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ABSTRACT

Rural areas have a high resource of hydropower energy generation system. However, using
such systems has the seasonal changes and bad topographical position of the river flowing.
Even though Ethiopia has abundant hydropower resources, the rural population has no access
to electricity. The utilization of small-scale hydropower in rural areas of the country requires
stream flow data of the rural Rivers. However, most of the Ethiopian rural River watersheds
are ungauged and poorly monitored due to their remote location. This study focuses on energy
potential assessment and techno-economic analysis of micro-hydro integrated with
photovoltaic for rural electrification for a case study of Goda Warke village located in Yaya
Gulele district. The diesel generator is added to the proposed system as a backup system. The
Natural Resource Soil Conservation Service Curve Number (NRSCS-CN) technique is used to
estimate the monthly discharge of the Girar River, which is located in the study area. An
average Girar river discharge and solar radiation resource of the areas are 0.975m?s and
5.39 KWh/m?/day, respectively. The estimated load of the study village is 1269.79 KWh/day.
HOMER simulation shows that Hydro/PV/DG/Battery and Hydro/PV/Battery are the best
optimum systems in terms of Net Present Cost (NPC). The hydropower potential in the optimum
system is 338 KW, with an effective head of 50 m and a levelized cost of energy (LCOE) of
0.0057 USD/KWh. Solar PV has a mean power output of 250 KWh/day with a LCOE of 0.049
$USD/KWh and a PV penetration of 58.2%. Most of the electric load in the area is covered by
micro-hydropower, with capacity factor of 47.5%. The diesel fuel price (DFP), pipe head loss,
and village load growth are the sensitive variables on NPC and the cost of energy (COE).
When DFP is 0.7 $/KWh, hydro/PV/battery is more economical with an NPC of $1.28 million.

Keywords: Discharge, Energy potential, Micro-hydro and Photovoltaic, Soil Conservation

Service Curve number, Sensitivity variable.
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Energy potential assessment and techno-economic analysis of micro-hydro integrated with photovoltaic for rural electrification 2022

CHAPTER 1

1. INTRODUCTION
1.1.  Background of Study

For a long time, water dropping from a great height has been used as a source of energy.
Waterwheels were frequently employed with the discovery of hydro turbines at the turn of the
nineteenth century. It is the world's oldest renewable energy technology for converting
mechanical energy and generating electricity. Hydropower has been a well-known power
production technique since the invention of hydraulic turbines in the 19" century [1]. Through
delivering material-assisted education, health centres, and reducing indoor air pollution,
modern energy access contributes to national growth strategies, income-generating initiatives,

and environmental sustainability.

Most rural areas, especially those with flowing river systems, have hydropower energy
potential. However, the major drawbacks of using such systems are seasonal shifts and poor
topographical positioning of river flowing basins. When there is shortage of rain in the winter,
the water flow is low, and the hydropower plant produces little energy while PV is the inverse
[2]. However, because of its flexibility, hydro power can be used to replace fluctuating
photovoltaic (PV) power [3]. The combination of hydro power plants and solar PV power
plants is considered as an efficient and promising power generation approach for rural
electrification [4].

1.1.1. Ethiopian Energy Demand Status

Electricity access varies substantially between urban and rural locations in Ethiopia. Electricity
is available to 87 percent of the population in urban areas, but less than 5 percent in rural
communities, which is incredibly low. Although electricity is frequently delivered more in
urban areas, 83 percent of the country's population lives in rural areas, which performs heating,
lighting and cooking activities by traditional utilization of biomass energy sources [5].

Ethiopia's energy sector continues to rely significantly on traditional way using biomass energy
because of inadequate supply of electricity to fulfill expanding demand. Forecasting energy
demand for a long-term is crucial for directing the country's energy supply system growth

plans. The most challenging task facing Ethiopia is providing basic power to the rural

Sustainable Energy Engineering, JiT 1
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communities households located at a distance of more than 7 Km from the national power grid
that do not have access to electricity [5][6].

Non-grid-based households are divided into three distinct groupings based on their proximity
to national mid-voltage lines. These are short-term household, mid-term households and long-
term off-grid households. These groups provide a clearer insight into the types of off-grid
solutions which may be appropriate for some groups of households that rely on their ability to
pay, based on non-grid lighting sources [7]. The national electrification coverage rate of
Ethiopia is less than 20%. The lowest rating of connection charges for grid electricity is
between USD 50 up to USD 100 [8]. This is an average pre-electrification fee collected from

customers for grid electrification method.

Table 1.1: The nature of household’s dependent on lighting source other than national grid
electricity [7].

Group Distance from Year to be Percent of households dependent
national medium connected national  on non-grid lighting
voltage grid lines households sources

Short term 2.5km 2025 31 % 45 %

Mid term 2.5-25 km 2025-2030 36% 52 %

Long term >25 km More than 2030 2% 3%

1.1.2. Small Scale Hydro-Power Development and Classification in Ethiopia
Small-scale hydropower accounts for 10% of Ethiopia's hydropower potential. Due to
inaccessibility, topographical position and the proximity to the grid and service facilities, the
potential for the technological viability is reduced by more than half to around 5 %. The
government is focusing on the expansion of massive hydropower to fulfil the nation's energy
requirements. Therefore, because of these factors, hydro power potential in the country was
not exploited much [9].

The hydropower generating classes range from larger power plants that deliver electricity to
many consumer groups, including industries and businesses, to small-scale and micro power
plants for a small number of villages or homes. Although there are different criteria for
classifying hydroelectric power plants in different countries, there is currently no international
standard [1][9]. Ethiopia has a hydropower system classification scheme that differs from other

countries as shown in Table 1.2.

Sustainable Energy Engineering, JiT 2
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Table 1.2: Hydro power classification in Ethiopia[9].

Terminology Capacity Unit
Large >30 MW
Medium 10-30 MW
Small 1-10 MW
Mini 501-1000 KW
Micro 11-500 KW
Pico <10 KW

1.2.  Statement of the Problem

Even though Ethiopia is abundant in renewable energy resources, a lack of energy supplies in
rural areas of Ethiopia has become a serious problem. The main reason is that, the location of
these areas from the national grid and the sparsely populated community living there. In

addition, the high cost of transmission and very low load factor in those areas are not able to

support extension of the national grid because of the economic capacity of the country[10].

In rural area, 90% of households energy demand is covered by energy sources like fuelwood,
cow dung for cooking, heating, and kerosene lamps for lighting, which causes problems

associated with health risks and environmental impacts such as deforestation due to demand of

firewood and charcoal [7].

The Ministry of Water and Energy (MoWE) of Ethiopia established National Electrification
Programme 2 (NEP.2) with the motto of ‘‘Lighting to all’”’ in 2019 for remote area
electrification [11] based on available renewable resources in the area [12] such as; Solar
photovoltaic, Small scale wind turbines, Biogas, and Small scale hydro-power. However, the
energy resource potential in remote area needs further study Since, there is no adequate
organized stream flow data of rural Rivers which is a challenge for potential assessment and
techno-economics study [13]. Most of the Ethiopian rural River watersheds are ungauged and

poorly monitored due to their remote location [14]. The utilization of small-scale hydropower

in rural areas of the country requires stream flow data of the rural Rivers.

Goda Warke village is one of rural community, which does not have electricity access and

depends on the traditional energy source. The village was well known by burning of charcoal

as the main sources of energy and income in Yaya Gulele district.
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Considering those bottlenecks, Micro-hydro/PV hybrid system is proposed in this work as a
possible means of power generation system in a case study of Goda Warke village through a

detailed assessment of the renewable energy resource potential in the area.

Girar River is located in Goda Warke Village at a distance of 1 km which is considered as a
hybrid system with Photovoltaic (based on solar radiation resource of the area) to meet the
energy access shortage of the Village. In addition, the proposed system plays a vital role by
providing feasible evidence for the MoWE of Ethiopia to achieve a rural electrification
program, considering the study area.

1.3.  Motivation of the Study

The motive of this research is to address a full access of information and pre-feasibility study
document concerning renewable energy resource potential (RERP) and economic analysis, for
Ministry of water irrigation and Energy (MoWE) of Ethiopia to achieve the planned Rural
electrification programme. It is also, used to give feedback for NGO’s and other Volunteer
Organization interested in the implementation of the proposed system for the undeserved rural
communities of Goda Warke village in Yaya Gulale district. Furthermore, the recent growth in
the availability of climate-related and donor funding for low carbon and Climate Resilient

Green Economy (CRGE) that emphasizes renewable is one of the study's primary motivators

[15], [16].

1.4.  Objective
1.4.1. General Objective

The main objective of this study is Energy potential assessment and techno-economic analysis
of micro-hydro integrated with photovoltaic for rural electrification: a case study of Goda

Warke village.

1.4.2. Specific Objective

v To estimate discharge for ungauged Girar River.

v' To assess solar energy and hydropower potential of the study area based on
meteorological parameters.

v' To analyse the effects of tilt angle variation with the ambient temperature of the study
area on the performance of the PV system based on respective losses.

v' To perform sensitivity analysis of the optimum system compared to grid extension-
related costs linked with NPC and LCOE generation.
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1.5.  Scope of the Study

The scope of this study is limited to determining energy resource potential and economic
assessment of micro-hydro power and PV system combinations in the form of hybrid
configurations for a case study of Goda Warke village in Yaya Gulele district. The thesis
includes energy (load) demand assessment through data collection during a field survey and
investigates the feasibility of the proposed system to achieve the desired purpose in the selected
study area based on the meteorological data collected from NMA. The proposed system is sized
for load consumption of 1269.79 KWh/day, which has the capacity to electrify 411 households

with an average of 4 occupants per household.

In addition, this study analyses relevant parameters to assess the energy potential of hybrid
micro hydro/PV systems and recommends necessary actions and measures that configure a
system for MOWE to achieve the national rural electrification plan in addition to providing

relevant data to accommodate the current and near future electrical energy demand for the

village.

1.6.  Significance of the Study

The significance of the study is to provide comprehensive information for EEP, MoWE, NGO’s
and other volunteer organizations on the hybrid renewable energy systems such as micro-hydro
and photovoltaic to electrify the rural community of Goda Warke village that has lack of
electricity due to location distance from the national grids. This work is a possible solution
reference by utilization of solar and hydro energy sources for the electrification of the
community of the remote area. In addition, it plays a vital role as a solution to reduce

deforestation in the area due to wood fuel and charcoal demands, which are the major causes

of climate change and global warming.

The study also provides scientific facts that, the available potential of energy resource in the
study area can drastically change the life quality by decreasing indoor air pollution due to the

burning of dry cattle dungs, woods for cooking and kerosene for lighting purpose.
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CHAPTER 2
2. LITERATURE REVIEW

The previous works are revised and compared in this section, based on the methodology and
findings obtained. Flow rate estimation methods, utilized software, methodologies and results
of different literatures has been revised to identify research gaps in literatures in order to put
the direction to reach on the best results and outcomes of this study. Stream flow estimation is
the beginning step in energy potential assessment of ungauged river. The summary of the
literatures and the research gaps obtained in the literatures was discussed at the end of this

section.

2.1. Flow Rate Estimation of Ungauged River Catchment

Estimation of peak discharge in the selected ungauged river basins can be determined by using
three important geomorphic-based hydrological models as manning’s equation, kinematic
wave parameter (KWP), and SCS curve number (CN) method. Suvendu Roy et al., [17],
Estimated the peak flood discharge of the Kunur River Basin, a major tributary of the Ajay
River in the lower Gangetic plain using those techniques. They found that the peak discharge
during flood season based on daily rainfall data is 239.44, 204.08, and 146.52 using
manning’s equation, kinematic wave parameter (KWP), and SCS curve number (CN) method,

respectively.

Umuru Garba [18] assessed the hydro power potential of the ungauged river of Rukarara and
Mushishito in the southern province of Rwanda, using flow data of an analogue site to generate
the data of an ungauged river. Characterization and delineation of catchments were done by
GIS technology based on elevations, land uses, and rainfall and soils types of the site. He
developed a contour map of the study area and proposed position of the component of a hydro-
power plant with the net available head using Digital Elevation Model in ArcGIS and

topographic map respectively.

The estimate for Po and Sacramento Rivers discharge has been investigated by H. Oubanas et
al., [19] using a variation of the traditional variational data assimilations method called "4D-
Var" from simulated observed surface water and ocean topography (SWOT) satellite missions.
Synthesizing SWOT data products, which have an estimated height and width increase of 200
m along river central lines, vectorises simulated radar returns. Simulated SWOT data generally

led to local improvements in pre-bathymetry and roughness estimates allowing river discharge
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prediction in times of overpassing, with average relative root-squared error of 12.1% and
11.2%. However, equality issues arising from simultaneous estimates of bed lift and

ruggedness may prevent their use for various applications except for the estimated discharge

under the present framework.

Many literatures discussed that the Catchment Area Ratio, Rational CIA and the NRSCS-CN
are the most commonly used methods for runoff estimation in ungauged basin. However,
Rational CIA method is used for relatively small drainage areas less than 1 square miles. In
addition this method assumes, the rainfall is distributed uniformly over the drainage area and

there is no appreciable storage of water such as reservoirs and impoundments in the drainage

area [20].

Catchment area ratio (CAR) method estimates the flow in ungauged catchment where a nearby
catchment is gauged and present for use as a reference. Even though it’s easy and simple
techniques, it assumes the rainfall amount in the nearby catchment as similar intensity [21].
The Majority of literatures used NRSCS-CN due to its feasible and best method of estimation
and it is applicable to a wide variety of condition that can be adapted to a number of different

situations. NRSCS-CN method is the most robust model that can be used in almost any

watershed.

NRSCS-CN method is employed for this study to estimate monthly stream flow of Girar River
for the purpose of micro-hydro power generation, considering soil types of the river catchment
and hydrologic soil group (HSG) they fall in. The land use and land cover (LULC) of the river
catchment is also analysed in ERDAS Imagine and ArcGIS software to determine the weighted

CN value.

2.2. Hydropower Energy Resource assessment of study area

2.2.1. Hydropower Resource of Study area

Girar River is the small river located in North shoa crossing through two districts Girar Jarso
and Yaya Gulele district respectively. The community living around the river uses it, for
irrigation and other purpose. It’s located at less than 1 km from the study area Goda warki
village to east direction. In this work, micro-hydropower energy generation potential of this
river is assessed integrating with photovoltaics to determine the capacity of energy resource in

the area for fulfilling energy demand of the selected study Village.
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Figure 2.1:Location of Girar River, source [https://elevationmap.net/lemi-yaya-gulele].

2.2.1.1. Annual rainfall amount

The study area's elevation varies from 1500 to 2760 meters above sea level. There are two rainy
seasons: Belg (February - April) and Meher (June - September). The average annual rainfall
ranges from 1400 to 1600 mm, whereas an average annual temperature is from 15 to 19 °C.
The climatic conditions of Woreda is classified as 28% High land, 41% mid land and 31%

Desert [22][23].

2.2.2. Design parameters of a MHP system

2.2.2.1 Head Measurement

The head is the vertical height in meters between the levels at which water enters the penstock
and the level where the water leaves the turbine housing (tailrace). The more the head, the
quicker the waterfalls and the higher the pressure on the turbine blades. Altimeter, GPS and
topographic maps are used to estimate the vertical drop of a stream. Counters generated on

topographic maps are employed in this work to determine the net head at the study site.
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Figure 2.2: Location of suitable area for hydro power generation system on Girar River.

2.2.2.2. Gross Head and Effective Head

The gross head is an available head to generate power, obtained using topography map after
contour generation. The essential available resources, such as head and water volume, are
assessed using topography and demographic data [24][25]. The other method is slope
calculation, where only an elevation value is assigned to a cell, in which the discharge meets

the selection criteria for a river. This provide separate River DEM containing the slope of each

cell that gives actual river [26].

Effective head is less than the gross head as shown in Figure 2.4 due to the pressure losses in
the penstock. There are different methods for calculating the frictional losses in pipes but

Darcy-Weisbach formula is considered as the most accurate pipe friction loss formula

[27][28].The Darcy Weisbach formula is as follows;

h=1(2)(%) .

Where h, =head loss due to friction L, is pipe length, D, is pipe diameter, v is flow velocity

in™M/¢ and g is acceleration due to gravity whereas f is a dimensionless friction factor

known as the Darcy friction factor.
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This friction factor can be obtained through various theoretical calculations or charts known as
Moody diagrams, named after L.F.Moody and so the factor is sometimes called the Moody
friction factor [29]. Moody charts link several key factors that contribute to the overall
frictional losses in the system and these are the Reynolds number and the relative roughness.

