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ABSTRACT

Hybrid power systems are some of the remedies used as an alternative source of energy
in Kenya. Anintegration of wind solar hybrid systems for energy supply is viewed as a
key element of alteative technology. Wind and solar are some of the considerable
renewable energy options, both at present as well as in the fdugeto their
availability. Hybrid systems are becoming more convenient ways of harvesting energy
from renewable sources whewa or more technologies are incorporated and used as
one.This study focused on analyzing the performancedawdlopment obptimization
strategies of a Win&olar hybrid system, based on site parameters in St Francis Xavier
School Naivasha. The systemnsests of two wind turbines 908/ each, 30 solar PV
modules 100/, each arranged into 3 strings of arrays. The system was meant to meet
the power load demand in the School. However, power from grid was being used despite
the huge investment in renewableesgy system. Data on power peak load and power
generated from wind and solar PV system was collected by use of data logger for
period of three months. Analytical methods and tool such as Microsoft excelyand H
OptimizationModel for Electric Renewab software(HOMER) were used for analysis;

data was presented in form of bar graphs and curvgisda preciseneaning of results

It was found that daily energy demand was 40.5 kWlonthly solar energy harnessed
was; 98.86 kWh, 94.31 kWh and 120 kWh Hkebruary, March and April 2016
respetively. In conclusion adding 3 kWp solar power and harmonizing the load
distribution among three inverteraere the best optimization strategies that can be
adopted. The findings of this study will be used in futisele reference to estimate
available and extractable power from solar and wind power systems as source of
renewable energy yearly
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CHAPTER ONE

INTRODUCTION

1.1 Background of Study

The energy sector is one of areas that are drawing a lot of intemesstiakeholders in

most of public and private domains in Kenya and the world at large. There has been an
exponential growth in sectors which requires energy security for their energy demand,
the Kenyan population has also increased. This has led to @@asecin the energy
demand and thus a need to diversify the available sources of energy. The need to invest
in green energy is increasing greatly with the beckoning reward of these investments
with carbon credits through the Clean Development Mechan@®DM| (United
Nations, 1998).

Despite high cost of installation, hybrid systems offer several advantages either as a
single system from an environmental and cost standpoint. Hybrid systems produce
synergistic benefits in which the system efficiesciare tymally higher than thas

individual technologies used separately; some hybrid systems simultaneously improve

the quality and availability of powefJimenez & Lawand, 2000)

A well-designed hybrid system casubstantially reducepower dependenceon
conventimal power source from the grid. A Hybrid system is a-edfstctive solution to

rural electricity needs especially for low power load applications less than 10 kwWh/day;
Wind/Solar PV Hybrid Systems are very attractive since the peak operating conditions
for solar and wind power occur at different times of the day or even during different

seasongFingersh, Hand& Laxson, 2006)

Currently St. Francis Xavier Girls High uses energy from sailand hybrid system,
however, they are facing solar wind energyr&dnge thus need for national grid energy.
According to KumamandRosen, (2011), it is not theoretically possible to convert more

than 29 percent of the sun’s light into energy using for instance crystalline solar cells.

1



Realistically, theefficiencyfor a PV panel is likely closer to 24 to 25 percent because of
factors like heat and soilingrherefore,it is necessary to keep solar PV on suitable
conditions to ensure that at least 24 percent of solar energy is harnessed. Cells are either
mona-crystalline, polycrystalline or amorphous). Moswystalline cells have higher
efficiency than polycrystalline since they are made from high grade silicon. Its
efficiency rate is typically between #%20% while the efficiency of polycrystalline is
typically between 1%-14% (Steven, Hegedu& Luque, 2003)

wind is available during the day and at night, this makes wind more preferable for
power generation in small or large scale. The Wind turbines requires a minimum wind
speed ‘cut in’ speed before they start produgiager. For small wind turbine the cut in
speed typically ranges from 2md/sto 4 m/s. After the cut in wind speeds, wind turbine
power increases rapidly with increasing wind speed until its start leveling off as it
approachegeak power. The available pewin the wind is given according to the
equation (Manwell, McGowan , & Rogers, 2012)

where & is the air density, A isotor Area , vis wind speed

1.2 Statement of the Problem

Increased demand forean energy and ensuring energy security to oversee Kenya’'s
vision 2030 is possible with the use of solar module (PV systems), wind turbines and
other renewable energy sources. The power produced from-8dlad hybrid system

was considere@ddequateo meetthe power demandbr at St Francis Xavieschool.
However,this was not the case and thus némdnationalgrid power; the study was
designed to develogtrategy$) to reduce the dependence on the national grid power and
hence maximizing the power prodionn from renewable energy sources (wind and

solar).



1.3 Justification of the Study

Power from the grid was relatively expensive as compared to power from the other
renewale sources. St. Francis Xaviect®ol stakeholders appreciated the benefit of
renewdle energy and installed a Widglolar hybrid systems in the school. However,
power from Wind Solar hybrid system was not enough and requires power from the
grid to meet the power demand in the school. The development strategies for hybrid
system identifid by the study will optimize power from renewable sources, and reduce
the power from the gridThe result of the study substantially improved its performance
thus reducing the cost of energy in the school.

1.4 Hypotheses

Development obptimization Strateigsfor the existing WindSolar Hybrid system does
not increase the poweegeration at St Francis Xavieir{s High Naivasha.

1.5Objectives

1.5.1 Main Objective

The main objective of the study was to explore the optimization strategies for the
existingwind-solar hybrid system at St. Francis Xavier Girls High school.

1.5.2 Specific Objectives

The specific objectives of the study were to;

1. Determine the Energy load/demand inF&tncisXavier Girl High school

2. Evaluate the performance of the installed wisalar hybrid system
(Energy Production).

3. Determine the potential optimization options for a wind solar hybrid
system by simulation.

4, Evaluate the cost of optimized wind solar hybrid system design.

3



1.6 Study Area

The study focused on wind and solar hybrigstem installed at St Francis Xavier
Naivasha (coordinate®45'30.1"S 36°28'36.9"E). Figure 1.1 is site location of the case

study showing adjacent features.

A
N Pro
[ A 104]
Naivashz %
4‘9
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(r,b %
@,}oéf
)90’

,St Franci: ier Girls
S ol...
V\me Nairobi

Figure 1.1: Location map (https://www.google.am/mapsy
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1.7 Conceptual Frame Work

Figure 1.2conceptualizes the winrsblar hybrid system design from sources to the load.
The system comprises of two wind turbines, 30 solar pafpall/crystalline) and

national grid power, convertersharge controlles and batteries connected to appliances.

A
e
e
ey
/4
e
r
Power
2 small wind .
from grid
turbines
[1.2kwW)
Solar PV and
Wind
Turbines
Charge
controllers
v . ?
| e
: | "
30 sol e .
Pa:)e:: Batteries - H—

AC Load

Figure 1.2: Conceptual frame work.



CHAPTER TWO
LITERATURE REVIEW
2.1 Theoretical Principles

The direct conversion of wind argblar energy to electricity has advanced markedly
over last two decadgesignificantly reduced prices of photovoltaic modules and Wind
turbines due to the availability of incentives in many parts of the world, and has
drastically increased its applications especially in third world countries. The design of
hybrid power systemdepends on specifics of the existing power system, the available
renewable sources and the load profile. Given these constraints, there are numerous
options includhg the wind turbine desigramountof wind penetration, inclusion of
other renewable powesources, energy storage systems, and the nature of load
management. However, the efficiency of wind systems is determined by following
factors; wind turbie efficiency which is due tair density, area of the rotor, wind
velocity, power coefficientfactor (Cy ), Thrust Coefficient facto(Cr ) (Manwell,
McGowan , & Rogers, 2012)

The efficiency of photovoltaic cells of a module is measured under controlled standard
test conditions (STC) i.e solar irradiance 1 k\A/well temperature 2%, air mass 1.5,
athough the nominal operating cell temperature (NOCT) in its actual applications is
much higher than the reference cell temperatuf€ 2he higher NOCT is considered as
one of the major cause of reduced efficiency and electrical power output of
photovotaic modulesThe applicability and optimum design of the hybrid photovoltaic
systems have been investigated by various stytligen & Hepbasli, 2003Serrano,
Rus& Garcia, 2009Singh, 201{.

However, the studies on wirgblar hybrid power systems avery limited in Kenya
since wind energy applications have only extensively appeared for al®atdesade in
the Kenyan market.



2.1.1 Solar PV in a Hybrid system

Solar (PV) Modules may provide a useful complement to wind turbines in hybrid power
systems Solar PV modules provide electrical power directly from incident solar
radiation, solar PV modules generates DC power source. They usually operate in
conjunction with storage and a separate DC bus. In larger systems they may be coupled
with PV grid inveters and thus become AC coupled power source. Variations of the
solar resource on annual and diurnal scales, as well as on the time scales of front driven
weather patterns and the passage of clouds, complicate the design of hybrid systems.
The maximumpowe from the panels is equal to the product of the maximum current

and the maximum voltagdanwellet al, 2012)
2.1.2 Solar PV Performance Characterization

Solar PV modules converts irradiance directly to DC electricity, solar PV has no moving
parts, theefore they are highly reliable, long lifespan and require little maintenance,
mostly they just need to be kept clean and off from shading. Solar PV are rated in terms
of peak watts. Power is proportional to irradiance i.e for a PV ratedV}@@ll produce

100 W when the irradiance on the Solar PV is 1 k\W/Rowever,efficiency of module

is 80%, it means that when a 188 solar PV module is used in a battery system, the

available power is about 80 Wimenez & Lawand, 2000)
2.1.3 Solar PV Capital and Opeating Cost

Solar PV are available iavariety of rating, the cost of PV array is driven by the cost

of the modules despite the declining prices due to incentives from the Government. The
solar PV are still relatively expensive typically the price of alotes ranges from $4.00

to $5.50 per W(Ksh 400 550) in global market, the module is expected to last for
about 20 yeargJimenez & Lawand, 2000However after incentive by the Kenyan
Gorverment and other countries as away of promoting renewabe eugiake in



world, the price of solar module in market has gone low and ranges fré&&shs0-110
Ksh per W as 2017 market price.

