concern for communities is the proximity of
wind turbines to residential areas. Residents may fear the turbines will generate too much
noise or create a blight on the landscape. In many regions, these concerns are codified in
the form of required setbacks from existing homes and other buildings.

Cultural, Environmental, and Other Concerns: These issues can extend well beyond
officially designated restricted areas. For example, some sites may be especially important

to particular groups for historical or religious reasons. Others may encroach on sensitive
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wildlife habitats not under official protection. Yet others may be deemed by the local
community to have exceptional scenic or esthetic value. Although issues like these may
not strictly rule out development, they can arouse public opposition to a project and thereby
impede the development process and increase costs.
With the appropriate data, most of the factors described above are amenable to quantitative
analysis using a Geographic Information System (GIS) tool. GIS based analysis has become
an integral part of today’s site-selection process, as they enable analysts to efficiently organize
and analyze a large amount of information and to screen sites against a number of often
competing criteria. For example, given the necessary inputs, a GIS could be queried to find all
sites outside defined exclusion zones and within a specified distance of existing transmission
lines, encompassing a contiguous area sufficiently large to support a wind project of a certain
size, and with a specified minimum mean wind speed. After some experimentation with the
criteria, the analyst can usually hone in on a “short list” of candidate sites meeting the

developer’s requirements.

IMPORTANT STAGES IN WIND POWER PROJECT DEVELOPMENT

WIml um Flnlnr.lng

Site identification Lacation Permits Site preparation : tmﬂn?m
Preliminary ; Project Turbine Flant
asagasment Inesis: iy daslgn Installation operation
Micrositing/ Ownerehip Enargy Connection/ Project removal/
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Figure 2.4: Stages and activities in wind power project development (Brower et al., 2012)
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2.4.1 Wind Resource Assessment
Under the resource assessment stage, key activities include site identification, preliminary

assessment, and micrositing/energy estimates.

This stage is perhaps the most crucial phase of the wind farm development process. It involves
finding the correct location for the wind turbine cluster. Many wind farm projects have failed
because they were situated in areas where the environmental factors are not conducive to stable
electricity generation. The primary consideration in this stage of the developmental process is the
available wind resource. Wind farms are powered by the wind, after all. But not just any kind of
wind will be sufficient. The area being considered for wind farm should experience minimum
average wind speed of 13 mph (5.8 m/s) per year. Where wind maps are available, it should be

used as a guide in wind site prospecting (Ledec et al., 2011).

2.4.2 Permitting

Early in project development, it is important to determine the legal aspects of building a wind farm
on a certain site. It is important to pay attention to whether there are restrictions on such things as
heights, noise levels or minimum distances to buildings. Key information at this stage include
location of the site, proposed installed capacity of wind turbine, and land lease agreement with

land owner (AWEA, 2013).

2.4.3 Financing and Due Diligence
This aspect is very critical in evaluating the requisite financial investment, optimum costing of

turbines and other equipment, and financial viability of the project.

As a guide, global benchmark information for wind power project could be used for initial back-

of-envelope calculations. For instance, the installed capital cost of wind power projects is currently
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in the range of $ 1,700/kW to $ 2,150/kW for onshore wind farms in developed countries IRENA
(2011); Wiser and Bolinger (2011); and IEA Wind (2011a). However, in China, where around half
of recent new wind capacity was added, installed costs are just $ 1,300/kW. In Germany, the
installed capital costs is in the range of 1,000-1,800 Euro/kW (i.e. 1,181 to 2,126 USD/KW)
(Fraunhofer, 2013). It is also important to discuss cost estimation with wind turbine vendors and/or

independent vendors with reputable experience in wind projects due diligence.

2.4.4 Construction
This involves physical deployment of materials and men. Activities include site preparation,

installations, and electrical hook-up (to grid).

Except for standalone applications, most large wind turbines are connected to the existing grid at
all times. In the early stages of project development, it is important to determine the distance to
the nearest High Voltage grid to which the wind turbines can be connected. The farther away the
existing High Voltage grid is, the more expensive the project will be. In most cases, the output
voltage of installed turbine is not compatible with the voltage level of interconnection point. In
this case, a pad-mounted transformer will be installed to adjust the turbine output voltage to fit the
local voltage level of the interconnection point. In the case of a turbine with a pre-installed step up

transformer, the transformer will be customized to fit the local voltage requirements.