Reynolds number R, is defined as

Re =V x2 (2.2)

where V is mean speed of flow [m/s]

D, is nominated characteristic length of the system (in the case of a hydropower penstock, the
diameter),

v is the kinematic viscosity of water = 1.004 x 10°® (m2/s)

The energy balance is maintained in a pipe (penstock) but energy will be lost in proportion to
the inner surface of the pipe as defined by the Reynolds number. The value of the Reynolds
number therefore depends on the temperature of the water, the site conditions, the penstock
diameter and the water flow which can be calculated from values of V (measured mean speed

of the water), Dy (measured diameter of the penstock) and kinematic viscosity of water v .
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Figure 2.3: Moody diagram[29]
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The Moody chart can be split into two flow regimes; laminar and turbulent. Laminar flows
occur for values of Reynolds number less than 2000 and this is unlikely to occur for water flow.
Instead, water flow is most likely to be turbulent and this occurs for values of Reynolds number
in excess of 3000. Both the friction coefficient and the Reynolds number must be determined
to calculate the head loss. The friction coefficient depends on the surface roughness height (e)
of the pipe relative to the diameter of the pipe (Dp). The friction coefficient can be calculated

using the "Moody Diagram™ after the relative roughness is determined.

[ -
.\ ead Loss AH

Net (dynamic) Head H),,

\o

Gross Head Hg

Penstock
Powerhouse

Figure 2.4: Net head remained after pipe losses [30]

2.2.2.3. Calculation of Potential Power

The potential power that can be generated by the micro hydro power plant is frequently
assessed based on the site study [31]. The power output of the stream can be estimated using
net head and flow measurements. According to equation (2.3), the power created by the
available water is proportional to the flow rate of the water, height head (the difference in
elevation between the intake and outlet of the water), gravity force, density of water, and

efficiency of the hydropower system.

P, = p X QgH, (2.3)
The turbine power derived from hydraulic power is given by
Turbine power (KW) = P, X n; (2.4)

Where p is water specific density [kg/m]

Q is flow rate or quantity of water flowing into turbine [m?/s]
g is gravitational constant [m?/s]

H,, is net head [m]

n¢ 1S turbine efficiency.
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The turbine power output is directly proportional to river flow and the vertical distance that the
water falls. Theoretically, a river with twice the amount of flowing water should produce twice
much energy, but in reality, there is pipe loss due to the friction of pipes, which decreases the
output power. However, there will be some loss of power while the hydropower plant converts
the available water energy.
2.2.2.4. Penstock Design
Penstocks pipes conveys water from the diversion weir to the powerhouse. The penstock pipe
length, flow rate and gross head are often used to calculate the internal diameter of the penstock
(Dp) as shown by equation (2.5) [32].

L 0.1875

D, = 2.69 X <n,%, X Q% x H-*;) (2.5)
Where
n, Manning’s coefficient of the penstock material type
L, Penstock length in (m)
H, Gross head in (m)
The penstock wall thickness is determined by the tensile strength, pipe materials, operating
pressure, and pipe diameter. The minimum acceptable wall thickness [33] in millimetre is given
by:

t, =221 1.2 (mm) (2.6)
Where t,, minimum penstock thickness in
400 represents tensile strength of welded string
1.2 represents corrosion allowances
2.2.2.5. Selection of Hydraulic Turbine
The type and size of a turbine for a hydropower system differ for one project than the other
depending on many factors. Therefore, using these factors as criteria, the type and size of
turbine for a particular hydropower system can be determined.
a. Turbine Selection Criteria
The characteristics of any specific site profoundly influence the type, design, and size of the
turbine. These important criteria are described as follows:
Sustainable Energy Engineering, JiT 12

2022



Energy potential assessment and techno-economic analysis of micro-hydro integrated with photovoltaic for rural electrification 2022

i. Net Head

The net head is the necessary factors to consider for selecting suitable turbine. In low-head
designs, where significant discharges must be managed, the selection is very important. For
estimating head values, contour maps are quite useful. If a height of point's needs to be
calculated overlapped with contour, the elevation of that contour is the best estimate of the
point's elevation. However, if the location lies between contours, linear interpolation can be

employed to get the approximated elevation [34].

Table 2.1: Turbine type and typical net head range [35].

Turbine type Head Range (m)
Kaplan and propeller 2<H,<40
Francis 25 < H, <350
Pelton 50 < H, <1300
Crossflow 5<H, <200
Turgo 50 < H, <250

ii. Quantity of Flow volume and Discharges through the Turbine

In order to identify the set of turbine types appropriate to the flow environment of a site, the
flow regime, rated flow, and net head must be known. One option for determining the
appropriate turbine types is to employ graphical tools that demonstrate the appropriateness of
various turbine designs in terms of head, flow volume, and power output. Figure 2.5 depicts
the approximate range of head, flow, and power for several turbine types. This is an

approximation based on each manufacturer's precise design.
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Figure 2.5: Micro hydro Turbine selection chart [36].

Figure 2.5, shows that a propeller turbine is suited for low heads and large flow rates. Cross-
flow turbines are suitable for flows of 0.25 m®/s up to 5m%/s, net heads ranging from 3m to
200m, and output power of up to 500 kW. Francis turbines are suitable for flow rates ranging
from 0.25 m%/s to 20 m?/s, net head ranging from 10m to 300m, and power output ranging from
100kW to 10MW. Pelton wheels are suitable for flows up to 2 m%/s, net heads ranging from

30m to 500m, and power output ranging from 50 KW to 10 MW.

All turbine types overlapped on the specified functioning zone suitable for the individual
application. Before coming to a decision on which kind to employ, it will be required to
calculate installed power and electricity production against costs. It should be noted that
"envelopes” differ from manufacture to manufacturer and should only be used as a reference.

ii. Specific speed (Ns)
Specific speed of turbine is a speed of an ideal, geometrically similar turbine, which yields one
unit of discharge for one unit of head. Given a flow and head for a specific hydro site, and the
rpm (revolution per minute) requirement of the generator it becomes easy to calculate the
specific speed. Through comparing the determined net head and specific speed to those in Table

2.2, the turbine type can be selected.

2022
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The specific speed is a reliable criterion for choosing the turbine. If it’s required to produce
electricity in a scheme with Hn (m) net head, using a P (kW) turbine directly coupled to a
standard N (rpm) generator we should begin by computing the specific speed according to
equation (2.7) .

\/_

Where N is turbine specific head

N is running speed of the turbine (rpm)

H,, is net head (m) and

P is power to be generated in (KW)

After computing the specific speed, it is possible to choose which turbine type to use or to
decide whether to use a speed increaser like belts and gears. Using all this tools one can have

appropriate selection of the turbine that is to be used for the site at hand.

Table 2.2: Range of specific speed [33][37].

Turbine type Specific Speed range
Pelton one nozzle 5< N, <25
Pelton two nozzles 7<Ng <35
Pelton four nozzles 10 < N, <50
Cross-flow (Banki-michell) 20 < Ny <50
Francis 50 < N, <350
Kaplan and propeller 200 < N; < 1550

To produce a constant frequency from a generator powered by a water turbine, the turbine must
run at a constant speed and drive the generator via a set gear ratio. A governor controls the
speed of the water turbine by opening and closing a valve or gate to keep the speed constant as
the load varies. By adjusting the gate position, both mechanical and electrical hydraulic
governors are employed to control the flow of water through the turbine [38].

iii. Turbine Efficiency

The relative efficiencies of different turbine designs, both at their lowered flows and design
point are an important aspect in comparing them. Figure 2.6 depicts how the efficiency of

selected turbines varies as a function of turbine flow ratio.
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Figure 2.6: Efficiency of various turbines based on discharge [39].
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As it observed from the efficiency’s comparison in Figure 2.6, the Kaplan turbines has a

maximum efficiency of 90%, which achieved when the percentage of turbine flow is between

50 and 90%. It can also be seen that when the percentage flow drops below 30% the efficiency

quickly deteriorates. For Pelton turbines when the percentage flow is below 20% the efficiency

drops away rapidly though this turbine is capable of reaching efficiencies of 90% when the

percentages flow is 60-70%.

However, Francis turbine can be observed to have less maximum efficiency, they have the

widest range of application among the various turbines in terms of size and operating heads. It

can be noted that when the turbines flow rate drops below 80% the efficiency of the turbine

drops off rapidly. Both in the case of the cross- flow turbine and the Francis turbine the

efficiency falls away rapidly as they are operated below half their design flow.

2.2.2.6. Generator Selection

Micro-hydro generators are low-speed devices with a high number of poles, a large diameter,

and a short rotor. MHP systems employ synchronous generators because they can produce their

own operating voltage and maintain frequency when operating in a remote location.
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Table 2.3: Selection of Generator type [40].
Size of schemes Up to 10 KW 10-15 KW More than 15KW
Generator Synchronous/induction  Synchronous/induction Synchronous
Phase Single or three phase Three phases Three phases
The basic factors to consider while selecting a good type of electrical generator are as
follows:
v Type of desired output: A.C. or D.C. constant frequency or variable frequency.
v" Hydraulic turbine operations mode.
v' Type of electrical load: Connection to the national grid, battery storage, or an
independent system serving a range of residential or industrial loads.
The designing power factor for a micro-hydro generator can be 0.95. The generator speed is
determined by the turbine speed, which is governed by the specific speed of the turbine. The
air gap, diameter and length of the stator core are the major dimensions of the generator. The
generator's output in (KVA) is determined by these primary dimensions and the machine's
speed [37][38]. The general expression for generator output power in (KVA) is as follows:
The generator frequency can be given as
f=px§ (2.8)
Where f frequency in (HZ), P is number of magnetic poles, n is generator speed in (r.p.s).
The voltage per phase can be given as
Epp = 4.44 X K, f Npp @, (volts) (2.9)
Where K,, is winding factor of the generator
Ny, is number of series turns per phase.
®,,, is maximum magnetic flux per pole (Weber)
The winding factor for a three-phase synchronous machine is 0.95, and the flux per pole is
given by [33]:
@ =B x(TXD/p)xL (2.10)
Where B = average flux density in air gap (weber/m?)
D= stator diameter at the air gap (m)
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L=Core Length (m)
The current per phase in ampere (A) is given by:
__ (mxDxa.)
Ipp = —(6prh) (2.11)
Also, the output power of the 3-phase, AC generator is given by:
S =3XEy, x L, x1073 (KVA) (2.12)
§=104XBXD?*?xXLxnxXa,x1073 (2.13)
The factor (ac) for the micro-hydro power generator is between (30000-43000) ampere-
conductor per meter of stator periphery, and the air-gap flux density (B) is between (0.54-0.7)
weber/m? [33]. After determining the ampere-conductor per meter and flux density in the air-
gap, the value of (D? x L) for a particular output power may be calculated using equation (2.13).
The generator core's length L may be calculated as:
L=12x%xA (m) (2.14)
Where A= pole pitch of the machine winding and given as:A = X D/P (m)
2.2.3. Discharge estimation of ungauged catchment using SCS-CN method
The soil conservation service curve number (SCS-CN) approach is one of the most well-known
methods for forecasting the surface runoff extent from a small watershed due to a rainstorm.
The SCS curve number technique is a simple, commonly used, and effective method for
estimating the amount of precipitation depth following a rainfall event in a certain location
[17][41]. In this approach, the direct runoff from any ungauged basin is calculated using the
following equation.
_ (P-0.25)?
€ " (P+0.85) (2.15)
Where P, estimated direct runoff (inch), P is maximum storm rainfall within a day (inch), and
S is the potential maximum retention. Where P, the predicted direct runoff in mm, P is the
maximum storm rainfall during a day in mm, and S is the probable maximum retention in mm.
equation (2.16) may be used to compute S from the CN value that is:
s=2%_10 (2.16)
CN
The dimensionless curve number CN ranges is between 0 < CN < 100. For impervious and
water surfaces CN = 100 but for natural surfaces CN < 100 [28].
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Curve numbers have been tabulated in Appendix-A, Table-A 9 by the Soil Conservation
Service (SCS) based on soil type and land use. Four soil groups are defined [27].

Group A: Deep sand, deep loess, aggregated silts.

Group B: Shallow loess, sandy loam.

Group C: Clay loams, shallow sandy loam, soils low in organic content, and soils usually high

in clay.

Group D: Soils that inflate a lot when wet, thick plastic clays, and certain saline soils. The

values of CN for various land uses on these soil types are presented in the Table-A 13 for a

watershed composed of diverse soil types and land uses, a composite CN can be calculated. In

this study, the soil properties and types are considered as the combination of type B and D.

The soil categories such as Cambisol, Andosol, Fluvisol, Leptosol, Vertisol and Luvisol are

identified and hydrologic soil group is assigned to each category based on US Natural Resource

Conservation Service (NRCS) that may fall into four hydrologic soil groups (HSG) (A, B, C

and D): high, moderate, slow and very slow infiltration rates respectively.

Appendix-A, Table-Al10 discusses soil types with their corresponding HSG. The Ethiopian

Road Authority manual is being employed to develop the correlation between soil type and

hydrologic soil group in the Girar river watershed [42]. Equation (2.17) is often used to

calculate the peak runoff rate (m? /s) after computing the direct or excess runoff from any basin

Q).

Q = 0.208 x (“”’B) (2.17)

Tp

Where A represents the drainage basin area (km?), P, indicates excess rainfall (mm), Q is the

peak runoff rate unit hydrograph (m?®/s), and T, is the time to peak runoff unit hydrograph (h).

Time to peak (Tp) is the time elapsed between the start of runoff from a rainfall event across a

watershed and the peak of runoff. It's time to peak the runoff unit hydrograph.

The relation between lag time and concentration time for average natural watershed conditions

and an approximately uniform distribution of runoff can be calculated from time of

concentration T using the following equation [43].

T,=06xT, [hr] (2.18)

The SCN-CN is a method developed for watershed lag that covers a wide range of situations,

from severely wooded watersheds with steep channels and a high percentage of runoff

originating from subsurface flow, through meadows with strong surface runoff retardance, to

smooth land surfaces and big paved areas.
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. ‘EO'BX(S+1)O'7
Tp= 1900xY0-5 (2.19)
Therefore
_ 498x(s+1)%7
€7 1140xY05 (2.20)

The time of concentration T¢ is the point at which the whole watershed begins to contribute.
This is the time it takes for water to travel from the farthest point on the watershed to the outlet.

Therefore, substituting in the above lag time formula

208 (5+1)07

€ 1140xY0S5 (2.21)

Where T, is time of concentration [hr] , £ is flow length in [ft],Y is an average watershed

slope in % and S is a maximum potential retention[inch].
1000

§=—,—10  [inch] (2.22)
i. Flow length (#): the longest path that water takes from the watershed divide to the outflow.
The longest flow path was employed to represent the hydraulically most distant location in
the watershed while creating the regression equation for the lag approach. Aerial images,
quadrangle sheets, and GIS approaches can be used to measure flow length. The following
equation expresses an empirical relation between flow length and drainage area.
£ =209 x A% (2.23)
Where ¢ is flow length [ft] and A is drainage area in [acres]
ii. Land slope (Y), percent: The average land slope of the watershed can be calculated by

using the following equation.

Y = 100:“ (2.24)

Where C is the total of the lengths of contour lines on the quad sheet that run across the
watershed drainage area [m], | is contour interval used [m] and A is the drainage area [m?].
2.3. Solar Resource Assessment

2.3.1. Solar Resource potential of Ethiopia

The amount of exploitable reserve of solar radiation falling daily, in Ethiopia is about 4-6
KWh/m?/day. Among these, only less than 1% of the resource is exploited [13],[44]. Solar
electricity appears to be the principal choice for off-grid electrification according to the Growth

and Transformation plan (GTP) Strategy where the target is to distribute more than 3 million

2022
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solar home systems by 2015. The outlook for the solar electricity sector in Ethiopia is for rapid
increase in installation for off-grid applications and later for grid-connected applications. Off
grid PV, applications include home and institutional lighting, mobile charging, running audio-
visual equipment, refrigeration and diagnostic equipment in health facilities, water pumping,

and powering telecom,

250
MW
200
Grid
150 ~ connected
L _ Off-gnd -
100 institutional
Off-grid -
50 1 — residential
0 1 - - Telecom

2010 2015 2020 2025

Figure 2.7: PV demand in Ethiopia[44]

2.3.2. Estimation of Monthly solar radiation on tilted surfaces

The Angstrom equation was one of the earliest approaches for estimating solar irradiance on
a horizontal surface. It was simple linear model relating average horizontal radiation to clear
day radiation and to the sunshine level [45][46].

H,=H, (a +bT) (2.25)
Ky = % =(a+b7) (2.26)

Where H,, and H, are the horizontal terrestrial and horizontal extra-terrestrial radiation levels
averaged for a month, K; is clearness index, a and b are regression constants for a given site
and 71 and N are the monthly average numbers of hours of bright sunshine and day length

respectively.

n
a =—0.309 4+ 0.539 cos(L) — 0.0639h + 0.29 X =

=

n
b =1.527 —1.027 cos(L) + 0.0926h — 0.359 X i
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Where L is Latitude and h is elevation in km above sea level
— 24x3600G 360 , , ,
H, =—/——=X (1 + 0.033 cos ?sn) X (cos(L) cosdsinw + % X sin (L)smS) (2.27)
Where G, is constant 1367 W/m2 and w = cos~!(—tan (L) X tan (§))
39
/ ”\
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Figure 2.8: Extra-terrestrial solar radiation on horizontal surface through a year

The monthly diffuse D, to monthly total H,, ratio can be expressed by the empirical equation

T

ElE

= 0.775 + 0347 (wys = 3) — [0.505 + 0.0261 (ws; — 5)| x cos 2Ky — 1.8)  (2.28)

The monthly average beam component B,, on a horizontal surface can be readily calculated by

simple subtraction since D, is known;

Eh == Hh - Eh (230)

The optimum tilt angle ,,,; can be obtained using correlations that has been formulated as the

linear, second-degree polynomial, and third-degree polynomial mathematical models,

respectively [47]. By using these mathematical formulas, the value of the optimum tilt angle

can be assessed.