2.1.4 Solar Irradiance

The power generated by Solar PV modules is determined by the level of solar radiation
falling on the modle, the module characteristics and the voltage of the load to which it
is connected. Figure Pshows the currenvoltage characteristics of a typical PV panel

at a given temperature and solar insolation levels.

Maximum
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30 A 1000W m® Tull Sun P — VxI

2R

2.0

f e 500W'm* Half Sun

Arrpares (A

1.0 Open C roult
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Figure 2.1: Current-voltage characterigics of a typical PV panel

(Sourcehttps://www.googleCurrent-voltage characteristics of a typical PV panel).


https://www.google

2.1.5 Effect of Irradiance on Short Circuit Current (Isc)

Short circuit current is affected by the amouhtle irradiances striking on a module,
reduced irradiance due to environmental conditions such as clouds, dust or even shading
of the cells reduces the current proportionally. However, in case of blocked cells the
output power reduces by half. Equationnas a modified approach to calculate the
charging current in 24V system for a known irradiafiogidell & Weir , 2006)

I{scysTc X irradiance (kW /m*

lavy = 1 kW /m?

2.1.6 Wind turbine in a Hybrid systemsand Performance Characterization

There are different types of winturbines that supply DC power as their principal
output. These turbines are typically in the smaller size rang&WLOor less. With
suitable controls or converters, they may operate in conjunction with AC or DC loads
(Manwellet al,, 2012)

Wind turbine converts the energy of moving air into useful mechanical or electrical
energy, wind turbine needs more maintenance than Solar PV but with moderate wind
greater than 4.5 m/s will often produce more energy than similar priced solar panels
(Jimenez & Lawand2000)

In the process of producing electric energy from wind turbines features, there are
numerous energy losses shown irfigure 2.2. At the rotor, there is aerodynamic loss of
around 60% of wind power input. Further, there are mechanical losses nfl at#uat

speed increasers such as gears, and electrical and mechanical losses of around 6% at
generator. In total, about 70% of wind power input is lost through wind power generator.
Therefore, net electric energy generation is about 30% of wind power (MaEP,

2015)
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Figure 2.2: Energy lossesn wind energy generating turbine(MoEP, 2015)

A wind turbine performance isharacterized by its power curve (Figured)2which
relates wind turbine power output to the hub height and wind speed. Winde&irbi
produce much more power at higher wind speeds than at lower wind speeds until the

wind speed reaches the eatut speedJimenez & Lawand, 2000)

Power (Kilowatts)

Rated output speed Cut-out speed
Rated output power -—+ Y
Cut-in spead
3.5 14 205 25

Steady wind speed (metres/second)
Typical wind turbine power output with steady wind speed.

2.1.7 Wind Turbine Capital and Operating Cost

10

Figure 2.3: Typical wind generator power curve(Jimenez & Lawand, 2000)

Wind turbine prices vary more than Solar PV module prices, similar sized turbine can
differ significantly in price due to tower costs based on design and height. Unlike the

case of Solar PV, wind turbine offers economies for scale withrlamged turbine



costing less per kW than smaller wind turbine, the costs generally range from $2000 per
rated kW. Maintenance costs for wind turbine are variable, most small wind turbine
requires some preventive maintenance mostly in form of periodic tmspédimenez &
Lawand, 2000).

2.1.8Wind Shear

Wind speeds and wind directions can change over a short distance, this occurs either
horizontally or vertically and often caused by strong temperature inversions or density

gradients in the area. Due to thdjaxent feature arounbaivasha this location is

subject to wind shear, the wind speed tends to lower at lower heights from the ground

and increasing as the height incregdéanwell et al, 2012)

2.1.9 Power law

According to Power law, wind speed degenith the heights due the terrerains, the
wind speed the near the ground lower as compared to some height above, equasion 3
used o determine the wind speed aidht ofh,m from 6 m and the power excpected
(Ulgen & Hepbasli, 2003)

where v (m/s) is the actual wind speed recorded:dtéhm) ,\» (m/s) is the wind speed

at b (m) andw is roughness exponetial.

2.1.10Log Law

Wind profile was predicteddy logarithmc approachconsidering natural surfes were
never uniform or smooth and therefore terrains affect the wind speed. The log law was
modifiedto consider mixag at the eartls surfae (Manwell et al, 2012)
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where v (m/s) is the actual wind speed recordéedha(m),v- (m/s) is the wind speed at
h> (m) and z is roughness length (mm).

2.1.11 Weibull and Rayleigh Probability Density Function.

AccordingRayleigh and weilbullvind speed probability can be estimated based on the
wind data at the monitoring $i@n or using the model called “Weibull distribution” or
“Rayleigh distribution” if wind data is not available at the project site. Weibull
distribution determines two parameters k and ¢ which represents wind speed, Rayleigh
distribution is a special casd weibull distribution where only parameter k and average
wind speed is needdlantaret al, 2008;Manwellet al, 2012)

v

weibullf () = % (%) expl(5) T oo 5

Rayleighf (1) = £ exp[—Z(Z) ] wvvvovronrierer e 6

According Rayleigh the average power can be obtabyedonsidering average wind
speed as follows

wherep : air density A:rotor erea,w: . average wind speed, k: shape factor, c: scale

factor.
2.1.12Hybrid System Overview

Wind Solar hybrid s an electric system that combines wind energy and solar PV energy
technologies. Hybrid systems may be standalone/off grid systems or grid tie systems.
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The system maximizes energy harnessing protocol when neither the wind nor the solar
system is generatingnergy, most hybrid systems provide power through batteries or
without, grid tie systems is capable of suppliational grid egkenya power lighting
company (KPLC). Alternatively, if the batteriamltage ‘run’ low when wind/solar
sources are not produg thus source ofpoweris from nonconventionaleither from
generator or KPLC (Kenya). WindSolar hybrid system consist of the followiryjnd

turbine, Solampanel (PV), Batteries, Charge controller, Power conditioning equipment,
Safety equipmentneasuing modulators and sensors.

2.1.13 Monitoring Equipment in a Hybrid system

In a modern wind solar hybrid system, many sensors are used to communicate important
aspects of its operations to control the system, a remote control device or data loggers
offer monitoring functions (data logging) for various environmeptiameteiand any
additional system related parameters that sgyibe useran overview of the whole
system. These measurentsinclude; Speeds (generator speed, rotor Speed, wind speed,
direction of rotation), Electrical Characteristics (grid power, current power factor,
voltage grid frequency, ground fault, convertor operation, motion and environmental
conditiong. Additional parameters that can be monitored are module and ambient
temperature,dar radiation, solar irradiation, wind speed (hybrid systems) in some cases

also air pressure and air humidity etc.

2.1.14 Battery Bank

In an off grid systems batteries are critical in storing the energy generated and used later
when needed. Batteries arated according to cycles, basically batteries can have
shallow cycles which usually ranges from 10.0% to 20.0% of the battery's total capacity
or deep cycles up between to 50% to 80%. These classifications depend on the

application of the batteries andoplucts specification&Solar Direct, 2015)
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Shallow cycle batteries, are designed to deliver several hundred amperes for a few
seconds, and then are quickly recharged. Deep dateries on the other hand, it
delivers few amperes for hundreds of houpstween charges. These two types of
batteries are designed for different applications and should not be used interchangeably;
deepcycle batteries are best suited for PV power systems. The battery's capacity for
holding energy is rated in antpurs theredr 1 amp delivered for 1 hour =amphour

(Solar Direct, 2015)

A 12V battery system has an opemngtinormal voltage 12V when fullgharged it
reaches a maximum of 13.4 and low voltage of 11.5V,Hbare 2.4 and Figure 2.5
shows battery voltage underrnaal operation (float charging) and daily battery voltage
when battery life is ending or the capacity is reducing respectively. Overall cycles are
relative to the lifespamf the battery, if the battery is discharged too low the battery
lifespan is reduced
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Figure 2.4: Battery voltage under normal operation Float charging.

Figure 24 is schema representation of charging process of a normal/healthy battery,
during float charging stage the battery is fully charged. However, the charge control

allowssmall quantity of current as result of absorption.
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Figure 2.5 Daily battery voltage when battery life is ending.

The schematicigure 25 illustratesthe scenario of a “dead” battery zombie state, in this
particular case the battery was fully chargeithin very short time in a sunny day.
However, the CC LED indictor show low battery voltage immediately when the load is
connected at night or during rainy session.

2.1.15. Power Converter

A powerconverter is an electronic device used in hybrid pogesreration to maintain

the continuity of energy among AC and DC electrical components. It consists of an
inverter and rectifier to perform the conversion from AC to DC and vice {&tzawell

et al, 2006)

There are two types of power conversion funcionf particular significance for hybrid
power systems: Rectifying and inverting rectifiers are commonly used to charge
batteries from an AC source. Inverters are used to supply AC loads from a DC source,
Plate 2.1 shows the inverter/charger that were uséus study.
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lnveder 1l |.lnverter? M .. Inverter

Plate 2.1:Inverters/Charger (M ulitplus 24V/3000VA/70A)
2.1.16Charge Controller

DC electricity generated by a solar PV module flows through a charge controller if the
system has batteries. Charge controllers are often also cajleldtors; howeverthey

do not regulate voltagederent but acts aswitchto connect a solar PV module and a
battery for charging process, and to connect load and the battery for the use of
electricity. The role of charge controllers is to protect batsesince batteries are weak
against over charge and over discharge. However, charge controllers are sort of
switching devices that have two switches, one in between PV module terminal and
battery terminalFigure 2.6) the other is between load terminaldapattery terminal,

there are two charge controller technologies maximum power point tracking (MPPT)
and PulséVidth Modulation (PWM) technology, the latest technology allows a better

switching control for charging efficiency.
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Figure 2.6: Types of charge controllers

However Maximum power point tracking (MPPT) charge controller are more efficient
than PWM, MPPT charge controller will track maximum power that can be produced by

— 8 p——a" e
Wind' PV Wind/ PV
Load A

Load

solar array in case one of the strings/module islesthar irradiance decreasgéiwale,

Patil, & Vincurkar, 2014)

2.1.17Power Demand Constrain.