For a project not being developed by a utility, it is wise to make early contact with the local utility
to negotiate a Power Purchase Agreement (PPA). The successful completion of this stage and

power purchase agreement, if necessary usually precede the project commissioning (Vestas, 2010).
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2.4.5 Operation and Decommissioning

During the operational phase of the wind farm, it is crucial to perform scheduled and ongoing
control, maintenance and monitoring activities to ensure the smooth running of the project and to
limit downtime. The wind farm must be monitored on a daily basis, and routine maintenance work
must be undertaken. During operation, a follow-up environmental study is also required to verify
that the impact of the project remains within the parameters of the initial environmental study.
The operational phase of a wind farm is usually pre-determined at the beginning of the project, but
it can be longer depending on the lifespan of the equipment and/or municipal and government

legislation (SAGIT Energy Ventures, 2014).

When the wind farm reaches the end of its lifespan, and the project is not to be renewed, all
machinery and related installations must be dismantled and removed, and the site should, as far as
is reasonably possible, be restored to its original condition. All recyclable materials will be
repurposed in an environmentally friendly way, and vegetation will be planted on any exposed
land and/or roads that are no longer required (SAGIT Energy Ventures, 2014).

2.5 CLEAN DEVELOPMENT MECHANISM

In the 1997 Kyoto Protocol which took effect from 2005, the industrialized countries committed
themselves to binding reduction targets for greenhouse gases (GHG). In order to enable these
countries to fulfil their commitment in a cost-efficient way, three flexible mechanisms - Emissions
Trading (ET), Joint Implementation (JI) and Clean Development Mechanism (CDM) were
developed. ET is a trade-based mechanism allowing states to buy or sell emissions rights, JI and
CDM are project-based mechanisms allowing the generation of emission reductions, which are

attributable to the domestic target, by investing in projects abroad.
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Under the CDM, an Annex 1 country (with binding emission reduction targets) invests in an
emission-reducing project in a Non-Annex 1 country (mostly developing countries with no binding
emission reduction target). The reduction achieved by the project is known as certified emission
reductions (CERs).

For the CDM, two sets of requirements exist: requirements for the participation in the mechanism
in general (relating to states); and requirements for the projects (relating to the design of projects).
Regarding participation, host countries have to have ratified the Kyoto Protocol. Apart from the
ratification, the investor countries have to fulfil a set of requirements relating to the estimation and
reporting of domestic emissions and the booking of emission rights and certificates into a national
registry. Regarding the requirements of projects, as a technological restriction the CDM does not
allow the usage of nuclear facilities. CDM projects also have to fulfil additional requirements such
as:

e Existing official development assistance resources must not be diverted for project
financing; other public funding used for this purpose is to be separated from and not
counted towards the financial obligations of the Annex 1 (industrialized) countries.

e Sustainable development: projects shall promote sustainable development in the host
country. The respective requirements are specified and applied by the host country. In case
of approval, the project participants are provided with a so called “letter of approval” by
the host country.

e Additionality: the emission reductions resulting from the project are to be additional to
reductions which would have occurred otherwise. This requirement is checked by
comparing the project emissions with the emissions of a hypothetical reference case (the

"baseline™). This reference case is used to simulate the situation without the project. So
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determining the additionality of a project mainly depends on the choice and calculation of
the baseline.
Clean energy projects wanting to qualify as CDM projects have to undergo the following project
cycle:
A) Project Design:
The project participants which comprises of the investor and the organization carrying out the
project draw up a project design document (PDD). A standard outline for such a document has
already been developed by the United Nations Framework Convention on Climate Change

(UNFCCC (http://unfccc.int/2860.php)). The Project Design Document (PDD) contains the

following elements: i) A general as well as a technical description of the project; ii) the
construction of the baseline, and calculation of baseline emissions; iii) the information needed to
assess the fulfilment of the CDM project requirements; iv) a plan for the monitoring of the project
emissions the calculation of the project emissions.
In order to gain information about the sustainability of the project, the following activities have to
be conducted: i) analysis of the environmental impacts of the project; ii) invitation of stakeholders’
comments.
Based on the PDD, the project participants apply for the "letter of approval”, to have the project
recognized as a CDM project by the government of the host country (usually the Federal Ministry
of Environment). The host countries may then give their approval that the activity meets their
sustainable development requirements.

B) Validation
The next step is the validation of the project by an appointed "Operational Entity” (OE), which

evaluates the project using the project design document with regard to the CDM criteria. OE are
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independent bodies which have been accredited by the "Executive Board" (EB). The EB is the
central authority for the CDM, it is responsible for monitoring the CDM. It consists of 10 members
(6 non-Annex I: 4 Annex-1 parties) from parties to the Kyoto Protocol.

C) Registration
After a project has been validated, the documents are passed on to the Executive Board (EB) for
registration - i.e. formal acceptance as a CDM project.