Bopt = —1.0728(5) + 33.28 (2.31)
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Bope = —0.0009(8)? — 1.0727(8) + 33.515 (2.32)
Bope = —0.00002(5)% — 0.0009(5)? — 1.0647(8) + 33.515 (2.33)

Table 2.4: Solar radiations calculated from meteorology data at the sunshine hour of Goda

Warke village for horizontal surface.

Months Horizontal extra- Horizontal Monthly Diffuse Average beam
terrestrial terrestrial radiation component
Hy Hy, Dy, By,
(MJ/m?) (MJ/m?) (MJ/m?) (MJ/m?)
January 41.02 28.40 7.077 21.32
February 44.72 27.03 6.960 20.07
March 48.25 27.58 7.384 20.19
April 50.38 29.00 8.091 20.91
May 50.56 28.65 8.261 20.39
June 50.39 24.62 7.220 17.40
July 50.27 21.77 6.337 15.43
August 50.56 23.65 6.694 16.96
September 49.36 28.89 7.863 21.03
October 46.06 27.61 7.203 20.41
November 42.16 26.74 6.722 20.02
December 40.19 24.82 6.126 18.69

The beam irradiation tilt factor R, is a purely geometric quantity that converts instantaneous
horizontal beam radiation to beam radiation intercepted by a tilted surface.

= cos(L—B)cosdxsinwg,Xsin (L—L)xsind

Ry = Ry = s xsinme (@=0)+ o (@=0)sinLxsind (2.34)
Therefore, the long-term beam radiation on tilted surface is given by
B. =B, XR, (2.35)
The diffuse radiation tilt factor R,
R; = R, = cos? '8/2 = (1+C205B) (2.36)

Some beam and diffuse energy reflected from the ground can be absorbed by the collector
surface in some circumstances where solar panels are positioned near the ground. As a result,

the tilt factor is determined using the formula stated by equation (2.37).
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_ _ R _ . Zﬁ __ p(1—cosp)
Ry =R, = z— 7 = psin /5= = (2.37)

Where p is diffuse reflectance of the surface, south of the PV collector, which is p = 0.2 for
grass and concrete. The value diffuse reflectance (p) for different surfaces are given in
Appendix-A Table-A 14.

The total long-term radiation intercepted by the surface is

HC = Ehﬁb + Ehﬁd + ﬁr(ﬁh + Eh) (238)
HC = Ehﬁb + EhCOSZ '8/2 + (Eh + Eh)sinz '3/2 (239)

Table 2.5: Calculated long term Beam, diffuse and diffuse-reflected radiation of study area on
tilted surface.

Months Beam radiation  Diffuse radiation Diffuse-Reflected Total
B. = ByR, D. = DR, D, = R.(Dy, + By) H,
(MJ/m?) (MJ/m?) (MJ/m?) (MJ/m?)

January 26.6 5.539 1.234 33.37
February 21.82 5.845 0.866 28.53
March 19.5 6.675 0.529 26.7
April 18.43 7.759 0.238 26.43
May 18.22 8.154 0.740 27.11
June 16.04 7.183 0.252 23.47
July 14.0 6.286 0.355 20.64
August 14.91 6.512 0.128 21.55
September 19.17 7.296 0.416 26.88
October 21.11 6.206 0.764 28.08
November 24.06 5.362 1.082 30.50
December 24.30 4.694 1.160 30.15

2.3.3. Optimum working condition and meteorology effect of study area on PV
components of Hybrid System

I. The effect of Tilt angle variation, ambient Temperature and Wind

The electrical properties of PV modules are highly dependent on the cell temperature. In this
study, the Faiman-model equation is used, which includes the effect of not only the ambient
temperature and irradiance but also the wind speed in the equation of the cell temperature.
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Hc
UO+U1.Um

T, =T, +

(2.40)

Where Ta is the ambient temperature, U, is the constant heat transfer coefficient, Uy is the wind

speed coefficient of heat transfer, v is the wind speed at the height of the modules. The value

of Uo=30.02 W/m? K and U1 = 6.28 Ws/m?® K are constant coefficient values [48].

The performance of solar cells decreases significantly as the temperature increases. On the

contrary, lower temperatures are known to improve the efficiency of the PV modules [49]. The

power generation variation due to temperature also depends on the type of the solar panel.

Losses caused by the temperature Pr, __are calculated using equation (2.41).

He
PTloss = Psr¢ X (E) X Qdeg X CTemp X (TC,STC -T) (2.41)

Where Pstc is the maximum power of the PV system at STC (Gstc is the irradiance at the

standard test condition (STC) equal to 1000 W/m?) and Cremp is the temperature coefficient,

Qaey Module quality degradation coefficient and H. is plane of array irradiance in W/m?. It is

assumed that the average quality degradation factors will be 90.35%. As a result, temperature

losses will be positive when the module temperature exceeds T, src = 25 °C; otherwise,

temperature losses will be negative.

The modules temperature has a direct relationship with the efficiency of the solar panels.

Equation (2.43) connects these parameters [50].

n= nr[l - CTemp(Tc - TNOCT)] (2.43)

Where 1 is the cell’s monthly average efficiency, nr is the module’s efficiency at solar radiation

flux of 1 kW/m? and at reference temperature, Tref. Cremp 1S the temperature coefficient

which is dependent on the panel’s material (e.g.: 0.004K* for crystalline silicon modules), and

Tc is the monthly average temperature of the cell. Normally, Crep,p, and Tyocr are provided by

the cell’s manufacturer.

Therefore the power output is given by a relation;

P = H; X Ty, X 11 X A[1 — 0.0045 X (T, — 25)] (2.44)

Where H, the irradiance on the cell (W/m?) is, Tpy IS the transmissivity of the glass and A is

the module’s surface area (m?). For the most widely employed 3.2 and 4 mm thick glass, the

visible light transmittance of sunlight is generally 90-92 % [51]. Since Maximum power of

the PV module is the product of maximum current and maximum voltage as determined by;

Prax = Vinax X Imax (2-45)
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For a given temperature and insolation level, the maximum output current (Im) and voltage
(Vm) of a PV array can be Estimated as follows.

Co-H, A,

+ % )2] X o + Kim (T, — 25)] (2.46)

L = [
max Gstc Gstc

j2i Cs(a.Vt.ln<Hc/G ))2 H
Vnax = Vino + Co. @ Ve In (=25 + sre)) 4 KVm( C/GSTC) (T, — 25) (2.47)

STC Ng

Where

k = 1.3806503 x 10723 ]/OC is the Boltzmann constant, ¢ = 1.602176 x 10723C is the
electron charge, T, and H, are the PV module temperature in °C and plane of array irradiance
in W/m2 respectively. Ggrc is the irradiance at the standard test condition (STC) equal
t01000 W/mz-

Table 2.6: Parameters of loss calculation for the PV system.

Parameter Value Parameter Value
a 1.452 Kum —0.42 %/oc
Co 1.002 kem ~0.09 %/oc
C; -0.002 N, 7
C, -0.5279 Vino 33.2V
Cq -9.615 Lo 241 A

The quantity of dust deposited on the panels is also affected by the tilt angle of the panels. As
previously proven in a prior research [52],[53] , lower tilt angles result in more dust deposition.
One of the causes is that the gravitational impact influences dust deposition. Modules with tilt
angles below 15 degrees showed increased water retention on the panels, which when mixed
with the dust present created a "sticky substance™ that, in addition to not being blown off by

wind, resulted in the collection of extra dust particles [54].

When PV modules with tilt angles of 0°, 20° (the most common installation angle), and 33.5°
are compared, According to [55], modules installed at 33.5° had over 50% reduced soiling
losses than panels set at 0°. Rain would combine with earth to generate mud, which would

settle on top of the panels with a horizontal (O degree) tilt angle.

When incoming light strikes a water particle, it might scatter or be absorbed. Scattering reduces
direct normal irradiance while increasing global horizontal irradiance, whereas absorption

decreases total irradiance, both of which interfere with irradiance reaching the cell and hence
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impact efficiency [56]. The greater the value of B, the larger the dust particles can roll off
from the surface of the panels or slide to the lower regions of the panels due to the higher

impact of gravitational forces, which rise with the sine of angle f.

2.4. Sizing and Optimization methods of Hybrid Renewable Energy Power Generation
2.4.1. HOMER Software Optimization Method

In the typical Iraqi rural village and Uttarakhand state in India Ali Saleh et al., and Ankit et al.,
[57][58], studied the techno-economic and environmental analysis of various hybrid
systems respectively. Ali Saleh et al, [57] HOMER to optimize systems using the Multi-year
Module and they has been found that PV/hydro/diesel/battery HES is the most economical
option with a net present cost (NPC) of 113201 dollars. The production of PV electricity
decreases 9.1 percent while the generation of diesel, CO2 and load are increased by 90.8%,
91.7% and 8.8%, respectively, throughout the project’s life time of 20 year.

Similarly Ankit et al., [58] used HOMER software for Size optimization and sensitivity
analysis of techno-economic feasibility of micro hydro—photovoltaic—biomass and biogas—
diesel-battery hybrid energy system (HES) in off-grid mode to meet electricity demand of five
villages those lacks electricity. The best configuration setup is selected as optimum from three
configuration depending on economy and environment as the main driving factors, for the
study area, which comprises total NPC $5, 33,654, COE $0.197/kW h, RF 94%, and CO>
emission 15,930 kg/yr.

The most cost-effective system was suggested by Ramadoni et al., and Tarlochan et al.,
[59][60], taking into account the load profile and resources estimation and the sensitivity
analysis carried out with the use of HOMER software for various hybrid systems. Ramadoni
et al., [59] designed the plan of power generation from an irrigation water as a hybrid micro-
hydro and solar photovoltaic system of up to 6,800 L/s of 11.9 m high in the rural areas of
Central Java, Indonesia. They found that Micro-hydro can produce an output power of 555 kW
which is cost up to 100 years with a replacement cost of USD 925,000 and a replacement cost
of US$500 is also charged for USD 1,132,426 solar panel with a power capacity of 0.3 kW.

Tarlochan et al., [60] investigated the possible use of Hydro, small scale generation units, solar
PVs, both with and without energy storage solutions, for hybrid electricity systems. They found
a hybrid system with the lowest electricity costs ($0.147/unit). Hydro turbines supply about
29% of the production and Gen turbines supply around 71%. Gen-sets absorb and deliver

reliable power for the season variability of renewables. A hybrid mix of hydro, generator set,
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solar power and the battery provide a cleaner option, although at a higher electric charge ($0.29

per unit).

Siamak Hosienzade et al., [2] used the system integration method principle for combining
hydroelectric power stations with solar power for 1,6MW/yr power consumption, with an
estimated hydraulic turbine capacity of 60 kW and a service life of 30 years. They have also
modelled photovoltaic in-Home Software with clearness for cloudy and sunny days 0.25 and
0.75 respectively. They found that photovoltaic hydropower of 61 kW was the best and least
costly combination for the Sarrood geographic conditions to compensate the power shortage.

Getnet et al., [1] used the single model with a modified Angstrom-type equation and an
empirical method to calculate the flow rate of an ungauged river by estimating the average
daily global solar radiation on a horizontal surface in a study site. They have found average
solar insolation of 5.13 kWh/m?/day with a minimum flow rate of water found in the dry season
is 0.838 m3/sec in December, while the Net-Head was at 10.5 m in the area of the study. They
considered catchment area ratio method in their study to determine the discharge of ungauged
river in the study area. Nevertheless, this method considers the rainfall intensity of the different
area as a similar value. NRSCS-CN method is the most feasible method of discharge estimation

in ungauged catchments.

Odou et al.,[61] and Tilahun et al.,[10] analysed a hybrid system with combination of
PV/DG/Battery and Hydro/PV/DG/Battery respectively. Odou et al.,[61] obtained least cost
PV/DG/Battery (of 150 kW/62.5 kVA/637 kWh) solar hybrid optimal system which can
reduces battery requirements by 70% compared to PV/battery system and achieves 97% CO:
emissions reduction compared to a conventional DG. While Tilahun et al.,[10] found optimum
system with COE of $0.133/kWh and the renewable fraction of the hybrid system is 99%.
However, they do not considered mapping of solar radiation in their selected study area to

determine possible area of PV installation.

2.4.1.1.The Application of HOMER Software in Simulation of Micro-grids

The HOMER Micro-power Optimization Model is a computer model created by the National
Renewable Energy Laboratory (NREL) in the United States to support in the design of micro
power systems and to simplify the comparison of electric generation technologies across a
broad range of applications. HOMER performs three principal tasks such as simulation,
optimization, and sensitivity analysis. HOMER simulates the performance of a certain micro-

grid system configuration every hour of the year to assess its technical feasibility and life-cycle
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cost. During the optimization phase, HOMER simulates a large number of possible system
configurations in order to find the one that meets the technical criteria with having the lowest
life-cycle cost. Throughout the sensitivity analysis phase, HOMER runs various optimizations
under a range of input assumptions to analyze the consequences of ambiguity or changes in
model inputs [62].

HOMER pro software is used in this study for hybrid system configuration, sensitivity analysis
and economic evaluation of the optimized hybrid system. The analysis of this software is
classified into three stages such as, Input stage, analysis stage and end result. Figure 3.4 shows
detail application of HOMER pro software in this work.

2.4.2. Algorithm Optimization using coding in MATLAB

S.Kumar et al., and Muhammad et al., [63][64], Carried out particle swarm optimization (PSO)
method for mathematical optimization of the model and designing of HRES (Hybrid renewable
energy resource). S.Kumar et al., [63] used an artificial neural network (ANN) for solar
resource assessment and hydrology estimation techniques for discharge estimation with an
energy index ration of 1. They found that the site has an estimated discharge of 0.625 m®/s with
an available head of 9 m. They have combined micro-hydro with solar PV and diesel generator.
The result shows a high renewable fraction of around 96.99% with a low value of CO;

emissions of 9514.56 kg/yr.

Muhammad et al., [64] compares the different combinations of renewable energy (solar, wind)
and storage technology (battery, hydro-pumped, hybrid) for off-grid energy supply. In
particular, they discuss the performance and results of their mathematical model in four
configurations (that is single RE source system, two RE source systems, one storage system,
and double storage system) based on two scenarios. Their mathematical model was optimized
by the Particle Swarm Optimization (self-discharge equal to 0 percent and 1 percent). They
found that the hybrid pumped battery storage (HPBS) energy management strategy involves a
low power supply shortage, while pumped hydro-storage (PHS) is an essential part of energy
storage system that provides a large power production and deficit.

The multi-target optimization model was established by Fang-Fang Li et al., and Xing Li et al.,
[3][65] to maximize power generation and reduce energy consumption gaps using NSGA (non-
dominated sorting genetic algorithms) frameworks to optimize hybrid energy generation
models. The model aims to maximize the annual electricity generation while reducing

production fluctuations [60]. A mean annual discharge in the Longyangxia River of 650 m3/s
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found by Fang-Fang Li et al [3]. During the implementation of the NSGA-II, population is set

to 200, the iteration stops 500 times, the probability of crossover of simulated binary crossover

(SBX) is 0.90, and the probability of mutation of a polynomial mutation is 0.10.

Xing Li et al., [65] used a long-term multi-objective optimization model where a waterfall is a

compensation system of a hydro-photovoltaic-wind system. The aim of the model is to increase

the total annual power generation of the electrical system and to smooth output fluctuations. A

modified type of the non-dominated sorting whale optimization algorithm (modified NSWOA)

provides the solution set for the designed model. They set a size of 100, a size of 50, and

maximum iteration of 10000 and a probability of polynomial mutation of 0.01. They also found

the power generation capacity of a PV, wind and hydroelectric stations, each of whom is 8000
MW, 2500 MW and 14,820 MW respectively. The results show that wind and PV can well be
offset by the hydropower. The hybrid power generation system can take into consideration

for stability and total capacity.

2.5. Hybrid system components and Techno-economic analysis

2.5.1. Small Scale Energy Storage System

In order to mitigate supply fluctuations and increase power Quality, renewable energy with

storage systems is integrated. The Micro-grid Storage System also has advantages for voltage

control and operating reserves. For example, an ESS system can be used to manage energy and

to enhance the stability and economy of a micro grid storage system that stores excess energy

generation and operates the electrical system during power interruptions. Chun Sing Lai et al.,

[66] use a state-of-the-art model to present GIES (pumping-heat storage) and NGIES (lithium-

ion battery) systems and compare their economic and financial merits with the United

Kingdom's wind power generation. The outcome of deterministic, risk, and sensitivity studies

show that the most influencing factor is in IES economics capital cost, whereas the energy

storage cost is the most influencing factor in non-GIES economics.