The required power by an appliance is based on wattage (W). Electrical energy is a
function of voltage, current ariime (equation 8) Equation 9ensures that ghsystem

meets the power demand load, using the power generated from the hybrid system from

both wind turbines and solar arraydqusa,et al, 2013).

Electrical power (W) = Current (I) X Battery Voltage(V)................ 8

Py (wind) + Py (S01ar) = Pyoiond «ooeeereeeeeniee e siee e 9
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2.1.18Cost Analysis

The cost of raising the height of turbine and increasing the diameter ofcatobe
calculated afollow;

Cost of wind turbine =N, €. + N, (250h+ 2.449r%" + C_;........... 10

WL

The equation10 can be modifiea suit the study. Thereforequation 11 shows the cost
incurred from opetion and maintenance of the wind turbine, these cost are a multiple
of the number of wind turbines installedu{)N

1::-:(1+1:’"Prni)

Cost of wind turbine = N,, Copy + Ny Coe(Tomar—

where Nyis number of wind turbines, s, the annual maintenance cost for wind turbine,
Cwt installation ad fabrication cost for wind turbinepry, the project lifetime (2@ears)
and i, the real interest rate (5%).

Calculation of the cost incurred when finding the optimal design and placement of the
solar arrays, considers the capital and maintenance tlestsyst being a multiple of the
optimal number of solar arrays {N

1xu:1+n5'l?f°i)
(i=1)¥proi—g

CostofSolar = N_C_, + N_C_ (

where Nis thenumber of solar cells, &, the annual maintenance and cleaning cost for
solar panel and & the Solar panel capital cost and itlatéon cost(Mousa, Diabat, &
Fath, 2013)
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2.1.19Cost of Energy

CoE is calculated using the following equati®(Fingersh, gt al, 2006)

(FCR) xICC
CoE= —

nat

where; CoE is levelized cost of energy (Ksh/kWhyCR is fixed charge rate per year,
ICC is initial capital cost, AER: net annual energy productighWh/yr), AOE annual
operation.

(O&M+LRC)
ADE = LLCH — e, 14
AEP ¢

where; LLC is land lease cost, O&M is levelized cost, andCLR levelized
replacement/overhaul cost. Alternative approach for calculating cost of energy unit by

KPLC monthly electricity bill was adopted.
2.2 Previous Work Relevant to the Study
2.2.1 SolarEnergy Kenya

Omwandoet al (2013 investigged the solarenergy potential in Nakuru between
longitudes 3%28’and 35336’East and latitudes’02’and P10’South.An altitudeof 1859

m above the sea level. The insolation valuese measured for Nakuru municipality;

the minimum recorded monthly value was 4.8 kWitdiay. The resultsshow that
Nakuru region has a moderate and high solar energy potential, with an average daily
insolation of 6.9 kWh/rh The maximum value recorded was 9.8 kWhiday in
February 1997and inthe same year maximum value recorded was 4.8/kdViSolar
energy within Nakuru region has the expected energy output calculated from month to
month and season to season in kWhés in figure 2.7(Omwando, Kinyua, Ndeda,
Marigi, & Kibwege, 2013)
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Figure 2.7: Monthly solar energy availability in Nakuru (Omwandoet al., 2013).

2.22Wind Parametersin Kenya

Wind is movingair, theenergy in wind comes from the swien the sun shineand it

heats the Earth. Land usually absorbs and releases energy more quickly than water. The
air over the land getsotter than the air over the water. The warm air rises and cooler air
rushes in to take its plac#/ind energy has a wide application in day to day, kigch

cooling.

WinDForce Ltd, 2013 carried out an assessment for development of wind Atlas for
Kenya. The assessment was carried outdeographical Information system&Ig)
environment using wind mast datasets, NCEP/NCAR Reanal@isitle Radar
Topography Mission§RTM) Digital Elevation Model and Global Land Cover (GLC,
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2000) datasets. Table 2.1 showsdvspeeds for potential areaskienya atheight of80
m above the ground

Table 2.1:High wind potential regions in Kenya assessed from the Meso meagbudy
(WinDForce Ltd, 2013).

Long term Wind Mean Speeds at 80m

Potential (m/s)
No.  Province County Area Minimum value of  Maximum value
(kmz) mean annual wind  of mean annual
speed wind speed
Eastern Marsabit 75,596 4.96 8.47
2 Rift Valley Turkana 68,314 2.73 6.6
g  North- Wajir 53,413 5.64 6.53
Eastern|
North- .
4 Eastern Garissa 44,459 5.77 7
Tana
5 Coast River 38,610 5.32 7.02
6 Eastern Isiolo 24,881 5.8 6.84
7 Rift Valley Samburu 21,102 5.49 6.57
8 Coast Kilifi 12,310 5.29 7.41
9 Rift Valley Baringo 10,942 4.8 6.3

The wind speed for entire Kenya was categorized as Class | (great8rShars), Class
Il (7.5 m/s - 8.5 m/s), Class Ill (6.5n/s— 7.5 m/s) and Clasb/ (6m/s — 6.5 m/s)
(WinDForce Ltd, 2013Rahul,MohammangdNeelu, Deepshikha, KivdJungai,2018).

At 100 mabove the groundt was observed that Marsabit in Eastern dividias the
largest potential area with a maximum of mean annual wind speed of 9.27 m/s and
minimum of mean annual wind speed of 5.32 m/s followed by similar wind speeds in

Turkana County in Rift Valley province. Geographically, in Central provinces, counties
22



such as Nyeri experiences fairly good wind speeds with maximum value of mean annual
wind speed of 7.44 m/s covering a potential area of 3359 sg km followed by Kirinyaga
with 7.41 m/s and 1481 sq km. In the Rift Valley province, counties such as Turleana ha
maximum potential area of 61353 sq km with maximum of annual mean wind speed of
7.11 m/s followed by Nakuru with 29286 sq km and 6.52 m/s.

Figure 28 showa map of Kenya illustrating regions experiencing different wind speeds
at height of 200 m which repsented in different colour code. Green colour represents

most part of Kenya followed by yellow which indicateeeage wind speeds 7t¥/s-7.5
m/s(Rahul,et al, 2018)
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Figure 2.8: Wind Speed Map of Kenya at 100 m above the grour@VinDForce Ltd,
2013).
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Marsabit recordedowest monthly average wind speed of 7.440 m/s which was
registered in December 2002 while August 2002 recorded the highest average wind
speed of 14.490n/s (Kamau et al., 2010) The average wind speeds at St. Francis
Xavier site wa 3.54 m/s at height of 10 (Wainaet al, 2016)
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CHAPTER THREE
INTRODUCTION

This chapterfocus on the research desigmethodologyand procedurethat were
employed to measur@nd gathedatafor energy generation from wind turbine and solar
PV, irradance, energy usage from the grid and load demand/consarapiSt. Francis
Xavier Girls Schoofor February, March andpril 2016.

3.1 Materials and method.

Powermonitoring equipment were installed at the site. Thesleided; wind sensor Kit,
Data logge, and analyzing software.

Daily electricalenergy demand was determined with aid of electrical power equation 8,
the wind solar hybrid system performance and power demaméd analyzed using
equations?, 15 and 16 The solar wind hybrid performance wdsacacterized through
simulation of data from Solar PV and wind turbines in various channels obtained in data

logger, total power from each channel was determined.

The wind shear, power law was used to estimate the power output based on elevation
height ofthe wind turbine tower as in equatidn

In a previous study(Mishra Panigrahi & Kotharin 2014) realize the system
configurationby use of HOMER softwareThus stimulating and optimizinthe best
solution for a hybrid system and generated a reportrpcating all the aspects of a
wind-solar systemtherefore, HOMER software was chosen as a research tool to assist

in optimizing the system in this study.

3.1 Study Design.

Experimental desig(section3.2.1 & 3.2.2) was used to study the power generate
the wind solar hybrid systefor aperiodof three monthsPower generated by the wind
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turbine and the solar PV was stored in battery bank and inverters/chargers were used to
supply AC power output.

The study adopted the design as followbkree inveters/chargers were connected to
sanatorium, laboratories, classes, library, and staff room, dining hall, administration,
classes and dormitory and to the computer room. The grid power was incorporated in
system as standby to recharge the system when Weseno or little power from
renewable sources (wind and solar). Power from all three sources was fed into the data
logger which recorded the following; Temperature, Voltages, Currents, Wind speeds,
irradiance and power density.

3.2 The Experiment Setup

St. Francis Xavier School Wind Solar Hybrid Systeconsisted of thirtySolar
photovoltaicmodules(polycrystalline)on roof,two wind turbines installed at 6 height
(fixed-guyed) three ACGDC inverters and wind sensor, the following procedure was
used to ctlect data.