D) Monitoring:
Subsequently, monitoring takes place. This is a task for the project participants. The verification,
which takes place at regular intervals, is also conducted by an OE (different from the OE which
conducted validation) which checks the accuracy of the estimated CERs ex-post. The certification
involves the written assurance of the OE that the project has resulted in the verified emission
reductions within a certain period. The certification report actually represents an application for
the issuing of emission credits to the amount of the verified emission reductions. The EB issues
the CERs, unless there is an application submitted by a third party within a certain time to re-
examine the CDM project. When issued, the CERs are individually marked with a serial number,
the Share of Proceeds is deducted and the remaining CERs credited to the account/s of the project
participants. The CERs rewarded for a project can then be used to fulfill an emission reduction
commitment or can be sold to other countries with a commitment. The flow chart in Figure 2.5
shows the described steps in CDM-project application and the institutional entities of the CDM

involved in the progress.
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Figure 2.5: Procedures in CDM project registration

The main data that is usually monitored is the net amount of power supplied to the grid by the
project. This is done through the measurement of net supply to the grid using electricity meters.
The data is used for the calculation of emission reductions. The metering equipment must properly
calibrated and checked periodically for accuracy, to ensure that any error resulting from such
equipment shall not exceed +0.2 % of full-scale rating. For quality control and assurance purposes,
the SICAM metering system measurements are usually double checked by comparison with

receipts of electricity sales (Monitoring Report Essaouira wind power project).

2.6 EMISSION REDUCTION ANALYSIS
The assumption of a baseline (the amount of anthropogenic emissions which would occur if the
project did not take place) is of crucial significance for the amount of credits a CDM project can
generate. The amount of CERs issued for a project equals the difference between the actual
emissions due to the project and the baseline. Three basic approaches are eligible for the
construction of the baseline (UNFCCC, 2006).

) Current or historical emissions,

i) Emissions of a technology which represents an economically attractive course of

action, taking barriers to investment into account,
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i) Average emissions of similar project activities undertaken in the previous five years,
in similar social, economic, environmental and technological circumstances, and whose
performance is among the top 20 percent of their category.

More detailed methodologies for developing the baseline are developed by the Executive Board.
2.7 SATELLITE WIND MAP AND WIND RESOURCE POTENTIAL
Wind maps developed from satellite data are known to be one of the preliminary approaches to
identifying locations for a comprehensive prospecting for wind resource. This approach is suitable
for regional wind mapping and not for micrositing purposes. Common examples of satellite based
wind maps are shown in Appendix 9 and 10.
2.8 UTILITTY-SCALE WIND ENERGY PROJECT IN NIGERIA
Currently, there are two known wind power project sites in Nigeria:
1) Katsina Wind Farm: The small village of Rimi, 25 km south of Katsina City, in North
West Nigeria, is a home to Nigeria’s first 10 MW wind farm project.
The project, first envisioned by the Katsina State government, gained full support from
the Federal Government, through the Federal Ministry of Power (FMP), in 2007. The need
to diversify Nigeria's energy mix, to boost electricity generation and have constant power
supply, adding to the vast wind resources in the north of the country, were the main drivers
for the government support for this pioneer project in Nigeria.
The contract was awarded by FMP to French contractor Vergnet S.A., a certified wind
turbine manufacturer, while the Nigerian company O.T. Otis Engineering and the German
firm, Terrawatt were jointly hired as consultancy firms to supervise the project. The farm
consist of 37 wind turbines with a rated power of 275 kW each. The average annual mean

wind speed at 55 m height for Katsina has been calculated as 6.044 m/s (ECREEE, 2013).
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The project is being funded by the Japanese International Cooperation Agency (JICA) with
a total budget of € 18.5 million.

Report in the Leadership Newspaper edition of November 14, 2014 indicated that after the
security issue that stalled the project in 2012, work has resumed at the project site in
Lambar Rimi village in Katsina in 2014 by a team of six Indigenous Engineers trained in
France (Leadership Newspaper, 2014).

From the recent report in the Vanguard Newspaper edition of May 12, 2015, the Permanent
Secretary, Ministry of Power, Ambassador Godknows Igali, disclosed that work on the
wind farm is 98 % completed. He also said the transmission line for the evacuation of the
power to be produced is ready through the Transmission Company of Nigeria, TCN, as
confirmed by their officials (Vanguard Newspaper, 2015).

Igbokoda Wind Farm, Ondo State: This is a planned 22 MW wind farm project in the
Coastal area of Ondo State in South West Nigeria. The engineering study is being

conducted by the German firm, Terrawatt.