An Integrated Energy Storage System (GIES) is a form of storage system which saves energy

and the transformation almost simultaneously between primary and secondary forms of energy

at the same time.
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2.5.2. Photovoltaic Cell, Module, Panel and Arrays

Photovoltaic cells are electrically coupled in series, parallel, or mixed circuits to create larger

voltages, currents, and power levels. Photovoltaic modules are the basic building elements of

PV systems, consisting of PV cell circuits sealed in an environmentally protective laminate.

Photovoltaic panels are made up of one or more PV modules that are pre-wired and ready to

be installed in the field. A solar array is a full power-generating equipment made up of any

number of PV modules and panels [67].

Photovoltaic (PV) Module
Cell

Array

Figure 2.9: Photovoltaic cells, modules, panels and arrays [67].

2.5.3. Photovoltaic Costs

The price of photovoltaic modules fluctuates with invention, demand and supply issues.

Photovoltaic solar panel cost has been reduced dramatically in the past ten years and it is

assumed to continue its down slope of the future. The cost of an investment in a PV system is

driven mostly by the initial up-front investment or capital expenditure. Additional costs

encountered during a systems lifetime are comparatively low. The most affordable home solar

panels on the market in 2021 are shown in the table below [68].
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Table 2.7: Less expensive and affordable solar panel in market of 2021[68].

Most affordable Price per Power Price per  Efficiency Warranty
solar panel panel rating watt rating

LONGI $225 350W $0.60 20.3% Limited 25 year
LR6-60-HPB-350 (11475 ETB) (30.6 ETB) warranty
Hanwha-Q  Cell $240 340W $0.70 19% 25 year warranty
340WQ.PEAK (12240 ETB) (35.7 ETB)

DUO

Canadian Solar $225 315W $0.71 18.68% 25-year output
Model CS1H- (11475ETB) (36.21 ETB) warranty
315MS

2.5.4. Hybrid components cost

Micro hydro installation costs around US$1,200 (61200 ETB) per installed KW in Ethiopia.
The investment cost of a micro hydro power plant is expected to be $1136 (57936 ETB) per
KW, with replacement cost equal to 50% of the capital cost and O&M cost equal to 10% of the
capital cost. In addition, the initial capital cost of micro hydro power plants with new
technologies are internationally estimated in between US$1500 (76500 ETB) to $2500
(1275000 ETB)/kW [10][69].

The capital cost and transportation of Bertoli Brand generators with power generation capacity of
24,40 and 48 kW are $20545 (1047795 ETB), $22,419 (1143369 ETB) and $27,024 (1378224
ETB). The price per kW was determined using the average unit price inferred from each
generator cost and reached to $660/KW or 33660/KW. The replacement cost is assumed to be
constant, and the O&M cost is equal to 3% of the capital cost. The current fuel price is $0.8
(40 ETB) per litre, and the minimum load ratio is set to 30%. The optimised capacities are: 0,
40, 45, 50, 60, 70, and 80 kW [61].
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Table 2.8: Costs and specification of hybrid components

Description Specification
Capacity (KW) 1 KW 10 KW
g{ Capital ($) 2000 11000
£ (102000 ETB) (561000 ETB)
c‘,”>), Replacement cost ($) 2000 11000
E O&M cost ($/yr) 40 (2040 ETB) 220 (11220 ETB)
Life time (yr) 25 year
Capacity (KW) 1,24,40,48

Capital Cost ($)
Replacement cost ($)

Diesel generator
[61

660, 20542, 22419, 27024
660, 20542, 22419, 27024

O &M ($/hr) 0.03,0.72,1.2, 1.44
Life time (hr) 15000
Capacity (KW) 1

Capital ($) 1000 (51000 ETB)

Replacement cost ($)
O&M cost ($/yr)

Convertor
61]

1000 (51000 ETB)
20 (1020 ETB)

Life time (yr) 15
Capacity (KW) 1
g Capital ($) 1300 (66300 ETB)
o Replacement cost ($) 600 (33150 ETB)
> O&M cost ($/yr) 130 (6630 ETB)
Life time (yr) 40
Capacity (KW) 1 24
Capital ($) 1000 23947
EJ (51000 ETB) (1221297 ETB)
g Replacement cost ($) 1000 23947
@ O&M cost ($/yr) 20 (1020 ETB) 479 (24429 ETB)
Life time (yr) 20
Capacity cost ($/km) 15500 (790500 ETB)
2 % O&M cost ($/yr/Km) 310 (15810 ETB)
© 2l Grid power price (§/KWh) 0.22 (1122 ETB)
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Therefore, to meet the total load demand of the study area (338 KW), 150 KW of PV power
output is required. Diesel Generator (50 KW) is added in the system for comparison purpose
considering the variation of fuel price. When the fuel price is 0.5 USD/KWh (25.5 ETB/KW/h),
DG is used to support PV system and the requirement of PV is reduced to 150 KW. Hence, the
capital cost of LONGI LR6-60-HPB-350 PV module is considered as 0.6 $/W (30.6 ETB/W),
the total capital cost and replacement cost of PV system becomes $157200 (8017200 ETB) for
each and O&M cost is estimated to be $10480 (534480 ETB) according to [61][68].

2.5.5. System operation control mechanism

2.5.5.1.Stand-alone Micro-hydro Controlling System

Anuradha et al., [71] Proposed PV/hydro hybrid system linked with RLC load. A PV system
and micro-hydro system is connected in parallel with grid system and which is called hybrid
energy system and is interfaced with RLC load. They modelled and simulate a common
electrical three-phase RLC load, which supplied by hydro-servo system and hydro turbine
system using MATLAB Simulink software. They also used zero series load (Rse=0) and no
leakage to ground (Rsh=0) for a PV cell and high quality silicon cell with varying Rs from 0.05
to 0.1 ohm and that Rsh from 200 to 300 ohm.

Figure 2.10: Simulink model for hybrid system [71]

Lack of a reservoir at the headrace of micro-hydropower plant results in variable water flow to
the turbine. In addition, consumer load connected to the generator varies with time. The
variation in water flow to the turbine and consumer load changes result in variation in generator
output power and frequency. Asad Ali et al., [72] proposed 100 kW and 440 V Simulink model
a three-phase synchronous generator (SG) feeding a 60 kW base load. VVoltage and frequency

2022
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controller for micro hydro power plant (MHPP) measures frequency of the generator through
phase-locked loop (PLL) block.

The frequency is then compared with a reference frequency, i.e., 50 Hz and the variance
between reference frequency and measured frequency proportional integral and derivative
(PID) control block.

The water flow power (Pw) depends on the water density (p), water turbine swept area (A) and

the speed of water flow cube (V3) as shown in the equation (2.48) and (2.49).

P, = 1/2 XpxXAXV3 (2.48)
and
_ TtXUS
Cp = Gsxaxvs (2.49)

Where C,, is power co-efficient of performance and U is rotor speed of turbine. Rotational

speed of turbine T, depends on the power of water flow (P) and rotor speed of water turbine Us.

The HOMER software simulates each system using both the LF (load following) and the CC
(cycle charging) dispatch strategies and selects the best method for each system. When the LF
method is implemented, the generators will only produce enough electricity to meet the load
demand. Meanwhile, for the CC strategy, the generators will be operating at full capacity, with
any extra electricity utilized to charge the battery bank. This work's HOMER optimized

simulation corresponds to the CC dispatch approach.

2.6. Economic feasibility analysis

Different techniques and approaches are applied to investigate the best economics to achieve
an optimized design of hybrid renewable energy system components. The essential objectives
to optimize HRES are Levilized cost of energy (LCOE), net present cost (NPC), system
annualized cost (SAC), operation and maintenance cost (O&M cost) and overall system cost.
In addition the Life cycle cost (LCC) of the HRES accounts for all costs associated with an
overall system life time, considering inflation and discount rate [73][74].

The minimum energy cost can be estimated as annual system cost (ASC) from equation:

ASC = ACC + ARC + AOC (2.50)

Where ACC, ARC and AOC are annual capital cost, annual replacement cost and annual
operation and maintenance costs.
A yearly capital cost (ACC) indicates the yearly capital cost of the components that do not

need to be replaced throughout the project lifecycle:
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ACC = Coqp X CRF(i,n) (2.51)

Where C.,, and CRF are the component investment cost and capital recovery factor

respectively. CRF Combines project lifetime (n) with yearly interest percentage as shown

below.

. i(1+)™
CRF(i,n) = (‘1203_1

Where i is the rate in which the loan is paid-back (i;,4,) and it’s affected by inflation rate f.

(2.52)

[ = loan—f (2.53)

f

The annual replacement cost of the system is components that require to be replaced before the

end of the project lifetime, as shown in below. Its calculation depends on elements replacement

cost (Crep) and sinking fund factor (SFF) as follows.

ARC = Crep X SFF(i,Nyep) (2.54)

i
(1+i)"rep—1

SFF(i,Nyep) =

(2.55)

Sinking fund factor coefficient is used in estimating the values of a series of equal annual cash

flow in the future.
The components of the HRES configuration are required to be maintained periodically and

are needed a payment of their operation.

AOC = AOC, (1 + f)" (2.56)

Where AOC; the first year cost is spent for the entire system components.

The total net present cost (NPC) and levilized cost of energy can be calculated as follows.

NPC = Stann_ (2.57)

CRF(i,n)

LCOE = Stann (2.58)

E, t,ann

Where C; 4y, and E; 4., are total annualized cost of configuration and total energy drawn by

the load KWh/yr respectively.

Ct,ann = Ccap + Z?:l COM,i (2.59)

Where, n is the number of all the components in the system and Cy, ; is the annual operation

and maintenance (O&M) cost for the component of the system [75].

The renewable energy shared by the system sources to the load is estimated based on RF

(renewable fraction). RF is a fraction of the energy consumed by the load that is developed by

renewable energy system.
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O%RF = (1 - w) % 100 (2.60)

t.ann
Where Eon—ren,anniS defined as the energy equipped by non-renewable resources in one
year in KWh/yr.
The number of years required for the invested capital to be offset by resulting benefits is

determined by payback period.

Intial investment

simple pay back period (Pgy = (2.61)

Annual cash inflow

Simple payback period Calculated for a proposal compared with some predetermined target

period of different scenario.

2.6.1. Comparison of standalone hybrid system with grid-extension

The cost of optimised off-grid system is compared with grid extension analysis using the
advanced grid module of HOMER in the form of Breakeven Grid Extension Distance (BGED).
The BGED is the location distance from the grid when the total NPC of grid extension equals
the total NPC of the off-grid system. The following equation is used to compute BGED [61].

D _ CNPCXCRF(i'Rproj)_CpowerXEdemand
rid — -
grid CcapXCRF(i,Rpro;)+Com

(2.62)

Where Cc,,, is capital cost of grid extension ($/km), C,,, is O&M cost of grid extension
($/yr/km), Cpower is cost of power from the grid ($/KWh), Egemang is total annual electrical

demand (kWh/yr) and Cypis total NPC of the standalone power system ($).

The cost for the smallest rated consumer service is often of the order of USD 100 to 300 in
African sub-Saharan country. These costs are in stark comparison to connection rates in South
and East Asia and South America, which range from USD 10 to USD 75 [8]. Recently in 2021,
the price of electricity in Ethiopia is 0.1 USD/KWh for households and 0.2 USD/KWh for
business, which includes all components of the electricity bill such as the cost of power,
distribution and taxes [76].
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2.7. Summary of Review of previous studies

Author

Topic

Methodology

Result

Gap

Saimak

Hosienzadeh et

al. [2]

(2020)

Ali saleh et al v
[57] (2019).
Oluwarotimi v

Delano Thierry
Odou et al.,[61]
2020

system in solution of
low power generation
at hot season for micro
hydro system.

Optimization and
sensitivity analysis of
standalone hybrid
energy systems for
rural electrification: A
case study of Iraq
Hybrid off-grid
renewable power
system for sustainable
rural electrification in
Benin.
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v Application of hybrid v HOMER software is

utilized to determine
the best technical and
economical hybrid
system

Used HOMER
software which is
utilized for the
optimization of the
systems using the
multi-year module.
Used Hybrid
Optimization of
Multiple Energy
Resources (HOMER)
software to perform
optimization,
simulation and
sensitivity analysis.

v" Found the best and the least
coast combination of (61 kW

hydro power, 20 kW
photovoltaic, 7.5 kW wind
turbine, 20 kW inverter and
10 4-way battery packs).
Found that the PV/ hydro/
diesel/battery HES is the
most economical option with
a net present cost (NPC) of
$113201.

Obtained least cost
PV/DG/Battery (of 150
kW/62.5 kVA/637 kKWh)
solar hybrid optimal system
which can reduces battery
requirements by 70%
compared to PV/battery
system and achieves 97%
CO2 emissions reduction
compared to a conventional
DG.

v

v

v

Does not perform solar
radiation mapping to show
possible installation area for
PV array in study area.

Sensitivity analysis using
parameters such as pipe
loss, load growth, and PV
capital cost is not
considered in detail.

Does not perform solar
radiation mapping to show
possible installation area
for PV array in study area.
Dimensions like
institutional and socio-
cultural aspects, which play
a crucial role could be
considered.
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Tilahun v’ Feasibility study for v' Used HOMER v' Energy  obtained from v The effect of site
Nigussie et power generation using software for optimum hydropower, accounts 79%, meteorological parameters
off- grid energy system and best_ techno-_ the PV module covers 20%, (i.e. temperatu_res) on PV
al.[10] 2017 from Micro- economic selection. and diesel generator is 1% of power generation potential
Flow rate data of the total load. The system has were not included in
hydro/PV/DG/Battery site was taken from COE of $0.133/kWh and the potential assessment.
for rural area of MOWE and the gross renewable fraction of the
Ethiopia: The case of head was measured hybrid system is 99%.
Melkey Hera village. using portable GPS.
Muhammed v' Economic analysisand v* Mathematical Configurations of solar/ v ESS self-discharge is taken
shahzed Jave et optimization of a moglel_ling _ wind_/ battery/PHS were as constant \(vhich is (0&1)
renewable energy optimization using considered, and two % however it should be
al [64]. based Economic Particle Swarm scenarios were examined considered because it
2021 analysis and Optimization PSO is based on ESS self-discharge affected by the
optimization of a developed and (0% and 1%). the optimal temperature.
renewable energy implemented in COE increased from 0.196 v' Environmental parameters

based island

MATLAB

$/kWh to 0.222 $/kWh as
storage self-discharge is 1%.

i.e. battery emission PHS
land requirement are not
considered in optimization.
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2.8. Research gap

Optimum hybrid (micro-hydro and PV) configuration requires further study on sensitivity
analysis by considering parameters like pipe head loss, Diesel fuel price, community load
growth, capacity shortage and pricing PV capital cost that have effects on Net present cost of
the optimum system based on Goda Warke village. The Net present Cost is sensitive to these
parameters which determines the selection of best economic configuration of hybrid system
[57]. The effects of meteorological parameter (Temperature and wind) of the site on
performance of PV array and PV land requirement does not considered in design of hybrid
system configuration. In addition, the possible area for Photovoltaic array installation in
selected study site with highest solar irradiance does not shown by mapping of solar radiation
in recent literatures [10] [64].
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CHAPTER 3
3. METHODOLOGY

This section deals with the location of study area, data collection methods, the flow sequence

of thesis and the materials (software) utilized to reach on best result and conclusion of this

work. In general, the methods and approach used in this study have discussed in detail as

follows.

3.1. Location of Study Area

Yaya Gulele is one of the woredas in the Oromia region of Ethiopia located about 115 Km

North-West of the capital city, Addis Ababa. It is part of former Yaya Gulale and Debre

Libanos and separated recently from Debre Libanos in North Shoa zone. This woreda is

bordered on the south by Mulo and Sululta, on southwest by muger river wich separates it from

west shoa, on the north by Girar Jarso, on north east by Debre libanos on east by Wuchale.

Towns in Yaya Gulele includes Fital. Administratively, it is divided into 17 rural and one urban

Kebele administrative. The total population of the Woreda was estimated to be about 75,000

with an average population density about 279 persons per km? [77][78][79].
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Figure 3.1: Location map of study area
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3.2.  Research Design Process

The research design is based on Meteorological data of the selected site in terms of which flow
rate estimation, rainfall data, sunshine hour (solar resource data) and techno-economic
evaluation is assessed. The economic analysis and sensitivity analysis are conducted by using
hybrid system simulation software’s such as HOMER pro software. The methodology used in

this work is software analysis, using collected load demand data from the study site.

The energy resource potential assessment of the selected site was done by using ArcGIS
software using Digital elevation model (DEM) and analytical hydrological model. Monthly
flow rate of the local river is determined by using the rainfall data collected from
meteorological station and NRSCS-CN method is applied in order to estimate the stream flow
of ungauged river in study area for hydro potential assessment. The preferring criteria of this
method over the other methods was clearly described in literature review section of this work.