Figure 3.lillustrate theexperimental setuplata collection procedur®r solar, wind,
grid power and other measurements input. Data logger internalizes all measurements and

store in memory disk/card into a comma separated values (CSV) file.
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Figure 3.1: Hybrid system experimental setup
3.2.1 Small wind Turbines

Two gmall wind turbines each rated kBV wereexisting 1.8 kW power was expected

to be generated from the two wind turbines at Beight. Wind turbines were connected

to two charge controllers (C/C) that switches -QRF when charging the batteries. Data
logger interpreted current data as voltage (V) in channel CH9 and CH10 for WT1 and
WT2 respectfully. Converting the raw data to current the ratio of 4V:50A was
considered athannel CA09 and CAL10, the ratio was based on manufactures’ manual
(Hioki, 2018)

Power (W) = Voar X Iping cvveeeereernemnemnemnamnannaenaenaenaenaenanes 15

Plate 3.1 illustrates two wind turbinesedin the study, growing trees (terrains) was

observed.
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Plate 3.1: Wind Turbinesat St. Francis Xavier Girls School

The data loggemwas configured to measuremacro amperes node/amplitude, and
corresponded to the cut wind speeds. The wind anemometer was installed several
meters apart, where terrains could have caused wind turbulence comprongsivigdh

speeds measured and that one captured by the wind turbines.
3.2.2 Solar PV

Thirty Solar PV module§polycrystalline)each 100 Wpwerearranged in 3 sets of array
in parallel and series connection rf®bdulesin series 5 set of 2 in parallel) thesgss
were connected to three charge controllers (CRI3te 3.2 illustrated the Solar PV

installationused in thistudy

28



Plate 3.2: Solar PVat St. Francis Xavier Girls School

Figure 3.2 illustrate thechematiconfiguration of the Solar PV into tleearrays as they
are mountean rooftop.

PV 1(10 modulg / (PV2 10 modulg PV 3(10modulg

NN
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c/C C/IC c/IC

Figure 3.2: Schematic arrangement of arrayfor St. Francis Xavier Girls School
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Datafor wind speed, and irradiander power calculation was recorded per second and
measurement was done determinthg chaging currentand voltageflowing through
the charge controllerand invertersData logger was configured into 17 chanr(€lsl),
CH 01,03,11,12 and 13 representing wind speed, Irradiance?j\\Pwi, PV> and P\4

respectively.

Data logger interpreted albta as voltage (V), converting voltage to current. A ratio of
(4V:50A) was considered based on manufacturer recommendation. Channel (CA),
CAl12, 13 and 14 represent current from each PV channel. PV current and battery

voltage was considered as the pogdioki, 2018)

Power (W) = Vg X lipy coeeerieiiiee e e e e ee e 16

Veat. Battery Voltage (Channel CA08)pV PV currents (channel CA 12, 13 ang.14

Table 3.1 illustrates modules specifications that were used in the study and thus used to
calculate the power of the solarays.

Table 3.1: Solar PVpolycrystalline module Specification(Solinc East Africa
Limited)

Module Rating 100 W STC

l'sc 6.3A Irradiance 1.0 kwi/nt

lmp 5.82A Temperature 25%

Vmp 17.2v AM 15

Voc 21.7V Efficiency 80%

Prmax 100.1W Vendor/Instaker Chloride Exide
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3.2.3 Power Storage and Distributions

The Power was stored in battery banks, there were 24 pieces of Gast#0RAh, the
total battery capacity was calculated as 57.6 kimerters were used to convert DC to
AC power Plate 2.1),the inverters specificatiomvere 24V/3000VA/70A (Vectron

Energy, MultiPlug, and three inverters/charger were considered in this study.

Classrooms (3)

grid)

Sanatorium Dinning hall gt

34 security Dormitories

lights 18 Watts

(246 students)

Cla

Laboratony (2)

Ui lity
building

Eic M Administrative  Class
Liby
BEY T oom room
Inverter 2
{2 PCs) (2 PCs & water dispenser: 550W) (nocomputer) nverter 3

(6 PCs & 2 Printers)
[RISOCZ100: 200W, Stand-by 15W)

Figure 3.3: Distribution layout for St. Francis Xavier Girls School

Figure 3.3 show the load distribution to thedrers/charger; Inverter 1 was connected
to sanatorium, laboratories, classes (2A, 3A, 3B, 4A, and 4B), library, and staff room.
Inverter 2 was connected to dining hall, administration block, classes (1A, 1B, 2B) and
dormitory. Inverter 3 is connected toraputer room however during the time of study

there were no computers.
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3.3 Data collection and sampling

Datafor energy generation from wind turbine asdlar PV irradiance, energy usage
from the gridwas measureder second by use of data loggeragsadl (hybrid system
monitoring instrument) for a period of three months for 24 hours i.e February, March
and April 2016 The energy demand load was recorded in Channel CH15, CH16 and
CH17 of the data loggdPlate 3.3 as raw datagonverting rawdata to an mergy data

the following ratios was considered-f10V:0-100-250} (Hioki, 2018)

Vectron Energy MultiPlu24V/3000VA/70A are type of Inverter/Charger which are
programmable Flate 2.1); their reading was in channel CA15, CA16 and CA17 this
indicated enggy data converted to demand/load charging/discharging current in
reference to the system batteries bank.

Plate 3.3: Data logger
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3.4 Data Analysis

The statistical analysis was done by use of Excel (Microsoft office) and the average,
summation power wasletermined, hence daily energy production was calculated.
HOMER software was used in the systems optimization and for cost effectiveness. The

result was used to evaluate the best economical options for optimizing power generation.
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CHAPTER FOUR
RESULTSAND DISCUSSIONS
4.1 Introduction

This chapter presents the results, analysis and discugsieprecise tahe objectiveof
the study.

4.2 Daily Energy Load.

Daily Energy demand analysis in St. Francis Xavier girls was dorexd loaisAC-DC
Inverters/Chargerdata recorded by a data logg&n energyconsumption analysis was
conducted andlentified 14 categories of appliances, the usage hours per appliances in
everycategory was defined and total energynédind was calculated.

Table 4.1 presents the list of electrical appliances used in Firancis Xavier Girls
School. Secondly dily energy load demarfmbnsumptionwas analyzed for 2 hours
from three Inverters/Chargers; 1, 2 anda3, an alternative to determine the actual
energy consumption as it was mea&sland recorded by data loggercimnnel CA15,
CA16 and CAL17 respectively during thudyperiod.
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Table 4.1 List of Appliances and energy demand.

SIN 3 m S/ o m
> < S N > o S
S S T ) S =% )
T > 5§92 < 532 % g
= S = = 5 O
Q S T < ) — = c <
= = 0 5 = > L »w A =
3 2 o = 8 5 =
n <@ = < =
<
1 Security 18 38 11 7.52¢ 8 Computers 60 5 8 24
2 Dormitories 18 36 5 3.2¢ 9 Printers 20C 1 2 0.4
Bulbs 1(standby
15w
Risc-CZ100
20 21 5 21 15 1 6 0.0¢
3 Freeze 20C 1 1 24 10 Printers 25C 1 3 0.7
2 2(standby @&
HP Laser Ji 2 5 0.01
4 Dining 40 16 5 3.2 11 Water 55 1 6 3.
bulbs Dispenser
5 Classes 18 24 4 1.72¢ 12 TV/Decode 11C 1 4 0.2¢
bulbs
6 Offices 20 8 4 0.6/ 13 Speaker 60C 2 4 4k
bulbs
7 Laptop:s 40 4 4 0.6 14 DVD 5 1 4 0.0z
kWh/day 21.4% kwh/day 12.01

Total Energy Demand 33.48 kWh/day

Table 4.2(a, b &c) summarizes the average load power. Inverters/Chargers riatgd 3
were evaluated by analyzing power flow per secoothfeachwereobtained. Inverter 2
indicated higher power demand float 4.6 kW beyond its rated capacity ofk®V and
no power demand from Inverter 3, this causes an overload to the system.
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Table: 4.2(a): Average weekly power load in February 2016.

Weel 1 Week ¢ Week ¢ Week

February February February February
Inverter 1(3kW) 1.21kW 0.68kwW 0.77kW 0.48kwW
Inverter 2(3kW) 4.06kW 4.30kW 4.56kW 2.26kwW
Inverter 3(3kW) 0.00kW 0.00kw 0.00kwW 0.00kw

Table: 4.2(b): Average weekly power loadn March 2016.

Week 1March Week 2March Week 3March Week 4March

Inverter 1(3kW)  0.53kW 0.75kW 0.57kW 0.49kW
Inverter 2(3kW)  3.44kW 4.34kW 3.66kwW 2.54kwW
Inverter 3 (3kW) 0.00kwW 0.00kw 0.00kw 0.00kw

Table: 4.2(c): Average weeky power load in April 2016.

Week 1 April  Week 2 April  Week 3 April  Week 4 April

Inverter 1(3 kW)  0.49kW 0.70kw 0.03kwW 0.39kwW

Inverter 2(3 kW)  4.60kW 0.83kwW 0.88kwW 0.87kwW

Inverter 3 (3 kW) 0.00kwW 0.00kwW 0.00kwW 0.00kwW
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Figure 41 (a) showsthe average power demand flow from Inverter 1, 2 and 3
respectively the consumption is relative to the appliances in table 4.1avEnage
power peak load recorded by inverters/charger was W9 3.8 kW and 00 kW
respectively.

In this particular mort in February 20& Inverter 2 was operatingt 3.8 kWbeyondits
rated capacity of 3.RVA, more than 27 % allowable operation tolerativese was due
appliances that were in use at the same time.

February 2016 Average Power Peak Load

3.8 kW

35
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3 25
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=
2 0.79 kW
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o
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0
Inverter 1 Inverter 2 Inverter 3

Figure 4.1 (a): Average power demand in three inverters/chargersan February
2016.

Figure 41 (b) shows the average power demand flow from Inverter/charger 1, 2 and 3

respectively as per the consumption of the appliances in table 4.-avétsgepower
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peak load recorded by the intenrs/chargers was 0.38V, 3.56 kW and 0.0kW per
month respectively. In this particular month (March 2017) the study result shows
Inverter 2 was overloaded beyond its nominal capacity ok8A, the overload was
about 19 % more than allowable operatioletance of Mulitplus Inverter/charger. This

may be due t@oo manyapplianceswitched ON at same time leading to higher total

power peak.
March 2016 Average Power Peak load
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Figure 4.1 (b): Average power demandn three inverters/charger in March 2016.