2bLia Nigernia

oghlovo &22 MW/ Igbokoda wind/farm in'®ndo State ('plaﬁmed)

Cameroon

Figure 2.6: Location of on-going and planned wind farm projects in Nigeria
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CHAPTER THREE
DATA VALIDATION AND ANALYSIS

3.1 DATA RECOVERY
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Figure 3.1: Column-wise distribution of missing values and data recovery

The column-wise distribution shows that the 4" and the 7" columns have the highest numbers of
missing values. However, these columns are not involved in the analysis. Of the 131 total missing
values across columns 1, 2, 3, and 7 shown above, only 3 values are missing in column 2 (i.e. the

10 minute wind speed observation data) which is the focus of the analysis.

Data Recovery (DR) can be computed as follows:
Nvaia=52429, N =52560

52429

Data recovery (DR) = 550~ 0.9975

Where N is the total number of wind speed observations, and Nvaii¢ is the number of valid wind
speed observations.
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3.2  WIND POWER CURVES

3.2.1 Empirical Wind Farm Power Curve
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Figure 3.2: Empirical wind farm power curve for the raw data

The power curve for the raw data shows that at low and high wind speeds, there are cases of
unrealistically high and low energy delivery above and below the power curve respectively. These

observations constitute suspect values and may be attributed to error in wind speed measurement.

3.2.2 Wind Farm Power Curve with Energy Benchmarks
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Figure 3.3: Empirical wind power curve with energy benchmarks overlaid
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In order to identify scope for the possible energy that can be extracted from the wind, it is important
to include energy benchmarks (Betz limit, total kinetic energy of the wind, and turbine power
curve) in the analysis. Figure 3.3 shows that the total energy available in the wind is well above
the theoretical maximum that can be captured (Betz limit). The amount of energy that the turbine
actually extracted from the wind is limited by turbine efficiency as shown above. This shows that

the turbine is operating below the Betz limit.

3.2.3 Wind Speed Data Correction

In this data correction, it is assumed that the energy delivery measurements are correct, and that
all the error is contained in the wind speed measurements above the wind farm power curve. Then
all records containing suspect (questionable) data points to the left of the power curve were

removed, and the resulting data plotted.

Empirical Power Curve - Data Cleaning Option 1
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Figure 3.4a: Empirical wind power curve with data correction

Figure 3.4a shows the empirical wind power curve with energy benchmark after removing all the

records (19,987 records) above the curve containing suspect/questionable data.
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3.3  STATISTICAL ANALYSIS AND WEIBULL DISTRIBUTION

This curve indicates the frequency of a particular wind speed over a certain measurement period.
The horizontal axis shows the wind speed (m/s), while the vertical axis indicates the frequency of
these wind speeds. This curve indicates that the most frequent wind speed on the site is 10 m/s.
Furthermore, the parameter k describes the shape of the curve. With this data it is possible to make
a good energy production estimate of a turbine placed at the same location as the anemometer mast

that measures the wind speed data.
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Figure 3.5: Statistical plots for raw data: (a) Fitting of Weibull distribution to wind speed; (b)
Empirical and theoretical quantiles (Q-Q) plot; (c) Empirical and theoretical cumulative densities
(CDF) plot; (d) Empirical and theoretical probabilities (P-P) plot.
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Figure 3.6: Statistical plots for corrected data: (a) Fitting of Weibull distribution to wind speed;
(b) Empirical and theoretical quantiles (Q-Q) plot; (c) Empirical and theoretical cumulative
densities (CDF) plot; (d) Empirical and theoretical probabilities (P-P) plot.

3.4 IMPACTS OF DATA CORRECTION ON TURBINE PERFORMANCE

Turbine Efficiency vs. Wind Speed - Mo Correction Turbine Efficiency vs. Wind Speed - Correction Option 1
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Figure 3.7: Variation of turbine efficiency with wind speed with and without data correction

Table 3.1: Total annual energy generated by the wind farm

Scenario Total energy yield (kWh)
Raw data (without correction) | 21233334
Corrected data | 21228701
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Table 3.2: Capacity Factor (CF) with and without curtailment

Scenario Capacity factor
Raw data, with wind farm curtailment | 0.4073776
Clean data, with wind farm curtailment | 0.4078008
Clean data, without curtailment | 0.471176

Table 3.3: Weibull distribution by maximum likelihood (raw data)

Parameters Estimate  Standard error
Shape factor (k) | 2.593720  0.009552101
Scale factor (A/ m.s) | 9.463989  0.017000072

Table 3.4: Weibull distribution by maximum likelihood (corrected data)

Parameters Estimate Standard error
Shape factor (k) | 3.071791 0.01086230
Scale factor (A/ m.s-1) | 9.833156 0.01462579

3.5 MEAN WIND SPEED ESTIMATION FOR THE SITE

Since the wind speed data contains frequency values, any of the methods for Weibull parameters
determination can be applied to compute the mean wind speed. This step usually follows the

estimation of Weibull parameters (k and A).