The sunshine hour and Global horizontal solar radiation falling per day in study area is
estimated from meteorological data collected from National Meteorological Agency (NMA).
The estimated value was compared with NASA and software estimated value such as New-
LoClim software. In order to identify whether the energy resource in the study area has
potential of energy generation, load assessment was done in Goda Warki village located in
Yaya Gulele district. The number of households, governmental institution and worshiping
institution in the study village are assessed through data collection to determine load

assessment and energy consumption pattern.

Based on the load profile of the study village, Sizing of the system was done using HOMER.
Micro hydro sizing includes, flow rate, design head, type of hydraulic turbine, generator and
calculation of catchment area. Whereas solar photovoltaic sizing includes parameters such as
number of panels, orientation and inclination angle. Finally, the Hybrid Micro-hydro/PV power
generation system will be modelled with energy storage system. Configuration setup and
economic analysis is performed using in HOMER software considering sensitivity parameters
such as net head, pipe head loss, electric load consumption, hydro turbine efficiency and fuel

price.
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Figure 3.2: Research Design and process flow chart
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3.3.  Primary and Secondary Data collection

2022

The primary data are collected form study village during field survey. It includes number of

households, number of populations, worshipping place and government institution such as

kebele administration, farmer training centre (FTC), clinic and schools. The number of

households in study area are classified into high class, medium class and low-class households

based on the interval of the land owned tax they are paying as shown in Table 3.1 as well as
Table-A 1, Table-A 2 and Table-A 3 in Appendix -A. These data are obtained from Office of

Agricultural and Natural Resource Conservation of Yaya Gulele district, cooperation with

Goda Warke kebele administration. The collected data are used in estimation of load

assessments of steady area.

The secondary data are meteorological data of the study area, which consists of rainfall amount,

and sunshine hour data. These data are used in this work for potential assessment of energy

resource in steady area which is limited to micro-hydro and solar PV. The collected data is

converted to monthly average value as presented in Table-A 9 and Table-A 11 in Appendix-A.

The Assessment was employed based on the estimated load of Goda Warke village as a case

study.

3.4. Materials and Tools

Different software tools are used in this work for different purposes. ArcGIS and ERDAS

Imagine software are applied to determine catchment area of the ungauged river as well as

LULC analysis in case of monthly discharge estimation and for drawing the map of a study

area. EES software is utilized for analytical works and graphical representation of desired

parameters. The New-LoClim software estimates some meteorological parameters based on

the geographical location of the study area.

Ep. @ s S
SArcGls €D A

Figure 3.3: Types of Software tools employed in this work
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There are some software tools available for hybrid system design and analysis. Such as Hybrid2,
HOMER, REET Screen, and In My Back Yard (IMBY) [10]. HOMER has some unique
characteristics, such as a broader range of renewable resource input with their potential
combinations under varied conditions and has a broad selection of system architecture and
dispatch in comparison to similar software computing approaches such as RETScreen, PVSOL,
Hybrid2, TRANSYS, SAMS, RAPSYS, and MATLAB [62][80].

HOMER is the most versatile system in terms of systems that can simulate, offer more
complete information, and do sensitivity analysis with minimum input [81]. It carries out three
major tasks such as simulation, optimization, and sensitivity analysis for recommending the
best system design [82] which provides the best-optimized model architecture based on Net
Present Cost (NPC) and a given inputs.
)
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Figure 3.4: Flow chart of HOMER software analysis.
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3.5. Load assessment of Study area

The consumption of electricity in a community depends on a number of influences such as the

income of its residents and a valid tariff (price per KWh or monthly cost), the cost of competing

or substitute services (wood, kerosene), the cost of appliances, and other socioeconomic,

economic and cultural factors. Detailed planning methods must take all of these factors into

account. However, despite the need to take all of these factors into account, researchers and

planners face challenges such as the inability to obtain accurate information and a shortage of

recorded data, particularly in rural areas. An onsite survey was conducted in the community, to

assess the power demand. A modified version of the standard load Assessment questionnaire

created by a G1Z program [83] was used for this study. During field survey in study village the

number of populations is 411 households, three elementary school, one Orthodox Church with

in Goda Warke village.

Actual load forecasting consists of projecting peak demand requirements for the entire groups

of users with the time of project lifetime. In this study, power estimated is based on

consumption loads and patterns inferred from each household. It was taken based on the

number of room he/she had and his/her affordability to use radio and colour television. In

general, Goda Warke village's typical rural domestic consumption is predicated on the

assumption of lights, television, radio and charging appliances. The detail analysis is presented

in Table-A 4 in Appendix-A.

3.5.1. Load Assessment

The village load is estimated assuming that all households and public sectors utilize efficient

appliances and energy saving LED light bulbs. Traditional cooking methods utilizing firewood

and charcoal are replaced by one cooking stoves per household. It is assumed that, the

electrified household will use energy saving bulbs for indoor lights (depends on number rooms

of the household). The setting of the sun is an influencing aspect with the use of light bulbs.

Since Ethiopia is right along the equator, the time for dusk is very constant throughout the year.

The internal/indoor light bulbs are turned on at around 18:00 and turned off at around 24:00. It

is assumed that all of the security/street lights turn on daily from 19:00 until 6:00.
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Households in the study area are classified into three classes, Low class households, medium

class households and high-class households based on their income capacity. Low class

household’s accounts 161 household, medium class households 178 household and high class

are 72 household. The total number of households in study area is 411.

The best way to compare energy consumption and the cost of running different appliances is

to look at their power consumption, which is measure of how much power they use in Watts.

An important point is also to bear in mind the length of time for which the device will be used.

All values are estimated based on the operating hours in use and wattage of the appliances [84].

i. Load Estimation of Household Sector

In load estimation of households, different assumption was made based on family classes and

probability to use household appliances for better estimation of load consumption. The

probability of using Colour TV for each family classes are estimated as, 25 percent, 75 percent

and 100 percent for low class, medium class and high-class family respectively. It was assumed

that only high-class family use fridge in home frequently for food preservation.

It is also assumed that 100% of the households use a tape recorder type radio. Radios and TV

sets are used during varying hours of the day, but morning and evening hours are most common.

News is a popular listening program, especially in the morning hours, thus it is assumed that

most radios will be switched on early mornings for news broadcasts. It is also assumed that the

popularity of TV sets will rise rapidly, with at-least 50% of the households owning a television

set.

Demand power = No.appliance X No. household X Wattage (3.1)

The load assessment for the household classes are clearly explained in detail including types

of appliances, rated power, operating times and number of appliances in Table-A 1,Table-A 2

and Table-A 3 in Appendix-A, for High, Medium and Low class family respectively.
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Table 3.1: Household electric demand estimation.

Household Number of Appliance  Possibility of Quantity Rated Demand
category households using power (KW)
appliance (%) in (W)

TV 100 1 120 8.64
Radio 100 1 10 0.72

2 Mobile 100 2 5 0.72

::3 72 charge

2 Light bulb 100 4 11 2.12
Fridge 75 1 100 54
Stove 100 1 1200 86.4
TV 75 1 120 16.02
Radio 100 1 10 1.78

@ 178 Mobile 100 2 5 1.78

S Charger

._% Light bulb 100 3 11 5.84

§ Stove 100 1 1200 213.6
TV 25 1 120 4.83
Radio 100 1 10 161

@ 161 Mobile 100 2 5 161

% Charger

§ Light bulb 100 2 11 3.542
Stove 100 1 1200 193.2

Total 547.72

3.5.2. Community Load

i. Load Demand Estimation of Small Business Centre and Clinic

In small business centre, barber, beauty salon and sewing machines are considered based on
wattage required for operation while Fridge, indoor and outdoor lighting are for small clinic

centre.
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Table 3.2: Estimated electric demand for small clinic and business centre

Sector Name  Appliance Quantity Rated Power in (W) Demand (KW)
- o Lighting indoor 6 11 0.066
g E Lighting outdoor 6 11 0.066
«» O Fridge 2 100 0.2

Singer Machine 6 100 0.6

§ Barber (hair clipper) 6 15 0.09

= o Hair roller 2 400 0.08

2= Hair dryer 2 2500 5

= 8 Hair straighter 2 300 0.6

s Lighting 10 11 0.11
Total 6.81

ii. Load Demand Estimation of Schools and Religious Centre

In study area three school are located. Two schools are grade one up to eight and the remaining
is from grade one up to four. 11W LED energy saver light bulbs are suggested for indoor and
outdoor illumination. It has also assumed that one desktop with inkjet printer is present in each
school with wattage of 450W and 30W respectively. The load demand estimation of each

school was presented in a Table 3.3 as follows.

Table 3.3: Estimated load demand of school sectors

Sector Name  Appliance Quantity Rated Power in (W) Demand in (KW)
Idino and Lighting indoor 16 bulbs 11 0.176
Goda Warke  Lighting outdoor 16 bulbs 11 0.176
(Grade 1-8)  Desktop 2 450 0.9
Copy machine 2 30 0.06
Inkjet printer 2 30 0.06
Megaphone 2 11 0.022
Tamene school Lighting indoor 4 11 0.044
(Grade 1-4)  Lighting outdoor 4 11 0.044
Desktop 1 450 0.45
Copy machine 1 30 0.3
Inkjet printer 1 30 0.3
Megaphone 1 10 0.01
Total 2.542
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Churches, street lights, and a farmer training center (FTC) are considered for load forecasting
in the case of calculation of load demand for worship places and other sectors. For indoor and
outdoor lighting purpose and street lighting 11W LED energy saver light bulbs and 100W
incandescent light bulbs are considered respectively.

Table 3.4: Estimated load of other community sectors.

Sector name Appliances Quantity  Rated Power in (W) Demand in (KW)
Orthodox church  Lighting indoor 8 11 0.088
Lighting outdoor 6 11 0.066
Megaphone 1 82 0.082
Street Light Lighting (100 W 50 100 5
incandescent light
bulb)
Farmer Training Indoor lighting 4 11 0.044
Centre (FTC) Outdoor lighting 3 11 0.033
Total 5.324

Energy consumption in each sector is determined based on energy demands in each sector and
the operating time of appliances used in the sector.

Energy consumed per day (KWhr/day) = Energy demand X

operating hours per day (3.2)

The daily load assessment data was classified as residential, community and Commercial load,
with respective time sequence of daily electric consumption. The school, Clinic, worshiping
place and farmer training centre loads are a community load. The load consumption based on
home appliances of the community such as lighting and cooking load are grouped as a
residential load. The time of load consumption was counted based on international time
counting method with 24 hrs format, starting from morning at 7:00 AM-6:00 AM as shown in
Table 3.5, Table-A 4, Table-A 5 and Table-A 6 in Appendix-A.
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Table 3.5: Load consumption profile

Time Residential Community Commercial Total
Load consumption Load Consumption Load Consumption  Load
7:00 85.022 0.476 0 85.498
8:00 82.742 0.96 0.11 83.812
9:00 87.942 0.84 2.09 90.872
10:00 71.582 0.39 9.59 81.562
11:00 72.272 0.84 9.59 82.702
12:00 75.082 0.75 9.59 85.422
13:00 74.102 0.39 2.09 76.582
14:00 68.782 0.84 2.09 51.712
15:00 46.04 0.87 9.59 56.50
16:00 45.87 0.66 9.59 56.12
17:00 84.48 0.78 2.09 87.35
18:00 64.502 0.46 9.7 74.662
19:00 73.932 5.59 2.2 81.722
20:00 73.932 5.93 2.2 82.062
21:00 46.742 5.79 52.532
22:00 14.05 5.57 19.62
23:00 0.49 5.57 6.06
24:00 0.49 5.57 6.06
1:00 0.23 5.74 5.97
2:00 0.23 5.74 5.97
3:00 0.23 5.74 5.97
4:00 0.23 5.74 5.97
5:00 0.23 5.74 5.97
6:00 58.47 0.62 79.09
Total 1127.674 71.596 70.52 1269.8
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3.5.2. Study area load Profile

In this study, the load of the selected village is divided into three categories: residential load,
community load, and commercial load. The residential load includes lighting and cooking
loads, whereas community load includes school’s load, religious centre, clinic, farmer training
centre. Small business centres are considered as commercial load. A load profile of the study
site is illustrated in Figure 3.5 based on the electric demand data entered into HOMER with a
random day-to-day variability of 10% and time step of 20%. The power system serves for 24
hours per day and the hourly load consumption shifts throughout the day with peak demand of
155.36 KW, average load of 52.91 KW, average energy consumption of 1269.79 kWh/day and
load factor of 34 %.
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3.5.2.1. Electricity demand forecasting
An end-use technique is employed in this study to anticipate demand increase in a distant
location served by a hybrid power system. This technique states that the community's present
energy demand is first calculated based on end-device energy consumption, and the energy
demand is then forecasted during the project's lifetime based on household increase owing to

population growth and system penetration [10].

Forecasting the load growth of the study area is essential for operating and planning of energy
utilization from hybrid system. Therefore, the end use approach is used in this study to forecast
the energy demand projected throughout the project life time based on the growth of
households in the study site using equation (3.3) . The forecasted load growth was discussed
in Appendix-A Table-A 8.

E,=E,+Sx(h—hy) XE (3.3)
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Where E; is the i year annual average energy demand in KWh/day

E is Annual average energy consumption in KW h/day/household

S is customer penetration rate

E, is annual average electricity demand in KWh/day in base year

h, is the number of households in base year

h; is the number households in the i"" year

3.5.2.2. Population and energy demand

The total electricity consumption is heavily influenced by growth in population. However, the

electricity demand is supplied for households, the increase individual population increases the

number of households and energy consumption. According to data [85][86], the average rural

population growth rate of Ethiopia is about 2.6 %. The figure is assumed constant throughout

the project life time and used to determine the population of the study area in the next 25 year.

The population size of the study area in 2021 is about 1644 (411 HH). This population figure

is projected by an annual growth rate of 2.6 % as shown in Table-A 7 in Appendix-A, until the

end of the forecasted period and converted to total number of households using a given number

of 4 occupants per household. Equation (3.4) is used for population growth forecasting.

Po=px(1+L) (3.4)

100

Where P, is population at nt" year, P, is current population, r is annual population growth rate

in %.

3.5.2.3. Customer penetration

Customer penetration indicates the number of newly growing households that are connected to

the system annual to be electrified. It’s the ratio of number of populations to be electrified in

the base year to the total number of population number in project life [87] [88].

Costomer penetration (CP) = I;—" %X 100 (3.5)

3.6. Discharge estimation flow chart of ungauged catchment of Girar River

The discharge of Girar River is estimated based on ArcGIS Satellite image remote sensing

method with SRTM (shuttle radar topographic mission) Image of 30 m resolution and band

composite of 0.01% cloud cover.
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Figure 3.6: Flow chart of discharge estimation in ungauged catchments.
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3.6. Hybrid system connection schemes layout

The hybrid-system connection schemes classified into three major types depending on the
kind of voltage system and the bus that interconnect the sources. The most common hybrid
system connection schemes are AC bus line, DC bus line, and mixed bus line. In this study

AC and DC buses are used in hybrid configuration system as shown in Figure 3.7.

PV array

Battery

Diesel Generator

Convertor

Figure 3.7: Connection schemes of hybrid system

3.6.1. Pre-HOMER analysis
Before starting simulation with HOMER Pro, different input variables are considered. The first
Input parameters are selection of study area and components of the hybrid system. The second
input is energy resource. Solar and hydro resource, given in Table 2.4 and Table-A 11 are used
for this works respectively. The components costs are selected based reviewed literatures,
considering average cost and affordability of the components in the recent market. The cost of

components used for this works are stated in Table 2.7 and Table 2.8.

In addition, sensitivity variables are considered to study techno-economic analysis. The various
values are assigned to these variables to determine their influences on the optimized proposed

system and energy potential assessment of the study area.
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Table 3.6: Sensitivity variables with assigned values

Sensitivity variables Assigned values Units
Net head 50, 52, 54, 56, 58 M
Average stream flow 918, 950, 980, 990, 1000 L/s
Electric load consumption 1289.8, 1300, 1350, 1400 KWh/day
Pipe head loss 5, 10, 15, 20, 25 %

Diesel fuel cost 0.5,0.6,0.7,0.8,1 $/KWh
MHP plant efficiency 75, 80, 85, 90, 95 %

In Ethiopia the mean inflation rate is 7.5 % in a year of 2005-2010 according to [89]. Recent
study on [90], considered 10.51 % of energy inflation rate for optimization and sizing of HRES
on lake Tana. Inflation rate of 11 % with 8% discount rate is considered in this work for
simulation. The Sensitivity analysis by [91], said that Ethiopia should invest more in renewable
energy resource based power generation such as solar PV. The future capacity for solar PV
increases significantly to 2.49 GW -9.24 GW with this low discount rate in 2040-2045.