Figure 41 (c) shows the averageower demand flow from Inverter/charger 1, 2 and 3
respectively as the consumption of the appliances in table 4.lavEnagepower peak
load recorded from Inverters was 0JAY, 1.54kW and 0.CkW per month respectively.

In this particular month (March046) inverters/chargers 1, 2 and 3 the result shows the

Inverter/charger were operating below their rated capacity of\34 This could have
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resulted to higher energgonsumptionfrom wind-solar in month of February P16

which recordednhigher energy denmal if there was no overload.

April 2016 Average Power Peak Load
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Figure 4.1 (c): Average power demandn three inverters/charger in April 2016.

The Figure 4.2 indicates weekly power peak load distribution among three
inverters/chargers. In month of February @0thverter 1, indicated higher power peak
load of1.21kW in week 1 as compared @0046kW in week 4. During week 4 the school
was closed for the midterm holiday. Inverter 2, indicated slightly higher power peak load
of 4.56kW in week 3, week 14.06kW) week 2(4.30kW) respectively while in week 3

it recorded lower powgreak load of 2.2&W, same percentage consumption drastically
reduced during midterm holiday by inverter/chargerHbwever, inverter/charger 3
recoded zero percentage load demands¢h&as because there were no electrical

appliances in computer laboratory.
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Average Peak power load in February 2016
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Figure 4.2 (a): February weekly power load Inverter/Charger 1, 2 & 3

Average Peak power load in March 2016
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Figure 4.2 (b): March weekly power load Inverter/Charger 1, 2 & 3
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Average Power Peak Load in April 2016
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Figure 4.2 (c): April weekly power load Inverters/Charger 1, 2 & 3.

Figure 43 (a & b) shows thedaily load curve for Inverter/Charger,12 and 3,
Inverter/charger 2 ndicated highest peak loads as compared with other
inverters/chargers in February and march 2t6m theseobservatios, it is clear that
quite a number of appliances were connected to inverters 2. Implying that load
distribution was not equally distributed and this overloaded invertehi2 inverter 3
indicated no power demand, meaning no loadiapge(s) was connected to this
inverter/charger 3.
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Load Curve in February 2016
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Figure 4.3 (a): Inverter/Charger Load curve in February 2016.

Load Curve in March 2016
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Figure 4.3 (b): Inverter/charger Load curve in March 2016
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Figure 43 (c) indicated the power consutign reduced drastically, all
inverters/chargers were operating below the rated capacity. During this month the school
had closed for April holiday therefore few appliances were ON for a few hours causing
this scenarioHowever,on 4" April there was acat energy consumption, presumably
some appliances such as (lights, photocopier, printers and computer) were in operation
for more hours than usual and students were preparing for end of term examinations,
thus spending more study hours.

Load Curve in April 2016

Power kW/month

123456 7 8 910111213141516171819 202122 2324252627 2829 30

- Inverter === |nverter 2 === |nverter 1 Inerter 3

Figure 4.3 (c): Inverter/Charger Load curve in April 2016.

Figure 44 (a, b, &c) shows monthly power demand (peak load) curves recorded from
three Inverters/charger, the actual curves suggested high rated appliances were
used/connected andgtonged consumptions.
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Figure 44 (a) illustrates the summation of the load peak from timeertergcharger;
result show that thaveragepower peak recorded in month of February 2016 was 8.0

kW against Inverter/chargers total rated power peak of 9 kWw.

Total Power Load Demand in kW/day (Inverter 1, 2&3)

Power kW/day
wu

012 3 45 6 7 8 910111213141516 171819 202122 232425 26272829

Days in February 2016
=== Inverter

Figure 4.4 (a): Total Power load Demandn February 2016.

Figure 44 (b) illustrates the summation of the load peak from three Inverter/charger.
The results show that power peak recorded in month of March 2016 was 7.4 kW against

inverter/chargers totaated power peak of 9 kW.
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Total Power Load Demand in kW/day (Inverter 1, 2&3)

Power kW/day

1234567 8 910111213141516171819202122232425262728293031
-—-- Days in March 2016

Inverters/charger

Figure 4.4 (b): Total Power load Demandin March 2016.

Figure 44 (c) illustrates the summation of the load peak from three Inverter/charger,
result show that théveragepower peak recorded in mdnof as April 2016was 8.6

kW against inverter/chargers total rated power peak of 9 kW, April 2016 recorded a
higher power peak value as compared to February and March the same year.
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Total Power Load Demand in kWh/day (Inverter 1, 2&3)
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Figure 4.4 (c): Total Power load Demandin April 2016.

The Figure 45 summarizes the energy demand in this particular site. In February more
units of energywere consumed which was the highest value of energy units (1492.68
kwWh) during the sampled period, while April recorded lowest energy agptson.

The study found that there was an overload in Inverter 2, power load harmonization was
required. Load harmonization will be achieved by reducing the number of classrooms,
/appliances that are powered by the Inverter 2. It would be ideal to debhgatter 3 to

serve dormitories, and classrooms block 2. Inverter 2 to supply classroom block 2&3,

sanatorium, laboratories, libsaand staffrooms as in Figure33
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Figure 45: Energy demand for February, March and April 20 16.

4.2 Power Production and system performance

4.2.1 Solar PV Power output.

Thirty solar modulespolycrystallinewere considered in this study. The rating of each

was 100Wp. The site parameters were the same and installation is explained in section
(3.22). At least seven sunshine hours were considéoed 0900hr to 1600hr where
irradiance greater than 0.R8V/n? was recorded.

Figure4.5 (a, b & c)illustrates average daily insolation for 7 hours in month of
February, March and April respectively. Highassolation of 6.4&Wh/n? and lowest
of 2.81kWh/n? was recorded in February 201®mwandoet al. (2013) results shows
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that Nakururegionshas a moderate to high solar energy potential, withvanage daily
insolation of 6.%Wh/m?which was almost theame as that obtained in this study. The
study recorded insolation of 6.4#WVh/n? in the month of February a deviation of
0.425 kWh/m? was noted,deviation of these results from previous researches was

contributed byeffects of global warming, efficien@nd accuracy of measuring tools.
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Figure 4.6 (a): Daily Irradiance (W/m?2) for February 2016.

In March 2016 Figure 46 b) the highest average insolation recorded was I6/@/n?
at irradiance 855.7%//n¥ and lowest was 2.46WNh/nY at irradiance of 3543 W/n?.
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Figure 4.6 (b): Daily Irradiance (W/m?2) in March 2016.
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Figure 46 (c) illustrates irradiance iApril 2016 highest recorded insolation was 6.11
kKWh/n? at irradiance of 872.88/m? and the lowest was 1.XWh/n¥ at irradiance of
172.86W/m?. The insolaton was different from results forear 2010 as eportedby
Omwandoet d. (2013.
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Figure 4.6 (c): Daily Irradiance (W/m?) in April 2016.
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Figures 47 (a, b & c) show energy generated finosolar arrays; PV 1, PV 2 and PV 3
respectively. SolalPV 2 array indicated higher performance, PV 2 recorded energy
production of 3.48 kWh in a day that recorded irradiance o\880%as compared with

PV 1 and PV 3 which recorded 1.89 kWh and 1.58 kWh respectively during the same
day.

The output power was lcallated from the respective currents times corresponding
battery voltageusing equation 15. At normal conditions a solar PV moduld @ Wp
produced 80% power as per the rating, at an irradiance of\l®A Module ratedl00

Wp haslscof 6.4 A at 1000W/m. Reducingirradianceaffects the currerproportionally,
thus at 400 W/ irradiance correspondedurrents were 2.48 A as an output
(Mohammadet al.,2016)

A single array comprised of two sets of modules connected in s@iddiye modulesin
paralel (Figure 3.2), increasing the five times, i.elsc = 31.5A at STC.

[ _315Ax065 kW /m®
(2av) — 1 kW/m?

= 20.475 A(equ.2)

At an average irradiance of 0.&8V/m? the output current is 20.475. Based on this
output current, power generated per hour was 540.54 W and daily energy output was
3.78 kWh.

Power (W) = 26.4 Vg, x 20.475A = 540.54 W Per hour (equ.16)

Hence daily energy production = 540.54 +540.54+540.54 +540.54+540.54 +540.54+
540.54 = 3783.78 Wh (seven hours of sunshine).
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Solar PV Array Energy Output
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Figure 4.7 (a): Daily solar PV array energy productions for February 2016.

The results indicated that Solar PV array engygydudion was not equal contrary to
researcher'sxpectations. Aay PV 2 generated more units of energyl6i March,

and this was an advantage of using MPPT charge controller. Solar array PV1 and PV 3
was connected to PWM charge controller thus shasbigg reduced energy

generation drasticallgpecauséWM does not track maximum power point.
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Solar PV Array Energy Output
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Figure 4.7 (b): Daily solar PV array energy productions in March 2016.

In Figure 47 (c) it was observed that April 2016 was quiteucly as compared to
February and March the same year and therefore less ircadi®as recorded, same
results as shown b mwandoet al, (2013) this affected total daily energy generated.
However,energy generation from $20 25"April 2016 was observkbeing quite low

as compared to February and March, this was because there was less consumption /loads

and the battery was charged fully.
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The charger controller regulated amount of power loaded to the battery at absorption and
at float states, thus leseergy was measured even though more energy was available to
be generated. The charge controllers disconnected solar PV from charging process when
the batteries attain full chargeiwale, Patil, & Vincurkar, 2014).

Solar PV Array Energy Output
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Figure 4.7 (c): Daily solar PV array energy productions in April 2016.