With the combination of Equation (2.8) with Figure 2.2a, Tables 3.3 and 3.4, the mean wind speed

can be computed as follows:

3.5.1 Raw data (From Table 3.3, k =2.593720 and A = 9.463989):

1
r (1 +—2_593720> = I'(1.38555)
From Figure 2.2a, I'(1.38555) = 0.883 approx.

Therefore, ¥ = 9.463989 x 0.883 = 8.36m/s
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3.5.2 Corrected data (From Table 3.4, k=3.071812 and A=9.833168):

r (1 + —3.071812) — I'(1.32554)

From Figure 2.2a, I'(1.32554) = 0.90 approx.

Therefore, ¥ =9.833168 x 0.90 = 8.85m/s
3.6 ENERGY YIELD ESTIMATION FOR THE SITE
From the result in Table 3.1, the total energy yield for the wind farm are 21,233,334 kWh and

2122870 kwh for the raw and corrected data respectively.

3.7 POTENTIALS FOR UTILITY-SCALE WIND ENERGY IN NIGERIA

Data from the Nigerian Meteorological Agency (NIMET) shows that most major cities in Nigeria

has wind speed ranging from 2 — 4 m/s at 10 meters height.

Study conducted by researchers at the Nigerian Meteorological Agency (NIMET) on the patterns
of wind at the Nigerian coast reveals that the wind blew predominantly from WSW and WNW
direction (Edafienene et al., 2010). The study shows that coastal area experiences mainly the south

westerlies which are onshore and confined to azimuths of 215° - 266° with velocities of 2-5m/s.

With reference to the range of wind speed (2 — 5 m/s) above and assuming the data was collected
at 10 meter height, the wind resource potential at a hub height equivalent to that of Vestas V52

turbine can be computed using the wind shear model in Equation (2.22) as follows:
m
Average coastal wind speed in Nigeria, v; =35 " at z; = 10 meters

Assuming roughness length, Zo=0.03m
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i.e. assuming that data collected over an open agricultural land without fences and hedges; maybe
some far apart buildings and very gentle hills with roughness length of 0.03 meters.

At the hub height of z; = 74 m, the corresponding wind speed is:

74

In(553)
10

In(5p3)

v(z = 74m) = 3.5

v(z =74m) = 4.71m/s

3.8 CERTIFIED EMISSION REDUCTION (CER) ANALYSIS

This section is an evaluation of possible emission reduction potential of the 5.95 MW wind
power project within a crediting period (cp) of 10 years

C0O2 emission (tonne C02)
= Power Generation (MWh) X Emission Factor (tonne CO2/MWh)
Power Generation (MWh)

= Installed Capacity (MW) X Capacity Factor (%) X 8760 hours/year

BASELINE EMISSIONS AND EMISSIONS REDUCTION ANALYSIS FOR SAO VICENTE WIND Annual energy
FARM prod.(raw data) 212332 MWh

Annual energy

1 euro 233 Naira prod.{corrected) 21229MWh
Source: pre- Source: R Source: Source:
defined analysis Source: UNFCCC ecreee/unido report Source: R analysis ETS*
Avg. annual
Installed Capacity Capacity Emission factor Average tariff energy prod. CER rate
(M) factor Hours per year (kgCO2/kWh, diesel) +VAT(Euro/kWh) (MWh) (Euro/tCO2)
5.95 0.41 8760 0.71 0.28 14185
Baseline CO2
emission 10071.35tCO2/year 1007135
Carbon credit, NGMN
annual 60,428.10Euro/year 14,079,747.30

Carbon credit, 10
years c.p 604,281 .00Euro/10 years

Annual energy
sale EUR 32,971,82800.00

LCOE (EUR /kwh) 0.335ource: NREL calc.

*ETSEuropean Trading System

Figure 3.8: Baseline emissions and emissions reduction analysis for Sao Vicente Wind Farm
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CHAPTER FOUR
RESULTS AND DISCUSSION
The data recovery analysis conducted in Section 3.1 reveals that 99.75 % of the total wind speed
observations are technically valid for a reliable wind resource assessment. This significant
percentage of valid wind resource data gives confidence in embarking on further analysis based

on the data.

The wind power analyses show that the amount of wind energy that can be harnessed is limited by
Betz law. The wind turbine is only able extract wind energy below the Betz limit (59 %) with an
average efficiency of 26 %. As seen in Figure 3.3, the Betz limit curve (red) is below the curve for

total wind energy curve (green), while the turbine power curve lies below the Betz limit curve.