The technology option, component pricing, component specification, and resource availability
should be under consideration when modeling hybrid components. As a result, the availability
of renewable resources at a place might vary significantly from site to site, which is an
important consideration in constructing the hybrid system. Figure 3.8 depicts the hybrid power
generating systems modeled in HOMER utilizing load, resources, component size, cost, and
technical parameters. The micro-hydro power generation is linked to an AC bus, whereas the

PV and batteries require a DC bus and a converter.
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Figure 3.8: Schematic representation of proposed hybrid system by HOMER pro.
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CHAPTER 4
4, RESULT AND DISCUSSION

4.1.Rainfall intensity in study area (mm)

In study area, the maximum rainfall amount is received for three months during summer season
which is June, July and august. During this time the potential evapotranspiration (PET) is very
low due to moderate shining of the sun in cloudy season. The rainfall amount (precipitation)
of the area were estimated by data collected from National meteorological agency (NMA) and
the result is compared with NASA and New-LoClim 1.10 software. Seven years monthly
rainfall data was collected from national meteorological agency from 2012-2018 in Figure 4.1.
The average of each year was used in this study for comparison with precipitation obtained
from NASA and New-LoClim 1.10 software as depicted in Figure 4.2.
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Figure 4.1: Recorded rainfall amount in Yaya Gulele district from 2012-2018.
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Figure 4.2: Estimated Average rainfall amount in steady area

In addition, potential evapotranspiration may be calculated using readily accessible rainfall and

temperature data. It is the potential evaporation from soils plus plant transpiration. The

evaporation rate is affected by climatic circumstances, notably the sun's radiative radiation,

wind, the air's vapour deficit, and temperature. Evapo-transpiration is significantly impacted

by the available soil moisture.

New-LoClim 1.10 estimates the amount potential of evapo-transpiration in the study area with

three option of estimation high estimation, average estimation and low estimation respectively.

The average estimation of evapo-transpiration is considered for this study in estimation

discharge from catchments. According to analysis evaporation and transpiration rate is high

between 2" and 5" months (February-May) and 10" -11%" (October and November). The lowest

evaporation rate occurs between 6™ -9 (June up to September). In average the highest and

lowest amount of evapotranspiration rate is occur at March and August which is 120.9 mm and

77.5 mm respectively.
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Figure 4.3: Potential Evapo-Transpiration amount in mm

4.2.Discharge estimation of Girar River

12

The discharge of the selected catchment in study area can be estimated from a rainfall amount
in area with NRSCS curve number method by using ASRTM DEM delineation in ArcGIS

considering parameters such as, flow direction, flow accumulation, flow length, stream

ordering, stream networking, contour, slope as well as land use and land cover (LULC) of the

catchment.

4.2.1. Stream order and stream networking

Stream order is concerned with the hierarchy of streams from the source (or head waters)

to downstream. It’s calculated in ArcGIS using Strahler method. The head waters are the first

order, while downstream parts are designated at confluences (two stream running into each

other).
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Figure 4.4: Stream ordering and flow direction of rivers and streams in study area.

The classification of the flow accumulation is determined with two classes and the stream order
is arranged with three orders where the first is headwater, the second order arrangement is
tributaries the highest order (3 order) is the main river. The highest order indicate there is high

water accumulation in stream when compared to the upper stream flow.

4.2.2. Analysis of Catchment area (Drainage area)
It is an important parameter for calculating discharge of ungauged river based on rainfall
intensity on the drainage area. To determine the catchment of the Girar river parameters such
as, stream order, flow accumulation and flow directions are considered as input parameters.
The Girar river catchment is the second largest catchment in Yaya Gulele district, which has
62.69 km? of shape area, in Figure 4.5b. Due to the topographical infeasibility, the first
catchment (Aleltu River) with 76.15 Km? of shape area is not suitable for micro-hydro power

generation system.

T
38°43'0"E
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Changes in land use and land cover, as well as rainfall, have a substantial impact on the

hydrological response of river basins. The Natural Resource and Soil Conservation Service-

curve number (NRSCS-CN) approach was used in combination with a geographic information

system (GIS) and remote sensing (RS) to predict surface runoff in the Girar watershed in the

Yaya Gulele region. Significant runoff-associated watershed variables such as land use/land

cover (LULC), hydrologic soil group (HSG), slope, and climatic conditions have the most

effect. LULC analysis show that six main land use and cover classification such as Good

covered forest, thin stand cover forest, cultivated land with treatment, cultivated land without

treatment, Settlement area and River flow basins are considered in detail Figure 4.6.
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Figure 4.6: Land Use Land Cover classification of Girar River Catchment

In this study the LULC analysis was done for Girar river catchments to determine the monthly
flow rate of the river based on soil type of catchments and rainfall intensity falling in area for
each month. The (x, y) co-ordinates of ground truth points are collected by integration of
Google-earth pro with ERDAS Imagine software. An overall accuracy and Kappa co-efficient
(K) of 89.58 % and 0.877 were achieved respectively. Since runoff in catchments depends on
infiltration, potential retention, slope percentage and abstraction, it’s necessary to classify
LULC of study area through satellite remote sensing image classification method to determine
curve number (CN) and potential retentions of the catchments in estimation of discharge.
Therefore, according to software analysis of LULC, from total area of Girar River Catchments
the portion of each classification in percentage is the area of each class divided by total area of

catchments as shown in Table 4.1.
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Table 4.1: Percentage of Land use and land cover classification of catchment area

LULC classification Sum of Area (Km?)  Percentage (%0)
Cultivated land without treatment (CLWQOT) 41.23 65.5153044
Cultivated land with treatment (CLWT) 9.65 15.3279448

Dense forest (DF) 0.31 0.4960461
Settlement area (SA) 6.08 9.6604878

River flow basins (RFB) 0.04 0.0646744

Thin forest (TF) 5.62 8.9355425

Total 62.93 100

4.2.3. Hydrologic soil Group (HSG) of the catchments

2022

Based on obtained percentage of area, the hydrologic properties such as soil types has identified

to determine the Curve number of the catchment. The covered area of each soil type is

calculated using ArcGIS software by raster to polygon conversion tools. Figure 4.7 illustrates

the ArcGIS output of soil types with their corresponding HSG. Then the polygon areas

corresponding to each soil type is converted as excel file to calculate the total area of each soil

types as shown in Table 4.2. The corresponding HSG of soil type is based on data given in

Appendix-A Table-Al0.

Table 4.2: Percentage of Soil type and HSG classification of catchment area

Soil Type Sum of Area [km?] Group Percentage HSG %
Pellic vertisols 0.88 B 1.41

Eutric nitsols 3.51 B 5.57 B=6.98 %
Eutric cambisols 58.57 D 93.02

Total 62.96 10 D79302%

In this work, HSG, B & D are considered for Girar River catchment based on ArcGIS HSG

analysis method using conversion tool from raster to polygon. The analysis in Figure 4.7 shows

that the covering areal percentage of soil types in the catchments are 1.4 % Pellic vertisols,

5.58 % Eutric nitsols and 93.02 % Eutric cambisols respectively. All soil type in this catchment

area, corresponds its HSG according to world HSG classification standards as shown in a Table

4.2.
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Figure 4.7: Hydrologic soil group in Girar catchments

The weighted curve number of the study area depends on LULC of the catchment. Considering

Table-A 13 in Appendix-A, as a reference and Table 4.2, the calculated portion of soil type is

6.98 percent for type B and 93.02 percent for type D.

Table 4.3: LULC percentage of Girar River Catchment and corresponding HSG with curve

number.
Hydrologic soil Group
B

Land Uses % CN  Product % CN  Product
Settlement area 0.675 68 45.9 8.99 79 710.21
Cultivated Without 4.57 71 324.47 60.94 81 4936.14
land conservation

treatment

With 1.07 81 86.67 14.26 91 1297.66

conservation

Treatment
Wood or Thin stand 0.625 66 41.25 8.31 83 689.73
forest land and poor

cover

Good cover  0.035 55 1.925 0.46 77 35.42
River flow basin 0.005 100 0.5 0.06 100 6
Total 6.98% - 500.715 93.02% - 7675.16
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Therefore, Weighted curve number

N = 500.715 + 7675.16 8176
B 100 o
_ 1000 1000

W —-10 = m — 10 = 2.23 inch = 56.66 mm

A high CN indicates low infiltration and high runoff, while a low CN implies high infiltration
and low runoff.

4.2.4. Analysis of Slopes and contours
Natural catchments are defined by distinct drainage patterns and topographies that indicate the
boundaries of a catchment area. Because the slopes and topographies of the Girar catchments
are acquired from ArcGIS, catchment size is not a reliable predictor of discharge effects such
as land use, soil type, and slope are more relevant, but catchment size is extremely important
in terms of absolute values. Contour lines passing through the catchment and slope percentages

are presented by Figure 4.8.
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Figure 4.8: Elevation and Contours passing through the catchment
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As shown in Figure 4.8, the contours passing in the catchments are in meters with contours

interval of 100 m. The slope of the basin is determined as percentage of slope and it can also

be obtained from multiplying the sum of the length of contours passing through the catchment

with the contour interval and dividing for catchment area in meter square. From the Figure 4.8

length of contours passed through the catchments are 2400 m, 2500m, 2600 m, 2700 m and

2800 m.

100 x CI 100 x (2400 + 2500 + 2600 + 2700 + 2800)m x 100m
A N 62941348.4 m?2

slope(Y) =

= 2.065

4.2.5. Monthly Stream flow rate estimation

The parameters analysed above, such as rainfall amount, infiltration and potential retention are

used to calculate monthly stream flow of Girar River. Infiltration and potential retention are

parameters that depends on LULC and soil type in the catchment of the ungauged Girar River.

Based on the precipitation amount, losses due to properties losses of the soil type, slopes and

drainage area of the catchments monthly discharge of Girar River is calculated by substituting

the analysed value of listed parameters into equation (2.17) . The results are tabulated in

Appendix-A Table-A 12. The obtained result is based on meteorological rainfall data from

NMA. The Monthly discharge of New-LoClim, and NASA precipitation data are also analysed

for comparison as illustrated by Figure 4.9. According to NMA, the maximum, minimum and

average flow rate of Girar river is 4.22 m®s (July), 0.01 m%s (January) and 0.975 m%/s

respectively.
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Figure 4.9: Estimated discharge of Girar catchments.
Table 4.4: Flow rate arrangement in ascending order and ranking

Months  NMA flow  NASA flow New-LoClim Rank  Excedence(%)

in a year [md/s] [m®/s] flow [m%/s]

1 0.01 0.00086 0.00784 12 100

2 0.0118 0.0015 0.02416 11 91.67

3 0.0122 0.00427 0.03058 10 83.33

4 0.124 0.02707 0.03192 9 75

5 0.146 0.2003 0.2097 8 66.67

6 0.201 0.2801 0.3154 7 58.33

7 0.216 0.348 0.6507 6 50

8 0.869 0.387 0.6506 5 41.67

9 0.929 1.094 0.6658 4 33.33

10 1.671 1.095 1.381 3 25

11 3.291 4.426 4.807 2 16.67

12 4.222 4.828 5.432 1 8.33
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FDC considers a total time series of flows that represent equal increments of time for each
measurement value, such as mean daily, weekly, or monthly flows, and ranks the flows
according to magnitude. According to a figure above a full year flow is at 0.01 m®/s which is

at 100% of exceedance.
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Figure 4.10: Flow duration curve based on rank order technique

The Average (mean) flow rate are 0.975 m%/s, 1.057 m%/s and 1.184 m®/s from NMA, NASA
and New-LoClim respectively. Since the micro hydropower system is integrated with
photovoltaic, the Mean flow rate at 33.85% of flow time (exceedance) is considered as the
design flow of the system. The design flow of the system is 0.975 m®/s according to estimated
discharge from NMA data. Considering the average of NMA, NASA and New-LoClim data

the average design flow becomes 1.05 m?/s.
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4.3. Micro-Hydropower Potential of study area

4.3.1. Estimation Gross Head

Gross head is the vertical height between the downstream at the hydropower house and

upstream at the intake point along the river. It is sometimes called an elevation difference. The

gross head for micro-hydro power generation system for Girar River is estimated by Contour

lines generated on DEM of the Yaya Gulele district using ArcGIS. Contour lines are generated

with 50 m interval from DEM using spatial analyst tool in ArcGIS.

2022

Figure 4.11: Gross head measurement using contour lines based on DEM.

The gross head is measured based on the difference between contour value at point A and point

B as presented in Figure 4.11. Point A is considered as intake point of the diversion weir and

point B as a power house. The designation of Point A is targeted at the outlet of the catchment

at which there is high flow accumulation. The value of contour at Point A and B is 2350 m and

2300 m respectively. Therefore, the possible value of gross head that can be developed from

the elevation is assumed to be between the range of the difference between point A and point

B for this study. The difference between the two points is 50 m. The Gross head value between

50 and 60 m is considered for sensitivity analysis of this work.

According to Hydropower classification of Ethiopia in Table 1.2, Micro-Hydropower ranges

from 11-500 KW. Therefore, the power generation Potential of Girar River in study area is

calculated by using equation (2.3) and (2.4) The rate is taken as average mean flow of the year-

round flow of the river based on the flow duration curve.
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The mean average flow rate of 0.918 m®/s at 34.12% of flow time (exceedance) is considered

as the year-round design flow of the system. The hydro turbine efficiency was estimated to be

75.2 % from hydro turbine manufacturer’s specification with net head of 50 m.

P=pXQXgxHXn
P =1000Kg/m3 x 0.918 m3/s x 9.18 m? /s X 50 m x 0.752
P = 338.61 KW

4.4.Solar energy Potential assessment

4.4.1. Estimation of solar radiation

To estimate available solar energy resource of the area, the relevant data collected from the

National Meteorological Agency (NMA) of Yaya Gulele district based on the sunshine hours.

Sunshine hour is an important parameter that helps to estimate the solar radiation at a given

location. As shown in figure, the study area's sunshine duration is increasing from October to

May and slightly decrease in the summer season. The result shows that the maximum of 8.59

sunshine hours is in November and a minimum of 5.26 hours in July.
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Figure 4.12: Variation of Sunshine hour in months of the year
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Monthly average Beam radiation, diffuse radiation and diffuse reflected radiation are
calculated from National Meteorological Agency data of the study area. The results obtained
from solar radiation calculations, by using sunshine hours of the locations 9 °3'N and 38 °6'N
longitudes Variation of solar radiation of each day gives the different energy potential in the
year. According to estimated value using the NMA data, the peak value of the beam radiation
for Goda Warke Village is 24.3 MJ/m? in December. In addition, the minimum beam radiation

is 14 MJ/m? occurs in July. The annual average beam solar radiation is 19.84 MJ/m?2.
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Figure 4.13: Solar radiation components of tilted surface.

The Monthly average global solar radiation is also determined from beam, diffuse and diffuse
reflected solar radiation based on meteorology data. The obtained value of monthly average
global radiation was compared with NASA and New-LoClim radiation Figure 4.14. The result
shows that the maximum radiation was received in January, which is 5.9 KWh/m?/day, and
minimum of 4.29 KWh/m?/day was received in August. However as indicated by NASA and
NewLo-Clim, the maximum global solar radiation is 6.59 KWh/m?/day and 5.93 KWh/m?/day

in February and November respectively.
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Figure 4.14: Monthly average Global solar radiation of study area.

4.4.2. Mapping of solar radiation in study area
Solar radiation distribution in study area is mapped by using ArcGIS software for determining
the assessment of solar radiation intensity of the area. The solar radiation distribution was
extracted based on DEM delineation in ArcGIS. According to the assessment analysis result
the areas located in lower elevation has low intensity of solar radiation due to shading of terrain
and low altitude. Solar radiation mapping is necessary for identify possible area for PV array
installation based on distance location of study village from installed PV array.
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4.4.3. Estimation of optimum operating tilt angle and effects of ambient
temperature on Photovoltaic performance

4.4.3.1.Tilt Angle
The tilt angle of photovoltaic module has positive and negative effects on the power output and
efficiency of the photovoltaic array. The increase in tilt angle has advantage in reducing soiling
or dust accumulation as well as rain drop shading. However, the value of tilt angle of the PV
module to collect required potential of solar irradiance is different through months in the year.
In this study the tilt angle of the array is estimated based on the declination angle of the study
area. This is due to variation in declination angle and the day number (N) of months in the year.

In October, November, December, January, February and March the optimum value of tilt
angle is obtained as it varies from 0° to 80°. The absorbed solar irradiance raises and reaches
its optimum value at optimum tilt angle and start decreasing after peak point. The peak point

is the point at which the optimum tilt angle located for installation of the solar array.

36 e R ARRRREE R ARRREREEE SRR AR R ARRRREE R EEamanr: RAEEEEZEIEEE S RAREE S RRR :
F —e—Jan ]

. —e—Feb

2 _— * - --A---March }
34 ¢ . 3

Oct
-=--¢-=--Nov
*, .