Figure 48 (a) illustrates monthly energy production analyzed and a summary of three set
of arrays PV 2, PV 3 and PV RV 2recorded 45.22 kWh/month, 23.@Wh/month, and
11.10kwWh/month respectivelycontray to researobr's expectations because thereays

were subjected to sanmarameters and orientatiqilate 3.2. Use of MPPT charge
controller contributedto 45.22 kWh/monthenergy production fronmsolar PV 2 as
discussed by Hiwalet al (2014)
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February 2016 Energy Production(Solar PV)
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Figure 4.8 (a): Monthly energy from solar PV1, PV 2, and PV 3n February 2016

Figure 48 (b) shows a monthly energy production a summary of three arrays PV 2, PV 3
and PV 1. PV2 recorded 47.13 kWh/month, 30.82 kWh/month and 16.36 kWh/month
respectively contray to researar's expectatios because thereays were subjected to
sameparameters and orientatigRlate 3.2 The MPPT charge controller contributed to
47.13 kWh/month energy production from solar R¥i&vale et al., 2014.
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March 2016 Energy Production(Solar PV)
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Figure 4.8 (b): Monthly energy from solar PV1, PV 2, and PV 3n March 2016

Figure 48 (c) explains monthly energy production analyzed and a summary of energy
production from three arrays PV 2, PV 3 and PV 1. PV2 recorded 65.29 kWh/month,
35.77 kWh/month, and 19.70kWh/month respectivelycontrary to researchés
expectation because thereays were subjected to sap@rameters and orientatigilate

3.2). It wascontributed byuseMPPT charge controlldeadingto energy generation of
47.13 kWh/month from solar PM#iwaleet al, 2019.
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April 2016 Energy Production(Solar PV)
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Figure 4.8 (c): Monthly energy from solar PV1, PV 2 and PV 3n April 2016

4.2.2Solar Power Output Projection.

During the sampled period by this study, February was found to have the highest
insolationard highest energy demand in St. Francis Xavier &@dsool, therefore the
result for February was used to project solar PV power oufpsiblar system designer

can predicate power generation for a systeriaivasha region based on the results
recorded bythis study the approactbelow can baisedto estimatepower generatiaon
February recorded a maximuand minimum irradiance of 0.92%W/m? and 0.381
kwW/m? respectively.Assuming batteries were at normal voltage of 2¢.6 Daily
power/energy generationgatication would be calculated as follows;

[ _315Ax0925 kw/m*
(2ev) 1 kW/m?

=29.14 A(equ.2)
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Maximum Power (W)at STC = 26.4 V5, x 29.14 A x80%
= 4.01 kW per day [7 hours]equ.16

: 31.5A % 0.381 kW/m?
(2av) — 1 kW/m?

=12.00 A(equ.2)

Minimum Power (W)at STC = 26.4 Vyp,, x12.00 A x80%
= 1.77 k Wper day [7 hours]equ.16

where 31.5A is the total maximumstof the solar PV considered by the study at STC,
Vgat IS the terminal voltage of the battery in charging processisl the current of a 24

V system.

Monthly Solar F/ energy generation with reference to the available irradiance was taken
as the sum of energy generated and recorded in the three chandedsorded as 79.39
kWh/month in February. In contrast to the expected energy production at average
irradiance andloat voltage which was calculated to 109kA/h. This was about 28%
deviations from the actual power/ energy production, this was due to various technical
aspectssuchas; voltage drop as results of cable resistance, charge controller regular

disconnectind other miscellaneous powers losses.
4.3Wind Power output.

To appreciate the wind profile in Naivasha, the study related the performance of same
wind turbines as it would have operated at different parameter in Marsabit, where other
studies show that ¢hwind profiles were attractive to energy generation fromd
(WinDForce Ltd, 2013Kamau, Kinyua , & Gathua, 2010)

To calculate the Rayleigh distribution and electricity production from turbines in
Naivasha sitas discussed by Maire al. (2016) thataverage wind speeds at St. Francis
Xavier Naivasha was 3.5#/s at height of 10 m equation 3, average wind speed at 6m

was 3.34m/s. Therefore,Rayleigh equation 6 was used to determine the distribution as
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shown in appendix 2 and illustrated in Figur®. £Lomparing the power curve and value

‘c’ with actual wind speeds encountered in Naivasha and Marsabit. Naivasha was
experiencing relatively low wind speeds, where the wind speeds distribution was
characterized by a ‘shape parameter’ k at typical sit kParameter “k” was therefore

it is estimatedas 15 because Naivashiaas a wider ranging of distributioRrom this

study it was observed that wind generator unreliable as a single power @heneas,
Dunnett& Piggott, 2003).
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Figure. 49: The Rayleigh distribution and electricity production in Naivasha

Marsabit recorded lowest monthly average wind speed of 7.44 m/s which was registered
in December 2002 while August 2002 recorded the highest average wind speed of 14.49
m/s (Kamauet al, 2010). Conslering Marsabit annual wind speeds of 9nls,
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Rayleigh distribution of the same wind turbine is representdtigure 410 where test

datasuch asir mass, atmosphenmessuravas assumed to be the same

M Probable hour [h] M Electricity production[Wh]
800 500,000
.. - 450,000
” “ 400,000
600 L =
. ] - 350,000 2
= 500 g
(7] —
z [ - 300,000 B
2 3
@ 400 ] 250,000 o
o (-
[1:]
£ 300 200,000 :i-g‘“
& 150,000
200 &
I 100,000
100 50,000

0 T T T r T T

1 3 5 7 9 11 13 15 17 19 21 23 25
Wind speeds

0

Figure 4.10: The Rayleigh distribution and electricity production in Marsabit.

Based o the wind speeds at this site Maivasha, turbine WiTrecordedenergy
generation, as compared to WWhich from the results no energy was generated
(Appendix 1. Thesewas contributed ylow wind speeds, surrounding terrains and wind
patterns (Mainaet al, 2016) or turbine generator was faulty thus the operations of

generator/wind charge controller could further be investigated.

In Figure4.11 (a) is a summary of actual power harnedsenh the wind as daily counts
in month of February 2016. The maximum energy generated was 2.4 kWh/day as result

of a good wind profile observed on28ebruary 2016. Wind speed operated within the
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cutin and cutout speeds at 2.B/s and 12m/s respectigly of this particular wind

turbines, generator produced maximum energy as explained by Kdrah(2010).

Wind turbine (WT1) performance and energy generation was observed being below
manufacturer'xplanation on powecurve comparedo WT: as the sulgicted to same
parameters. Other factors contributing to low performance are discussed in subheading
4.3.1.

Daily wind energy generation
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Figure 4.11 (a): Total daily wind energy generationin February 2016.

In Figure 4.1 (b) is a summary of actual powerrhassed from the wind as daily counts
in month of March 2016. The maximum energy generated was 2.4 kWh/day as result of
a good wind profile observed ol March 2016. Wind speed operated within-gut
speeds of particular wind turbine, generator produmagimum energy as explained by
Kamauet al (2010).
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Daily wind energy generation
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Figure 4.11 (b): Total daily wind energy generationin March 2016

=
%3]

Energy kWh/day

In Figure 4.1 (c) is a summary of actual power harnessed from the wind by the wind
turbine as daily countsn month of April 2016. The maximum energy generated
recorded was 6.6 kWh/day this was as result of a good wind profile observetf &n 26
27" April 2016. The study shows that on 2@&nd 27 April, the wind speeds pattern

throughout these days it was raattractive for energy was generation.

Wind turbine that is operatingwithin cutin and cutout wind speeds contribes to

maximum energygeneration asxplained by Mainat al (2016} Kamauet al (2010)
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Figure 4.11 (c): Total daily wind energy generationin April 2016

The monthly energy production is discussed in Hgure 4.2 (a, b & c). Despite
turbine’s low performance, monthly energy production of 1%87h was recorded
during the sampled month of February. Wé&orded 19.3&Wh andWT 2 production
was0.0 kWh. The study suggests that \Wgenerator/wind charge controller was faulty

thus no power was generated.
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Figure 4.12 (a): Monthly Wind turbine energy production in February 2016.
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Total Wind Energy Production in March 2016
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Figure 4.12 (b): Monthly Wind turbine energy production in March 2016.
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Total Wind energy Production in April 2016
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Figure 4.12 (c): Monthly Wind turbine energy production in April 2016.

The wind generator power production was observed be very low, March 2016 WT

recorced highest energy generation while no energy was generated frem WT

In this scenario the power generated by wind turbine was observed as dependent on the
availability of other power sources. The charging current from grid power (KRRLC)
usually stable Wwen it's available as compared to current generated by solar/wind
turbines. Thus grid power would dominate the charging process, because most of the
time the grid power is ON and available.
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When cut in wind speed was attained for turbine to starting gemgthe batteries were

at absorption or float state, only a float charging current was required by the system or
even no charging current. Thus charge controller switches OFF the turbine by shunt
mode (short circuit breaks)rdim the rawdata itwas obseved that at some points wind
speeds reached a highest wind speetildd m/s and lowest was 0:18/s, however no
power was recorded from wind turbine WT

4.3.1 Site Survey.

The turbines were spaced 6 m apart and in the surroumdingons, talltrees and
structures were observed. Tbbstructionsy these obstacles caused turbulence, which
affected the performance of turbines depending on wind directions. Obstructions such as
building and trees drastically reduce the energy available from wind (Maetall,

2012).

Terrain was not so conducive for the installed wind turbines. They were installed near
taller building than the height of turbines and at least 4 m away from the buildings, thus
affecting in manner the blades capture wind flow aerodynamibaltpuse of the fixed
pitch angle.

Raising tle height of wind turbinegsower for at least by additional 4rthis would
optimizepower generation, at this height the wind turbine will capture wind speeds with
less turbulence. laddition,windmills can be idal for these sites/institutions, this will
save energy needed to run electrical pump installed in St. Francis Xavier School.