The site under study has an estimated average wind energy potential of 53,470.2 MWh per annum.
However, from literature, the amount of wind energy that can be harnessed is observed to have
been limited to 31,547 MWh by Betz law (theoretically 59 %) and further, by the turbine power
curve. Analyses show that the Vestas turbine deployed at the site is only able to extract about

14,185 MWh per annum, which represents an average efficiency of 26 %.

The results shown in Figures 3.5, 3.6, and 3.7 show how well the Weibull distribution fits the wind
speeds with and without correction. Wind speed versus power output looks good if the wind speed
data is filtered using Betz Limit. Otherwise some unusual observations will occur above the Betz
limit, thereby violating the nominal power curve for the wind turbine in use. This unusual
observation can be attributed to erroneous readings of the wind gauge (anemometer). If the wind
gauge is reading too low, then it would artificially place points to the left of the true power curve,
thus creating points above the Betz Limit. To eliminate this occurrence, it is important to apply

critical judgment based on the knowledge of the physical system to improve data filtering. Careful
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observation of the Weibull distribution plots shows that the best fit was achieved in Figure 3.7.

This further confirms the importance of data filtering in wind resource assessment.

Wind data filtering prior to analysis is a very important prerequisite to eliminate shifts in power

curve as well as realizing the optimum turbine efficiency as shown in Figure 3.8.

In Figure 3.6, the best Weibull distribution fit gives the dimensionless shape parameter of
3.071791. When compared with the raw data (k=2.594), the corrected wind data gives a higher
value of k= 3.072, close to the value of 3.5 specified for steadier wind in the literature. This

indicates a narrower frequency distribution and steadier (less variable) wind regime at the site.

The analysis in section 3.6 shows that the wind resource potential in Nigeria’s coastal area of
Lagos lies within Class 1. This indicates that the potential for utility-scale wind energy in the

location is poor.
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATION.

5.1 CONCLUSION

The analysis shows that the Sao Vicente wind power project has the potential to produce between
20, 331 MWh to 27,321 MWh per annum at corresponding capacity factors of 0.41 and 0.44
respectively within the limit stipulated by Betz law. However, only 14,185 MWh per annum is
technically recoverable given the turbine efficiency limitations. Based on the technical potential,
the average CO3 reduction potential is estimated at 10,071 tonne CO> per annum or 100,710 tonne

CO. for the maximum project lifecycle of 10 years.

With the maximum price of 6 euro per tonne CO: granted in the European trading system for
Certified Emission Reduction (CER) globally, the monetary value of the emission reduction for
the 5.95 MW wind power project amounts to € 60,428 per annum or € 604,280 for the 10 years
crediting period. It can be concluded that the Sao Vicente wind power project, which is valued at
about € 15.5 million, is viable as a CDM project. However, the estimated potential carbon credit,

which stands at about 4 % of the project cost, is not sufficient to cover the investment cost.

Since the project has the potential to reduce dependence on fuel imports, government can invest
the cost savings on fuel import and/or subsidy payment by way of granting production- and
investment-based incentives to project developers. Interestingly, the prevailing electricity tariff
regime of about € 0.28 per kWh in Cape Verde makes investment in the wind power project
competitive. Through energy sales revenue alone, the project has the potential to break-even within
a period of 4 years with or without carbon credit grant. In the context of Nigeria’s coastal area,
wind resource potential could be harnessed optimally using turbines with cut-in speed below 3

m/s.
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5.2 RECOMMENDATION

In 2013, the investment benchmark for onshore wind power project in Germany was about
US$1,800 per kW, and the Levelized Cost of Energy (LCOE) was € 0.107 per kWh (Kost et al,
2013). Based on this benchmark, the 5.95 MW wind power project in Sao Vicente would have
required investment cost of about € 10 million against the actual € 15.5 million invested. The cost
difference between the two countries may be attributed to the following reasons: Complex terrain
requiring additional investment to create access road to the windy site; Absence of local wind
turbine manufacturers, hence all the components of the wind turbine have to be imported over long
distances thereby incurring additional cost on import duties; Inadequate indigenous manpower
necessitating the engagement of foreign expatriates as transaction advisors, project developers,
and technicians; Consultancy and project costs for on-site wind measurements. These realities
present areas where regional effort could be directed to cut down on the investment cost for wind
power projects, and other renewable power projects in West Africa. One of the ways to mitigate
these factors would be through increased capacity building in renewable energy project
development and financial appraisal aimed at strengthening the institutional capacities of local

institutions with mandate on energy infrastructure planning.