32 F
S ey O - o 'Y
Y et Gt Y
E . \\I~\
F Sos
F \\\
30F ~J ]
o 0\‘ 0~:\\

N
o]

Total Irradiation in [MJ/m2/day]

v ® E
. . ]
- ~ h
5 ]
E ~o . 3
F Al AN ]
~
26: " N ]
o N A
o A 1]
.......................................................... Lo A e N e d

40 50 60 70 80
Tilt angle [°]

Figure 4.16: The optimum tilt angle in shiny season of the year

In April, May, June, July, August and September the maximum amount of irradiance can be

absorbed when tilt angle is at 0°. However, it is less when compared to the remaining months.
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The figure shows that the amount of solar radiation absorbed start decreasing as tilt angles

increases from 0° to 25°.
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Figure 4.17: The Optimum tilt angle in rainy and partially cloudy seasons of the year.

The summary of the above graph is shown in Table 4.5, which is the optimum tilt angle of
each month of the year with their corresponding solar irradiance absorbed.

Table 4.5: Optimum tilt angle of months with the maximum irradiance that can be absorbed.

Shiny season Partially cloudy or Rainy season
Months of  Tilt angle Solar Months of the Tilt Solar
the year B) irradiation year angle irradiation
MJ/m?/day B) MJ/m?/day
October 21.82 29.51 April 0 29
November 36.36 31.67 May 0 28.63
December 43.64 31.19 June 0 24.62
January 36.36 34.57 July 0 21.77
February 29.09 29.82 August 0 23.65
March 14.55 28.11 September 7.27 29
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The variation of tilt angle results in power loss of photovoltaic arrays. Since the optimum
operating tilt angle of months is varying, the power loss also varies through months in a year.
The loss increases as tilt angle of the module increases from 0° to 80°. The negative sign of
loss indicates that the PV cell temperature Tyocr 1S below the operating temperature of the PV
cell. The value of Nominal operating cell temperature is obtained from solar cell manufacturer
specification. Therefore, the loss is negative in summer autumn season of the study area, since

the cell temperature (T;) is less than the nominal operating cell temperature (Tyocr)-

In March and April, the cell, temperature T, exceeds nominal operating cell
temperature Tyocr- Therefore, the loss is positive and it results from the increase in the cell
temperature of the PV. The nominal operating cell temperature of Longi-Solar cell with model
type LR-4-60HPB 345-365M is selected for this study as 25°C. Since the value of T, increases

in March and April, the loss increases at small tilt angle and decreases as the tilt angle increases.
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Figure 4.18: Power loss due to increase in cell temperature.
The power output of photovoltaic cell depends on the variation of tilt angle and cell

temperature. If the optimum tilt angle is not selected properly in specified site for PV

installation, some losses in output power of PV was occurred. The following result shows the
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relation between the tilt angle and the cell temperature estimated from the meteorological data

of the study area. The PV module cell temperature varies from 25.5 °C to 26.56 °C in March

2022

and April.
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Figure 4.19: Power loss variation with cell temperature and tilt angle.

The results show that the loss increases as the temperature of the cell increases. However, the

increase in tilt angle of the PV cell results in decreases in loses for overheated PV arrays. The

loss is zero at 25 °C when cell temperature and nominal operating cell temperature is equal.

Nevertheless, it increases as the cell temperature passes 25°C and decrease as 8 increase. In

March and April, the power loss decreases as the tilt angle of the module increases with wind

speed.

When the wind speed in the area is 0.5 m/s the loss is 2.178 W per module that is the maximum

loss. However, the increase in the wind speed can reduce the loss since it helps as cooling

media for the PV module during overheating time in March and April. The Figure 4.20 shows

that when the wind speed reaches 2 m/s the loss become 1.49 W per module which is a

minimum loss.
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Figure 4.20: Power loss of PV module with variation of tilt angle at constant wind speed.
The maximum wind speed in March and April is not more than 2 m/s in study area. Therefore,
the wind speed has positive effect on PV arrays, which helps as the cooling medium when the
PV array is overheated. As a result, the increase in wind speed helps to decrease power loss
due to increase in the cell temperature of the cell.

According to Awashti et al.,[47] the best optimum tilt angle of PV module ranges from 15°-
35°. Therefore, the analysis result shows that, the optimum operating tilt angle of 29.09°
reduces the PV module loss by 0.067 W and helps to receive enough solar radiation in March

and April for study area.

Sustainable Energy Engineering, JiT 78

80



Energy potential assessment and techno-economic analysis of micro-hydro integrated with photovoltaic for rural electrification

4.5.Economic assessment, Optimization and sensitivity analysis

4.5.1. Optimized Simulation Results

2022

The optimized output of simulation is categorized as a list of feasible combination of PV/Diesel/Micro-hydro/generator convertor/battery and PV/

Micro-hydro/generator convertor/battery hybrid system set up. The results are generated with the ranked system configuration, according to least

NPC, least COE and high renewable fraction. Based on simulation parameters, Micro-hydro/PV/Diesel/ battery is the least cost system with $USD
1.22 million (64.66 million ETB) NPC. The system is a combination of 150 KW PV, 50 KW Diesel Generator, 338 KW micro-hydro and 100
KWh Li-lon battery. The initial capital, COE, operation and maintenance (O&M) costs are $910069 (46413519 ETB), $0.204 (10.81 ETB) and

$1078 (54978 ETB) respectively.

Table 4.6: Optimized output category of simulation

PV Hydro DG Battery  Convertor Dispatch COE Total NPC Operating cost Initial Diesel  Production
] ] USD/yr in (L)

(KW) (KW) (KW) (Strings) KW Strategy USD in USD cost (USD) KWh/yr

150 338 50 11 100 CC 0.204 1.22 M 31,527 889,129 14513 274037
10.81 ETB 64.66M ETB 1607877 ETB

250 338 - 22 150 CC 0.214 1.28 M 25064 99,3914 - 456,728
11.34 ETB 67.84 METB 1278264 ETB
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The Hydro/PV/DG/Battery system is the most optimal and economical system with lowest net
present cost (NPC) followed by Hydro/PV/Battery system when compared to grid extension
and other alternatives. However, as diesel fuel price increases and rises above 0.7 $USD/KWh,
which shows the Hydro/PV/Battery system is more economical with the lowest NPC and
average cost of energy (COE) of 0.215 $USD/KWh equivalent to 10.96 ETB.
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Figure 4.21: a) Optimal system type at DFP=0.5 $/KWh and b) at DFP = 0.07$/KWh
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Figure 4.22: AC primary load in peak month (July)
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The architecture of the proposed system, in Table 4.6 has 338KW Hydro, 150 KW PV, and 50
KW DG with 11 strings of Li-ion Battery. Most of the electricity production is dominated by
hydro power which is 84.1 % of power production per year whereas PV and DG accounts for
15.9% and 2.7 % respectively. Power Generated from DG is widely utilized during winter
season when there is low amount of hydro power flow rate potential. During this season the
PV, DG and battery system power output are serves together to cover the load. The DG operates
as backup system during low flow season (less hydro potential). The battery was fully charged
when there is high potential of river flow between March up to October. The energy stored is

used with DG and PV system to cover residential load in months between October up to

February.
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Figure 4.23: Electricity production of a) Micro-Hydro/PV/DG and b) Micro-Hydro/PV
System through months in a year
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4.5.1.1. Hydropower Output
The hydro resource in study area has the potential of producing 338 KW of power which is a
nominal capacity of the hydro output. The Levilized cost of energy (LCOE), capacity factor,
operating time and total production of are 0.0057 $/KWh, 47.5 %, 6552 hrs/yr and 1,405,375
KWh/yr respectively. The hydro power penetration of the optimized system is 299 %. The
power output is increased at high discharge season of the year which is in summer season as

shown in Figure 4.24.
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Figure 4.24: Hydropower production capacity in days of the year

4.5.1.2.Photovoltaic power Output

The output power obtained power from photovoltaic higher at the time of the days when high
solar radiation falls on the PV arrays. The amount of solar radiation falling on PV arrays varies
from hours in a days and months in the year. The maximum radiation can be obtained during
noon time during the day and during January and in study area as shown in Figure 4.25. The
lowest radiation is received in July. The rated power output is 50 KW when sky clearness index
K; = 1, the maximum power output considering losses is 46.1 KW and the mean power output
is 751 KWh/day. The Levilized cost of energy (LCOE), PV penetration, capacity factor and
hours of operations are 0.049 $/KWh, 58.2%, 20.9% and 4464 hrs/yr respectively. Hence there
is excess energy from hydropower between May up to September, Solar PV array were
considered to be disconnected for these months.
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Figure 4.25: Electric energy production by PV system through days in a year.
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Figure 4.26: Scatter plot of relation between PV power output with Global irradiance

4.5.1.3.Diesel Generator output
Diesel generator is considered in the hybrid system in order to compensate low flow rate of the
hydropower and to stabilize the load consumption rate during low energy production season.
As the result shows the diesel generator produce high output during November up to January
and it is almost decreased to zero between March-October. In these months the energy
production from Hydro and PV system is good enough to support the load consumption. After
October the capacity of hydropower decreases due to decreasing of hydropower flow rate and
the power generation from diesel generator starts raising. As shown by simulation result on
figure below, the DG is used as backup system during Morning and evening session when the

load consumption is high.
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Figure 4.27: Diesel generator Power output throughout the year.
The Diesel generator in this hybrid system generates mean power output of 49.7 KW and
minimum electrical output of 15 KW. The generator operates for 954 hrs/yr with operational

life of 15.7 yr and total fuel consumption of 14,513 liter.
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Figure 4.28: Diesel fuel consumption in L/hr

The DG operate with its full capacity in January, November and December. The DG power
generation in April and May is not that much appreciable when compared to months with full
capacity of time of operation. In the other remaining months of the year the load consumption

can be covered by only Hydro/PV/Battery system with renewable fraction of 100%.

[
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20

Jan

Figure 4.29: Operating time of Diesel Generator

4.5.1.4.Storage system output
The Li-ion battery is considered in a hybrid system as the storage component during excess
electricity production. The battery system has annual throughput autonomy of 61820 KWh/yr.
The amount of energy into the battery (Ein) 64844 KWh/yr. The energy used to serve the load
(Eout) is 58647 KWh/yr while the remaining is 304 KWh/yr storage depletion and 6500 KWh/yr
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is losses. The Discharge of the battery occurs during low hydro potential season in January,

2022

November and December. It’s recharged in between months of March and December as shown

in Figure 4.30.
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Figure 4.30: Charging and discharging time of the battery system

4.5.1.5.Convertor power Output

The DC power source in hybrid system connection schemes are Battery system and Solar PV

system. PV system generates the maximum power output during the day while the battery

system discharge is during evening time. Hence the AC power is required for serving the load,

the convertor system converts DC to AC power. In addition, power output from battery and PV

system are widely exploited during low potential season of hydro power and when solar

resource is available as shown in figure below. An Inverter and rectifier perform opposite

function. An inverter transforms a low voltage DC current to a high voltage AC current during

Discharging of battery and power conversion of PV system. While a rectifier takes power from

an AC source and converts it to DC, usually of a lower voltage during recharging of the battery

system.

Table 4.7: summary of converter system

Parameters Inverter Rectifier
Hours of operation (hr/yr) 3340 699
Energy Out (KWh/yr) 121700 22884
Energy in (KWh/yr) 126770 23837
Losses (KWh/yr) 5071 953
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Figure 4.31: Bi-directional convertor system operating profile

4.5.2. Sensitivity Analysis

Sensitivity variables are used to determine the effect of different variables on techno-economic
analysis of the optimized system. The variables considered in simulation are stated in Table
3.6. According to report on Power Africa Project [7] electrification scenario, the study village
(Goda Warke) will be connected to national grid in 2030. The scenario is classified based on
the location distance of the area from the national grid. The report states, the area is categorized
under a mid-term electrification plan of Ethiopia. The projected energy demand of the area
over project lifetime is considered in this work, as a sensitivity variable to compare with grid

extension upto 2030.

The increase in diesel fuel price increases the total NPC of the overall system with rapid
change. When the DFP is 0.5$USD/KWh an average total NPC of the system is 1293469.5
USD. As shown in Figure 4.21b, as DFP rises to 0.7 $USD/KWh the average total NPC
increased to 1329738 US dollar. In addition, as the diesel fuel price kept constant on 0.7
$/KWh, The Hydro/PV/Battery system is more economical with renewable fraction of (RF)
100 %. The pipe head loss, hydropower efficiency and initial state of charge of the battery
(SOC) system are 8%, 87% and 97.6 % respectively.

Even though, Hydro/PV/DG/Battery system is still optimum type with the maximum
renewable fraction of 97.18 %, when pipe head loss and battery initial SOC are greater than
98.4 % and 12 % respectively as depicted by Figure 4.32. However, as DFP rise above 0.7
$USD/Ltr Hydro/PV/Battery system is the only best optimum option. In General, cost of diesel

fuel and Pipe head loss are the most sensitive variable compared to other sensitivity variables.

2022
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Figure 4.32: Optimal system plot superimposed with RF at a diesel fuel price of 0.7 $USD/L

Another most sensitive variable are COE, NPC and electric load consumption. As diesel fuel
price increases the COE and NPC of the system increases. When electric load consumption is
constant at 1269.79KWh/day and diesel fuel price varies from 0.5 $/KWh to 0.8 $/ KWh, the
COE increases from an average value of 0.204 $/KWh to 0.214 $/KWh. After rise in diesel
fuel price above 0.8 $/KWh, there is no anymore appreciable change in COE. In contrast as
electric load consumption increases from 1269.79 KWh/day to 1300 KWh/day, COE decreases
from average value of 0.204 $/KWh to 0.2025 $/KWh. It’s observed that the increase in both

diesel fuel price and electric load consumption keeps increasing the NPC of the optimized
system.

Total Net Present Cost (US$)

Hydro: Efficiency (%)
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Figure 4.33: Surface plot of hydro efficiency versus other sensitivity parameters,
superimposed with COE, at DFP of 0.5 $/KWh.
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a

Tilahun et al.,(2017) [10], obtained a load consumption of 1466 KWh/day for 505 households
with COE of 0.133 $/KWh. In addition Odou et al,. (2020) [61] obtained 850 load consumption
KWh/day for 383 households with COE of 0.264 $/KWh. This work obtained 128 9.78
KWh/day of load consumption which has electrification capacity of 411 households with COE
of 0.205 $/KWh. Therefore, this work is better when compared to these two works in a case of

considering the number of households and COE of the system together.

The Convertor system and solar PV has the highest initial costs as shown in figure below. The
battery system has highest replacement cost the replacement of battery occurs after 15 years
during the project lifetime. Solar PV and Hydropower engine has the large operating cost as
depicted by Figure 4.34 a. The fuel price of diesel generator is the highest costing input resource
in configuration schemes.
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Figure 4.34: a) Hydro/PV/DG/Battery cost summary by components  b) Cash flow
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The national grid electric price in Ethiopia is 0.1 USD/KWh [10]. However, compared to
National Grid extension distance the Hydro/PV/DG/battery system is system that is more
economical appeared to be fit the load of Goda Warki village. HOMER selects this system than

the grid extension cost.

The total cost of Grid extension becomes similar with total NPC of Hydro/PV/DG/battery
system at BGED of 14.46 Km. When Grid extension distance rises above BGED value, the
Grid extension cost is more than the total NPC of the optimum system. The distance location
of study area from national grid is more than 15 Km. Therefore, the optimum system becomes

feasible electrification option than that of national grid at BGED of less than 14.46 Km.

The optimum system is cost competitive with COE of 0.205 USD/KWh which is more than the
current national grid price in the country because of the majority of electricity supply is from
Hydropower. Generally, considering the current high energy demand in rural area and small
COE gap with the national Grid, the optimum system in this work is a possible solution to

achieve the National electrification programme (NEP.2) launched by MoWIE.

Breakeven grid extension distance: 14.46 km

Electrification Cost

$2.000,000 - M Grid extension
[l Standalone system
$1,500,000 -
8
[s]
t
E
£ $1,000000-
b
2
=
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Figure 4.35: Comparison of Grid extension with the Optimum system
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CHAPTER 5
5. CONCLUSION AND RECOMMENDATION

5.1. Conclusion

2022

Ethiopia is the 2" country, abundant with hydropower resource in Africa. Of 45000 MW, less

than 10% is exploited. Most of the Local Rivers are ungauged and there is no adequate data of

potential assessment for the purpose of power generation. This work presents about energy

potential assessment and techno economic analysis of micro-hydropower with solar PV system

for rural electrification. Based on NRSCS-CN method analysis, Girar River in study area has

an average monthly flow rate of 0.975 m%/s. In analysis of LULC of the River catchment an

overall accuracy and Kappa co-efficient (K) of 89.58 % and 0.877 were achieved respectively.

HOMER simulation analysis shows that, from the optimum system, the hydropower potential

of the study area is 338 KW with penetration of 279 % and an average solar radiation is 5.39

KWh/m?/day. The optimum system is the combination of Hydro/PV/DG/Battery system. From

total Production, the portion of hydropower is 81.4 %. The remaining 15.9 % is solar PV and

2.7 % is a power produced by DG.