4.4 Energy from the Grid.

Grid power was primarily as a backup source, when there was little power harnessed
from the renewable swoces the grid will supply. The Switching ON/OFF was configured
manually, therefore making the system difficult to operate automatically. Switching the
grid power ON was done when Inverters/chargers disconnects the system due to low

battery voltage or ovrading as discussed section4.1. The curves in figure 4.13, b
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& ¢) showsdaily power frequency from grid power, in months of February, March and
April. April 2016 the grid power consumed was 7158Ah/month units of energy, in
month of February an#larch it recorded higher grid power consumption of 754.09
kwWh/month and 738.06Wh/month respectively. However maximum average energy in
February was 50 kWh/day.
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Figure 4.13 (a): Grid energy in February 2016

Figure 4.8 (b) shows that March recorded actuate energy consumption of 92 kWh/day
on 18" March 2016, during this day the results show that many activities were taking
place, which included use of heavy machine i.e welding. It was observed from the grid

power/load curveéhat the minimum power recorded was 10 kWh/day in February.
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Figure 4.13 (b) Grid Energy March 2016

Figure 4.B (c) summarizes April 2016 results and recorded three days with high energy
consumption 9, 10" and 26" April recorded 85 kWh/day, 90 kWh/day and 90 kWh/day
respectively, it was observed that in three consecutive months there was several days
with high energy consumption this was due of routine maintenance activities which

involved use of heavy electrical machines.
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Figure 4.13 (c): Grid Energy in April 2016.
4.5 Solar, Wind and Grid Energy Trend

In this study, it was revealed that power was received from three sources; solar PV, grid
energy and wind turbines recording 98.6BWh, 73806 kWh and 19.29kWh
respectively as summarized in the Figured4d) in February. Grid energyontributed

to 86.62% of total energy consumed in February 2016 thus solar and wind energy did
not meet the energy demand.
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Monthly Solar PV, Grid Power & Wind Energy (February
2016)
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Figure 4.14 (a): Monthly Solar PV, Grid and Wind energy sources in February
2016.

In March 2016at least 754.08Wh units of energy was received from the grid power as
compared to the rest of the energy sources. At least 86.26%, 10.97% and 2.77% of
energy was @ceived/harnessed from the Grhergy solar PV and wind turbines
resgectively. From kgure 4.4(b) it was observed the 86.26 % (754.09 kWh) consumed

was received from the grid because energy from solar and wind did not meet the
demand.
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Figure 4.14 (b): Monthly Solar PV, Grid and Wind energy sources in March 2016.

In April 2016 at least715.54 kWh units of energy was received from egrégyas
compared to rest of the energy sources. At least 83.15%, 14.03% and 2.81% of energy
was received/harnessed from the grid power, solar PV and wind turbines respectively.

This results indicated 83.15% of consumed energy was received from the grid, and it

implied that energy from solar and wind did not meet the demand.
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Figure 4.14 (c): Monthly Solar PV, Grid and Wind energy sources in April 2016.

Figure 4.5 (a) explains energy generation trend from three sources, based on these
results it was observed that grid power dominated the consumption trend where a
maximum of 50 kWh/day was recorded. While eneggyeratedrom solar and wind
recorded a maximum of 7.1 kWh/day and 1.9 kWh/day in February 2016

74



Figure 4.15 (a): Superimposed Wind, Solar and Gridenergycurves in February
2016.

In March 2016 results,t iwas observed that there was daily fluctuation in energy
consumption. The power from grid dominated the system as a main power source,
maximum of 91 kWh and minimum of 12 kWh of energy was received from the grid

while only a maximum of 10 kWh was generhfeom solar.
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Figure 4.15 (b): Superimposed Wind, Solar and Gridenergycurves in March 2016.

A consumption of 90 kWh/day on #8pril 2016, was received from the grid, 9.9
kwh/day and 0.8 kWh/day was generated from solar and wind respectively. Energy
consumption received from grid reduced to a minimum of 1.9 kWh/day and 0.4
kwWh/day which was generated from solar system dhatii 25" April 2016. The study
observed that lower energy consumption was due to fact that the school wias not

session.
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Figure 4.15(c): Superimposed Wind, Solar and Gridenergycurves in April 2016.
4.6 Batteries and Charge Controller

The performance of solar PV system was technically triggered by the available power in
a storage (battery bank). Charge controllers operatimgipal monitors the states of
charge (SOC) of a battery and thus protecting the battery. The status of the batteries was
also examined and found to be in normal state of 85% battery’s healthiness at the
beginning of the sampled period of the stublpweve, after monitoring the system

after 12 months, the batterie@gere observed to have reduced its capacity. Due to
increased energy demand in St. Francis Xasiels Schoal there was a need to look for
additional power sources and harmonization of loattiligion to sustain the energy

demand.
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Due to overloading of the inverter(s) the system allowed the grid power to take over the
load demand and frequently charged the batteries because of stable grid power charging
current than current from solar PV awihd turbines.Thereforethe charge controller
disconnects the solar PV power to protect the batteries from overcharge and discharge.
When the irradiance was higher and a lot of power generation was expected from solar
PV, the batteries were already dbat charge state and very small amount energy
(absorption current) was required to fill thatterieqSteven, Hegedus, & Luque, 2003)

The study observed that there were three different types of charge controller i.e (PMW
and MPPT) from different manufaure, where technical specification varies with
products. Array PV 2 was connected to MPPT charge controller which has ability to
maximize the power generatigHliwale, Patil, & Vincurkar, 2014 Disconnectingand
reconnecting changing process was notudianeous this caused unbalanced terminal
voltage and rate of charging. Solar PV string(s) may be active even if other strings have
already been disconnected when the batteries are fully charged or low voltage
disconnect(LVD) was reacheahd theavailabiity of grid power charged the battery
frequently thus more cycle in day. This process reduces the lifespan of the batteries and
eventually damages the batteries.

4.7 Simulation of Load Profile.

The monthly average irradiance, wind speeds, daily averaggyedemand results were

used to simulate the best design of a sedmd hybrid system. Hybrid Optimization
Model for Electric Renewable (HOMER) realized an average energy demand of
40.5kWh/day for the sample period (February, March and April). Figu& 4.17 and

4.18 illustrates load profiles in February, March and April 2016 respectively, the peak
load demand was noted to start from 5am and 6am huge load demand was recorded
between 6pm and 11pm every day.
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Figure 4.16: Daily Load profile for St. Xavier Girls School February 2016

Figure 4.7 illustrate simulated load profile for March, the results shows that the high
demand was recorded in early morning between 5am to10am and between evening 6pm

for March.

Figure 4.17: Daily Load profile for St. Xavier Girls SchoolMarch 2016.
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Figure 4.8 illustrates simulated load profile for April 2018.was observedhat load
demand for April 201@ncreased between 5 am to 10 am every day, while 5 am recorded
a maximum power peak of 17 kW.

Figure 4.18: Daily Load profile for St. Xavier Girls Schoolfor April 2016.

The study observed 72 options simulated by using HOMER, the shabethe best
hybrid option that resembled SoMfind hybrid system at the institution based on the
total cost of implementingimilar project simulated usingHOMER. From the results
simulated using HOMER it was observed that battery capacity installed at the institute
was lower (25.9 kWh) than simulated battery capacity (35 kWh) considering lowest
possible DoD of 50 % and dischargiefficiency of 90%. Operating an off grid Selar
Wwind hybrid system with low battery capacity will reduce the life span of the battery this
is because system will make more cyclesr day and tend to discharge below
recommended DoD.
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4.8 Payback period, Simg and Cost of Modification of Solar Wind System
4.8.1Payback period

The windsolar hybrid system in St Xavier girls’ school total cost of installation was Ksh
3.49 million, and estimated annual maintenance cost oRRg00.This cost was based
on theprevailing market cost of solar equipment in the year 26itQvever,the study
found that same capacity of wirdsolar hybrid system would cost 2.36 million.

The highest energy consumption was recorded as14R®/68nonth; while the average
annual enggy consumption was 17912.16NVh/year. The Solar Wind hybrid system
generated an average of 128.06 kWh per month thus annual generation of 1536.76
kWh/year.However,operating on solar wind hybrid system to meet the load demand of
17912.16 kWh/year, the anal saving is calculated as follows;

Cost of electricity per unit 2Bsh (including tax levy and other fee)

Annual Savingss 17,212.16 Wi X = 324,057 %2 #=h (annual savingannual

maintenance) = 394,C:.7.52 Ksh — 200CJ Ksh = 374,057 "2 &sh
Payback period '

22720 30
L

Payback Period = C T =706 yers
3 ULt -

!

The SolafWind hybrid system investment will breakeven after 7.06 years based on a

constant energy demand and value of money.
4.8.2Solar PV Array Sizing

Figure 4.B schematically explain conceptual design approach of solar system, battery
capacity with redérence to load demand. From Table 4.1 total energy demand was

calculated as 33.48 kWh/day. Currently 19.5 kWh/day was generated from already
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installed system and additional of 13.98 kWh/day was needed to meet daily energy

demand.
Module efficiency 8%
Solar PV ——) Demand
Array 1398
17.73 WWh kWh

Inv. efficiency 95%

Battery Bank

Figure 4.19: Solar PV design conceptualization.

Power output required from solar array considering the inverter efficiency 95% and
Module efficiency 85% and battery efficiency %0 The average insolation for the

sampled months was 6.4R®h/n?, thus energy generated foh@us per day.

1s7Z3 %om =10-0 =1-

Array power output in h = ‘= 3136.6W,.