Research should be conducted to identify a robust renewable energy incentive option that could
drive accelerated investment in renewable energy projects in the Island. Such incentive(s) must
support renewables to achieve economy of scale, to ultimately drive down the cost of electricity
paid by the consumers in Cape Verde, which has the second highest electricity tariff in West
Africa, and to promote job creation and local content development. Similarly, wind speed
measurement campaign for the purpose of wind farm project development should be launched in

other countries in the region in order to unmask good wind sites for siting wind farm.
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Detailed wind resource assessment should be conducted for highlands in the Northern part and
coastal areas in the Southern part of Nigeria to unmask potentials for utility-scale wind power

project development for power generation.

In addition, research on the impact of intermittent wind power integration into the electricity grid
has to be conducted to curtail issues of grid instability. In addition to wind resource forecast, hourly
load demand forecasts should be conducted to adequately match demand with supply, and to

identify the point where backup supply is necessary to meet peak load or demand.
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APPENDICES

Appendix 1: Wind speed data

The wind speed data for this project is available as the filename: “sao.vicente.wind.csv.”
at http://ecreee.wikischolars.columbia.edu/file/detail/sao.vicente.wind.csv

Appendix 2: List of Annex 1 and Non-Annex 1 countries in the Kyoto Agreement

Annex 1 countries Non-Annex 1 countries
Australia Afghanistan

Austria Albania **

Belarus ** Algeria

Belgium Andorra

Bulgaria Angola

Canada Antigua and Barbuda
Croatia ** Argentina

Cyprus Armenia **

Czech Republic ** Azerbaijan

Denmark Bahamas

Estonia Bahrain

European Union Bangladesh

Finland Barbados

France Belize

Germany Benin

Greece Bhutan

Hungary Bolivia

Iceland Bosnia and Herzegovina
Ireland Botswana

Italy ** Brazil

Japan Brunei Darussalam
Latvia Burkina Faso
Liechtenstein ** Burundi

Lithuania Cambodia
Luxembourg Cabo Verde

Malta Cameroon

Monaco ** Central African Republic
Netherlands Chad

New Zealand Chile

Norway China

Poland Colombia

Portugal Comoros

Romania Congo

Russian Federation ** Cook Islands
Slovakia ** Costa Rica
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Slovenia ** Cuba

Spain Cote d'lvoire

Sweden Democratic People's Republic of Korea
Switzerland Democratic Republic of the Congo
Turkey ** Djibouti

Ukraine ** Dominica

United Kingdom of Great Britain and Northern
Ireland

Dominican Republic

United States of America Ecuador
Australia Egypt

Austria El Salvador
Belarus ** Equatorial Guinea
Belgium Eritrea
Bulgaria Ethiopia
Canada Fiji

Croatia ** Gabon

Cyprus Gambia
Czech Republic ** Georgia
Denmark Ghana
Estonia Grenada
European Union Guatemala
Finland Guinea

France Guinea-Bissau
Germany Guyana
Greece Haiti

Hungary Honduras
Iceland India

Ireland Indonesia
Italy ** Iran (Islamic Republic of)
Japan Iraq

Latvia Israel
Liechtenstein ** Jamaica
Lithuania Jordan
Luxembourg Kazakhstan **
Malta Kenya
Monaco ** Kiribati
Netherlands Kuwait

New Zealand Kyrgyzstan
Norway Lao People's Democratic Republic
Poland Lebanon
Portugal Lesotho
Romania Liberia
Russian Federation ** Libya
Slovakia ** Madagascar
Slovenia ** Malawi
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Spain Malaysia
Sweden Maldives
Switzerland Mali

Turkey ** Marshall Islands
Ukraine ** Mauritania
United Kingdom of Great Britain and Northern | Mauritius
Ireland

United States of America Mexico

Micronesia (Federated States of)

Mongolia

Montenegro

Morocco

Mozambique

Myanmar

Namibia

Nauru

Nepal

Nicaragua

Niger

Nigeria

Niue

Oman

Pakistan

Palau

Palestine *

Panama

Papua New Guinea

Paraguay

Peru

Philippines

Qatar

Republic of Korea

Republic of Moldova **

Rwanda

Saint Kitts and Nevis

Saint Lucia

Saint Vincent and the Grenadines

Samoa

San Marino

Sao Tome and Principe

Saudi Arabia

Senegal

Serbia

Seychelles

Sierra Leone
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Singapore

Solomon Islands

Somalia

South Africa

South Sudan

Sri Lanka

Sudan

Suriname

Swaziland

Syrian Arab Republic
Tajikistan

Thailand

The former Yugoslav Republic of
Macedonia

Timor-Leste

Togo

Tonga

Trinidad and Tobago
Tunisia

Turkmenistan **

Tuvalu

Uganda

United Arab Emirates
United Republic of Tanzania
Uruguay

Uzbekistan **

Vanuatu

Venezuela (Bolivarian Republic of)
Viet Nam

Yemen

Zambia

Zimbabwe

* Observer State; ** Party for which there is a specific COP and/or CMP decision.