T et e

Modules rated 250yV(polycrystalline)would be suitable for the systeidumber of

modules requirea::Z'f'f” =125 — 12 modules rated 250/,

As 2015 he market priceof solar PV is Ksl60 per watt
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4.8.3Wind Turbine sizing

Turbine efficiencyBetzlimit (0.59)

-
Wind I | Demand
Turbine 13.98
kWh
I —

Inv.

efficiency

95%

Battery Bank

Figure 4.20: Wind turbine design conceptualization.

A design of windturbine(s)that can generatat least24.5 kWh, when operating &t.
FrancisXavier’'s wind parameters to meet the energy demand willeeledThe paver

output results from wind turbines in sampled site was not desirable, however the wind
pattern was observed to meet minimum threshold for wind turbines. Turbines have low
efficiency due to moving parts and is prone to breakdown and thus annual maiatenan

costis usually high as compared to solar.PV

4.8.4Battery Bank Sizing

Simulated load profile using HOMER (figure 6,14.17 and 4.B), load energy demand
between 5pm to 7am per day was calculated as 118.1 kWh, 129.5 kWh, and 120.8 kWh
for February, Mech and April 2016 respectively. The battery capacity should be 100%
of energy demand; thus 129.5 kWh was seletiechuse it was the highest capacity
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needed among the sampled morfebruary, March and Aprivhich wasusedto size
the battery capacitgt DOD of 50% and one day of autonomy.

12 2 30 vh

Ay

= 2697.9 Fth[:-“a'l}rr: =N baiier; capsi i.}")

The capacity of batterst St. Francis Xavier Girls High schowlasnoted tobe lower
than what simulation suggestdshyweverthe batteries cannot be added to the current
installation becauseld batteres will deteriorate the healthiness of new batteries and

they can only be upgraded once.

4.8.5Cost of Modification of Solar Wind System.

Table 4.3 summarizes the bill of quantities for the cost of modification identified by the
study that can implemertteto increase the power and reduce dependency from grid

power. Cost of materials was based on vendor’s price list of 2016.

Table 4.3 Bill of Quantities

Item Quantity  Rating Connection(series x Cost(Ksh)
parallel)

Solar PV 12 250W 2 strings; 2series 6 parallel 180,000

MPPT Charge 1 150/45 30,000

Controller

Materials 15,000

Installation 10,000
Actual Total cost 235000
Capital required 235000

The table 4.3 is a summary of the bill of quantities for adopted modification of solar

wind hybrid system.
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS
5.1 Introduction

The chapter focus on summary of discussigointing out the conclusions and
recommendations based on findings of the stilithg researcher draws and presents the
summary conclusions and recommendations systematically as the objectives of the
study Which wereto; determinethe energy load/demand in St Francis Xavier Girl High
school, evaluate the performance of the installed wind solar hybrid system (Energy
Production), dtermine the potential optimization options for a wind solar hybrid system

by simulationevaluate the cost of optimized wind solar hybrid system design.
5.2 Conclusions

The resultsindicatethat the institution’s monthly energy consumption was within the
domestic energy usage at an average ¢ K¥h/day.

The site was observed to have a sufficient solar energy of 6.48 K\BI98 kWh/n?
and 6.11kWh/n? in February March,and April 2016 respectively It was very ideal for
solar PV systens with monthly energy generation was8%$8 kWh 94.31 kWh and
120.76 kWh in month of Febany, March and April 2016 respectively.

The study show that wind turbine generated maximum of 6.6 kWh/day and a total
monthly energy generation 19.26 k\\26.96 kWh and 24.19 kWim February, March
and April 2016 respectively.

Study identified the best optimizatistrategies was tadd 3kWp solarpowerat cost of
about 235,000 Ksh and harmonizing load distribution among the invéot@nsure the

peak load does not exceiederter ratingof 3 kVA.
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5.3 Recommendations

A professional moitoring system to be installed toprovide real time
information/performance remotefgr a solarwind hybrid systemthus givinganalarm

when overloading or strange operation happetis system

Professional battery monitoring system to be installed to stabilize and norstate ®f
charge $§0Q. The system administrator will be able respond before the systerarfdils

hence prolongindpatterylifespan.

The study recommend replacement of PMdth MPPT charge controllers from same
manufacturer, this will ensure efficiendg charging and maximum poweracking

mechanism

The study recommends that the grid power to be isolated fromvsmidrhybrid and
operate independentlyhus gid power © be used only when there is insufficient solar

wind power and as backup in cloudy weather or in case of overuse.
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APPENDICES

Appendix 1: Total energy from wind, solar, KPLC and load demand in February 2016.

Date
01/02/216
02/02/2016
03/02/2016
04/022016
05/02/2016
06/02/2016
07/02/2016
08/02/2016
09/02/2016
10/02/2016
11/02/2016
12/02/2016
13/02/2016
14/02/2016
15/02/2016
16/02/2016
17/02/2016
18/02/2016
19/02/2016
20/02/2016
21/02/2016
22/02/2016
23/02/2016
24/02/2016
25/02/2016
26/02/2016
27/02/2016
28/02/2016
29/02/2016
Max

Min

Mean

Total Power Prod.

kWh/day

WT 1
0.553089
0.521344
0.141677
0.553089
0.444958
0.179362
0.309305
0.128407
0.12769

0
0.152986
0.107646
0.472164
0.706892
0.775542
0.704369
0.417099
0.672435
0.800257
0.716101
0.314327
0.687291
1.923288
1.824742
0.664813
0.716484
0.965036
1.363852
2.349454
2.349454

0
0.6653
19.2937

3

eNoNoNoloNoloNololoNololoNololoNoNoloNoNoloNololoNoloNoNoNoNeNeNolrs|

kWh/day

N

kWh/day

PV 1

0.125

0.022

2.633

0.017

0.024

0.016

0.016

1.894421
0.015127
0.014934
0.283791
0.183749
0.023045
0.013565
1.266243
0.015966
1.152878
0.156358
0.014208
1.583701
0.016784
0.164494
0.019963
0.859543
0.243159
0.124879
0.014083
0.169156
0.017628
2.633002
0.013565
0.382766
11.10022

kWh/day

PV 2
2.724123
2.706716
1.335824
0.037943
2.812849
1.040518
1.45893
3.483534
0.049517
3.258203
3.124261
3.469531
1.080887
0.041663
1.395409
0.039087
2.186541
2.743948
0.038475
0.167869
1.613659
2.469781
2.332969
0.861763
0.914542
2.724123
0.748246
0.150572
0.205147
3.483%34
0.037943
1.559194
45.21663

kWh/day

PV 3
0.723194
1.331487
1.142476
1.040929
0.807702
0.314437
0.602118
1.57913
1.02542
1.191025
1.254502
1.225681
0.432044
0.421662
0.429709
1.112318
1.075593
0.958438
0.963517
0.759742
0.628087
0.788995
0.778837
0.748552
0.504007
0.723194
0.128533
0.127408
0.246689
1.57913
0.127408
0.795359
23.06542

90

kWh/day

Total PV
4.1252845
45811841
5.2529791
1.6486771
4.0894037
1.5506185
2.3864636
7.085492
1.2177537
4.4641613
4.8155403
4.9866062
2.0081398
1.1837818
3.8669029
1.8717394
48321119
45311788
1.8164576
3.2274139
2.5728565
4.1105607
5.0550575
4.2945989
2.3265214
4.2886795
1.8558977
1.810989
2.8189188
7.085492
1.1837818
3.4026197
98.67597

kWh/day

KPLC
2.248955
3.433369
4.223905
1.839119
1.915533
1.455145
1.66745
3.717176
1.506002
2.414996
1.875522
1.711456
2.102549
2.38322
4.200564
2.118157
2.294899
2.50852
1.997736
1.643393
1.109976
1.892109
2.766509
1.733912
2.47793
1.100534
0.934463
0.803331
1.429192

4.223905

0.803331

2.120884

61.50562

Total Power
6.37423923
8.01455306
9.47688399
3.48779641
6.00493688
3.00576395
4.05391327
10.802668
2.72375531
6.87915699
6.69106221
6.69806232
4.11068933
3.56700219
8.06746692
3.98989667
7.1270105
7.03969926
3.81419387
4.8708074
3.68283291
6.00266997
7.82156659
6.02851116
4.8044516
5.38921388
2.79036055
2.61431975
4.24811051
10.802668
2.61431975
5.52350327
160.181595

(kWh/day)

Load D.

3.392494
5.439048
5.458939
5.932466
3.399359
2.676625
2.643364
4,928853
5.639537
412771

4.433708
3.880808
2.347072
4727423
5.117502
6.055991
3.844388
4.603256
6.338345
3.005403
2.639088
3.245809
2.885034
2.918494
3.774705
2.327407
1.246321
1.166011
1.90402

6.338345
1.166011
3.796524
110.0992



Appendix Il : Calculation of Rayleigh distribution and the electricity production.

Annual wind speed in Naivast 3.34 [m/s] |
Rayleigh distributic
vV Probabilit | Probabls Pcwer Electricit
Hours Naivasha | production

[m/s] [h/month] | [W] [Wh/month]

1 0.131 94 0
0|

2 0.212 153 0 0

3 0.224 161 9 1,460

4 0.183 131 27 3,567

5 0.121 87 72 6,309

6 0.067 48 136 6,543

7 0.031 23 199 4,483

8 0.012 9 317 2,835

9 0.004 3 434 1,322

10 0.001 1 543 482

11 0.000 0 651 145

12 0.000 0 814 39

13 0.000 0 995 9

14 0.000 0 1,167 2

15 0.000 0 1,356 0

16 0.000 0 1,519 0

17 0.000 0 1,718 0

18 0.000 0 1,899 0

19 0.000 0 1,990 0

20 0.000 0 2,080 0

21 0.000 0 362 0

22 0.000 0 344 0

23 0.000 0 353 0

24 0.000 0 362 0 Electricit

25 0.000 0 371 0 Productionday
27,19¢ [Wh/month] =W 76 [Ah/day
27 [kWh/montf
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