COP - Conference of the Parties
CMP - Conference of the Parties serving as the meeting of the Parties
Appendix 3: Definition of terms

Kyoto Protocol: an international agreement linked to the United Nations Framework Convention
on Climate Change (UNFCCC), which commits its Parties by setting internationally binding
emission reduction targets.
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Kyoto Mechanisms: the three market-based mechanisms offered by the Protocol as cost-effective
means to help Parties meet emissions reduction targets and stimulate green investment. The Kyoto
mechanisms are: International Emissions Trading; Clean Development Mechanism (CDM); Joint
implementation (J1). These mechanisms are additional to national measures which Parties may set
for themselves.

Conference of the Parties (COP): The supreme body of the Convention, that serve as the annual
meeting of the Parties to the Kyoto Protocol. Only Parties to the Kyoto Protocol are represented.

Conference of the Parties serving as the meeting of the Parties (CMP): All States that are
Parties to the Kyoto Protocol are represented at the Conference of the Parties serving as the meeting
of the Parties to the Kyoto Protocol (CMP), while States that are not Parties participate as
observers. The CMP reviews the implementation of the Kyoto Protocol and takes decisions to
promote its effective implementation.

Annex 1 countries: The countries with an emission reduction target are listed in Annex 1 of the
Protocol. Such countries are mostly developed economies.

Non-annex 1 countries: The countries without a target, the developing countries, are referred to
as “Non-Annex 1.”

Share of Proceeds: A levy on the amount of CERs issued for a CDM project activity. This levy
is used for two purposes, namely: to cover the administrative costs of the CDM, and to provide
funding for the Adaptation Fund, used to finance adaptation measures for countries most affected
by climate change. For the Adaptation Fund, the levy is 2 % of the issued CERSs; for the coverage
of the administrative costs, percentage still has to be fixed which will be proposed by the Executive
Board.

Low operating cost and must-run (LCMR) resources: This typically include hydro,
geothermal, wind, low-cost biomass, nuclear and solar generation. If coal is obviously used as
must-run, it should also be included in this list.

Curtailment: Dispatch below maximum output of power generating system.

Baseline emissions: The baseline activity displaced by the clean energy project is the electricity
that could have been delivered by the grid and which is now being delivered by the project. The
grid emission factor to be used is the International Energy Agency (IEA) national grid average
CO2 emissions per kWh from electricity and heat generation.

Note: To find these IEA grid factors, always refer to the latest version of the IFC Carbon Emissions
Estimator Tool (CEET) for the National All Fuels Average grid factor (tCO2e/kWh).
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Appendix 4: The Sao Vicente Wind Farm at the Region of Selada de Flamengo

Appendix 5: ECREEE Fellows at the Site of Sao Vicente Wind Power Project
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Appendix 6: Training on Clean Energy Systems at Hotel Porto Grande, Cape Verde

i

Appendix 7: List and sources of softwares used

R is a programming language and software environment for statistical computing and graphics.
The R language is widely used among statisticians, engineers, and data miners for developing
statistical software and/or analyze big data. It is available as an open source software
at https://www.r-project.org/

Microsoft Excel is a common analytical package available as part of Microsoft Office suite.
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Appendix 8: Wind Power Classification (NREL/USAID, 2007)
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7 Superb = 800

*Wind speeds are based on an elevation of 1500 m and

a Weibull k value of 1.6.

Appendix 9: Wind Resource Map (IRENA Global Atlas, 2015)
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Appendix 10: Global Wind Current Flow (NASA, 2011)

Appendix 11: Technical specification of Vestas VV52/850kW Wind Turbine (Vestas, 2012)

Technical specification

Manufacturer: Vestas (Denmark)
Model: V52/850
Nominal power: 850 kW
Rotor diameter: 52 m
No more available
Wind class: IEC /11
Offshore model: no
Swept area: 2,124 m?
Power density: 2.5 m2/kW
Number of blades: 3
Power control: Pitch
Hub height: 74 m

67

Weight
Hub: 22 tons
Tube: 77 - 111 tons
Rotor: 10 tons
Total: 109 - 143 tons

Rotor
Minimum rotor speed: 14 rd/min
Maximum rotor speed: 31,4 rd/min
Start-up wind speed: 4 m/s
Nominal wind speed: 16 m/s
Maximum wind speed: 25 m/s



Appendix 12: Power Curve for Vestas V52/850kW Wind Turbine (Vestas, 2012)
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