It’s observed that DG in a hybrid system can reduce land area and cost required for PV
installation by 163.5 m? (64286 USD equivalent to 3,278,586 ETB) as well as reduce a number
of Battery storage strings by 11 which is (11000 USD equivalent to 583000 ETB). The Total
NPC of the optimum system is $USD 1.22 million with COE of $USD 0.204. The DFP is a
sensitive parameter due to rapid increasing throughout the year. When DFP rises above $ USD
0.9/Ltr, Hydro/PV/Battery system is the optimum system with NPC of $USD 1.28 million. The

production capacity of the system is 25.8 % solar PV and 74.2 % hydropower. Generally, the

configuration of proposed hybrid renewable power generation system has the capacity of

electrifying 411 households with load consumption of 1269.79 KWh/day.
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5.2.Recommendation

The following recommendation are addressed for the future works

v’ Estimation of flow rate for ungauged river requires daily flow measurement of the river
using flow-measuring instruments such as current meter, water flow meter altimeter, GPS
and topographic maps. To obtain the accurate value of stream flow data of Girar River,
field survey using the mentioned instrument is recommended for future works. In addition,
this paper considered only the catchments in Yaya Gulale districts, but also few catchments
are located in other neighbouring districts, which could be results in better stream flow of
the river when added to this work analysis.

v The effect of environmental temperature on the performance of battery storage system was
not studied in this work. Therefore, future works can consider the Performance evaluation
of Energy Storage System by varying self-discharge parameter with ambient temperature.

v' The investment cost of photovoltaic system higher when compared to that of micro
hydropower in this study. Therefore, reducing the number of PV panel results in decreases
NPC of the system. However, it needs increasing power output from the hydropower
system that operates with the PV system to cover the load consumption of the study area.
Using GPS and Theodolite during field survey Could be, result in the best net head value
which is used to increases hydro power output and decrease the investment cost of
photovoltaic system and area covered by PV array.

v" An Excess electricity of 1148627 KWh/yr is obtained from the optimum system of this
work. The future researcher can perform thermal load and Deferrable load assessment in
addition to electrical load assessment of study area, to minimize excess electricity
production.

v’ This study can be considered as possible reference solution for MoWIE, NGOs and other
Volunteer organization to achieve national electrification plan 2 (NEP 2) in Ethiopia, by

utilization of solar and hydro energy resources available in a remote area community.
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Appendix-A: Load Assessment and calculated Meteorological data
Table-A 1: Electric load demand of High class household

2022

Household category Appliances Radio TV DVD charger stove Fridge Light

Rated power 0w 120w 24W oW 1200 W 100 W 11W
No. of appliance per household 1 1 1 1 1 1 4
Probability of Using 100 100 100 100 100 75 100
7:00 0.72 8.64 0.36 24 54
8:00 0.72 8.64 0.36 54
9:00 0.72 1.72 54
10:00 0.72 1.72 24 5.4

'CE 11:00 0.72 1.72 24 5.4

5 12:00 0.72 1.72 0.36 5.4

% 13:00 0.72 8.64 0.36 54

§ 14:00 0.72 8.64 0.36 54

< 15:00 1.72 54

K 16:00 1.72 54

2 17:00 1.72 5.4

2 18:00 0.72 1.72 54  3.168
19:00 0.72 8.64 24 54  3.168
20:00 0.72 8.64 24 54  3.168
21:00 0.72 8.64 1.72 54  3.168
22:00 1.72 0.36 54  3.168
23:00 0.36 54
24:00 0.36 5.4
1:00 5.4

Sustainable Energy Engineering, JiT 102

Total

39.12
15.12
7.84
31.84
31.84
8.2
15.12
15.12
7.12
7.12
7.12
11.008
41.928
41.928
19.648
10.648
5.76
5.76
5.4
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2:00 5.4 54
3:00 5.4 54
4:00 5.4 54
5:00 5.4 54
6:00 0.72 24 54 30.12
Total Kwh/day 9.36 2.88 144 1296  15.84 379.36
%
Table-A 2: Electric load demand of Medium class house hold
Household Appliances Radio TV DVD charger Stove Light
category
Rated power 10 W 120W 24W 5W 1200 W 11w Total
No. of appliance per household 1 1 1 1 1 3
= Probability of Using % 100 75 100 100 100 100
™ 7:00 0.14 2.29 0.11 59.3 61.84
5 8:00 0.14 2.29 0.11 254
% 9:00 0.14 0.14
< 10:00 0.14 59.3 59.44
2 11:00 0.14 0.53 59.3 59.97
a 12:00 0.14 0.53 0.11 0.78
g 13:00 0.14 2.29 0.11 2.54
= 14:00 0.14 2.29 0.11 2.54
3 15:00 0.53 0.53
= 16:00 0.53 0.53
17:00 0
18:00 0.14 5.87 6.01
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19:00 0.14 2.29 59.3 5.87 67.6
20:00 0.14 2.29 59.3 5.87 67.6
21:00 0.14 2.29 0.53 5.87 8.83
22:00 0.53 0.11 5.87 6.51
23:00 0.11 0.11
24:00 0.11 0.11
1:00 0
2:00 0
3:00 0
4:00 0
5:00 0
6:00 0.14 59.3 59.44
Total Kwh/day 1.82 16.03 3.18 0.88 355.8 29.35  407.06
%
Table-A 3: Electric load demand of Low Class house holds
Household Appliances Radio TV DVD charger stove Light
category
Rated power 10w 120W 24W 5W 1200 W 11W Total

% No. of appliance per household 1 1 1 1 1 2

S Probability of Using % 100 25 25 100 100 100

§ . 7:00 1.61 4.83 0.8 26.83 34.07

<3 8:00 1.61 4.83 0.8 7.24

8~ 9:00 1.61 1.61

s 10:00 1.61 1.61

3 11:00 1.61 0.96 257

12:00 1.61 0.96 0.8 53.66 57.03
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13:00 1.61 4.83 0.8 53.66 60.9
14:00 1.61 4.83 0.8 53.66 60.9
15:00 0.96 53.66 54.62
16:00 0.96 53.66 54.62
17:00 0
18:00 1.61 3.54 5.15
19:00 1.61 4.83 3.54 9.98
20:00 1.61 4.83 3.54 9.98
21:00 1.61 4.83 0.96 3.54 10.94
22:00 0.96 0.8 3.54 5.3
23:00 0.8 0.8
24:00 0.8 0.8
1:00 0
2:00 0
3:00 0
4:00 0
5:00 0
6:00 1.61 26.83 28.44
Total KWh/day 20.93 33.81 5.76 6.4 321.96 17.7 406.56
%
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Table-A 4: Total electric load demand of households

Appliances Radio TV DVD charger stove Fridge Light
Rated power 10W 120 W 24 W 5w 1200 W 100 W 11W Total
7:00 3.462 13.47 0.26 77.6 0.23 95.022
8:00 3.462 29.49 0.26 59.3 0.23 92.742
9:00 3.462 24.66 0.29 59.3 0.23 87.942
10:00 3.462 0.29 77.6 0.23 81.582
11:00 3.462 0.98 77.6 0.23 82.272
12:00 3.462 20.85 0.98 0.26 59.3 0.23 85.082
13:00 3.462 20.85 0.26 59.3 0.23 84.102
14:00 3.462 4.83 0.26 0.23 8.782
15:00 4.83 0.98 0.23 6.04
16:00 24.66 0.98 0.23 25.87
17:00 24.66 0.29 59.3 0.23 84.48
18:00 3.462 8.64 0.29 59.3 0.23 12.58 84.502
% 19:00 3.462 77.66 0.23 12.58 93.932
-g 20:00 3.462 77.66 0.23 12.58 93.932
c 21:00 3.462 29.49 0.98 0.23 12.58 46.742
E 22:00 0.98 0.26 0.23 12.58 14.05
= 23:00 0.26 0.23 0.49
£ 24:00 0.26 0.23 0.49
Lg 1:00 0.23 0.23
- 2:00 0.23 0.23
S 300 0.23 0.23
= 4:00 0.23 0.23
> 5:00 0.23 0.23
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Total Kwh/day 45.006 206.69 7.04 2.08 821.58 5.52 62.9 1150.816
%
Table-A 5: estimated community load demand
Community sectors
Street K(-}eb(-}I Total
Clients church School Small Clinic Light exlif FTC
n.
Applianc Light Lighting Sound Light Light Photoco Light Light Lighting
es indoor outdoor amplifier TV indoor Outdoor bell pier Desktop printer TV indoor Outdoor Fridge Light Light Lighting indoor Outdoor
Power
(W) 11 11 82 120 11 11 30 30 120 30 120 11 11 100 100 11 11 11
Number 8 6 1 1 20 20 2 3 3 3 1 6 6 2 50 2 4 3
No. of hrs 7 11 6 5 4 11 8 8 8 8 8 12 10 24 11 2 11
7:00
0.088 0.082 0.12 0.12 0.022 0.044 0.48
8:00 0.12 0.06 0.09 0.36 0.09 0.12 0.12 0.96
9:00
0.06 0.09 0.36 0.09 0.12 0.12 0.84
10:
0:00 0.12 0.06 0.09 0.12 0.39
11:00
0.06 0.09 0.36 0.09 0.12 0.12 0.84
12:00
0.06 0.09 0.36 0.12 0.12 0.75
13:
3:00 0.06 0.09 0.12 0.12 0.39
14:00
0.12 0.06 0.09 0.36 0.09 0.12 0.84
15:
5:00 0.12 0.06 0.09 0.36 0.12 0.12 0.87
16:
6:00 0.09 0.36 0.09 0.12 0.66
17:00
0.09 0.36 0.09 0.12 0.12 0.78
18:
8:00 0.22 0.12 0.12 0.46
19:00
0.066 0.22 0.066 0.066 0.12 5 0.022 0.033 5.59
20:00
0.066 0.22 0.22 0.12 0.066 0.066 0.12 5 0.022 0.033 5.93
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21:00 0.066 0.22 0.22 0.066 0.066 0.12 5 0.033 5.79
22:00

0.066 0.22 0.066 0.066 0.12 5 0.033 5.57
23:00

0.066 0.22 0.066 0.066 0.12 5 0.033 5.57
24:00:00

0.066 0.22 0.066 0.066 0.12 5 0.033 5.57
100 0.088 0.066 0.082 0.22 0.066 0.066 0.12 5 0.033 5.74
200 0.088 0.066 0.082 0.22 0.066 0.066 0.12 5 0.033 5.74
8:00 0.088 0.066 0.082 0.22 0.066 0.066 0.12 5 0.033 5.74
400 0.088 0.066 0.082 0.22 0.066 0.066 0.12 5 0.033 5.741
500 0.088 0.066 0.082 0.22 0.066 0.066 0.12 5 0.033 5.741
6:00 0.088 0.066 0.082 0.22 0.12 0.044 0.62
Total 1.982 8.7 5.412 55 0.066 0.451
% 100%

Table-A 6: Estimated commercial load
Small business center (Barber + Beauty Salon +Tailor) .
Flour Mill

Appliances Light hair clipper Hair roller hair straighter Sewing Motor Total
Rated power 11w 15W 400 W 300 W 100 W 7500 W
No. appliance 10 6 2 2 6 1
Operating hr 4 12 12 12 12 6
7:00 0
8:00 0.11 0.11
9:00 0.09 0.8 0.6 0.6 2.09
10:00 0.09 0.8 0.6 0.6 7.5 9.59
11:00 0.09 0.8 0.6 0.6 7.5 9.59
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12:00
13:00
14:00
15:00
16:00
17:00
18:00
19:00
20:00
21:00
22:00
23:00
24:00
1:00
2:00
3:00
4:00
5:00
6:00
Total
%

0.09
0.09
0.09
0.09
0.09
0.09
0.11 0.09
0.11 0.09
0.11 0.09

0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8

25.52

0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6

2022

0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
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Table-A 7: forecasted population growth of Goda warki village

Growth No population in
Year rate % base year n Pn

2021 2.6 1644 0 1644

2022 2.6 1644 1 1686.74
2023 2.6 1644 2 1730.59
2024 2.6 1644 3 1775.59
2025 2.6 1644 4 1821.76
2026 2.6 1644 5 1869.13
2027 2.6 1644 6 1917.72
2028 2.6 1644 7 1967.58
2029 2.6 1644 8 2018.74
2030 2.6 1644 9 2071.23
2031 2.6 1644 10 2125.08
2032 2.6 1644 11 2180.33
2033 2.6 1644 12 2237.02
2034 2.6 1644 13 2295.18
2035 2.6 1644 14 2354.86
2036 2.6 1644 15 2416.08
2037 2.6 1644 16 2478.90
2038 2.6 1644 17 2543.35
2039 2.6 1644 18 2609.48
2040 2.6 1644 19 2677.33
2041 2.6 1644 20 2746.94
2042 2.6 1644 21 2818.36
2043 2.6 1644 22 2891.64
2044 2.6 1644 23 2966.82
2045 2.6 1644 24 3043.95

2022
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Table-A 8: Energy demand forecasting for projected number of households in project lifetime

electric customer penetration  No. of HH in No. HH in annual it year ann. avg energy
demand % it year base year average/HH demand
Year E, S h; h, E E;

2021 1269.8 0.54 411 411 2.64 1269.8
2022 1269.8 0.54 421.68 411 2.56 1287.18
2023 1269.8 0.54 432.65 411 2.49 1304.11
2024 1269.8 0.54 483.29 411 2.23 1372.37
2025 1269.8 0.54 495.85 411 2.17 1387.14
2026 1269.8 0.54 508.75 411 2.12 1401.55
2027 1269.8 0.54 521.97 411 2.06 1415.58
2028 1269.8 0.54 535.55 411 2.01 1429.26
2029 1269.8 0.54 549.47 411 1.96 1442.60
2030 1269.8 0.54 563.76 411 1.91 1455.59
2031 1269.8 0.54 578.42 411 1.86 1468.26
2032 1269.8 0.54 593.45 411 1.82 1480.61
2033 1269.8 0.54 608.88 411 1.77 1492.65
2034 1269.8 0.54 624.72 411 1.73 1504.37
2035 1269.8 0.54 640.96 411 1.68 1515.81
2036 1269.8 0.54 657.62 411 1.64 1526.95
2037 1269.8 0.54 674.72 411 1.59 1537.81
2038 1269.8 0.54 692.26 411 1.56 1548.39
2039 1269.8 0.54 710.26 411 1.52 1558.71
2040 1269.8 0.54 728.73 411 1.48 1568.76
2041 1269.8 0.54 747.68 411 1.44 1578.56
2042 1269.8 0.54 767.12 411 1.40 1588.15
2043 1269.8 0.54 787.06 411 1.37 1597.43
2044 1269.8 0.54 807.52 411 1.34 1606.50
2045 1269.8 0.54 828.52 411 1.30 1615.34
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2022

Years

Month 2012 2013 2014 2015 2016 2017 2018 average
1 5.2 17.9 174 0 15.1 9.1 0 9.24
2 1 194 7.9 11.3 40 11.1 31.9 1751
3 49.6 36.5 72.1 24.9 43.1 20.8 104 36.77
4 22.5 41.9 22.1 20.7 94 34.9 53.9 41.43
5 22.5 39.7 92 78.7 154.6 165.5 35.4 84.06
6 127.5 119.5 74.6 163.4 202.3 157.1 271.6 159.4
7 294.1 199.6 185.6 264.5 258.5 230.4 249.5 207
8 240.9 217.9 242.8 167 217.4 192.6 228.3 215.3
9 91.8 133.5 79.2 72.1 84.5 69.7 81.2 87.43
10 0.5 51 70.7 0 34.1 43.1 32.3 39.26
11 5.7 10.6 20 9.4 10.6 6.8 12.4 10.78
12 16.3 0 0.9 17.3 8.2 5.3 3.7 7.38

Average 73.13 73.96 73.78 69.11 96.87 78.87 84.22 76.29
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Table-A 10: Hydrologic soil group of different soil types [42]

Soil Types Hydrologic soil  Soil Types Hydrologic soil ~ Soil Types Hydrologic soil Group
Group (HSG) Group (HSG) (HSG)

Orthic Acrisols B Calcaric Fluvisols B Eutric Nitosols B
Chromic Cambisols B Eutric Fluvisols B Dystric Histosols D
Dystric Cambisols B Chromic Luvisols B Eutric Histosols D
Eutric Cambisols B Orthic Luvisols B Cambric Arenosols A
Humic Cambisols C Vertic Luvisols C Calcaric Regosols A
Calcic Cambisols B Dystric Nitosols B Eutric Regosols A
Vertic cambisols B Caloic xerosols B Humic Andosols B
Calcic chernozems B Luvic Xerosols C Mollic Andosols B
Rendzinas D Gypsic Yermosols B Vitric Andosols B
Haplic Pheaozems C Gleyic Solonchaks D Chromic Vertisols D
Luvic Pheaozems C Orthic Solonchaks B Haplic xerosols B
Lithosols D Pellic Vertisols D
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Table-A 11: Monthly sunshine hour data of NMA for study area

Year
Months 2016 2017 2018 2019 2020  Average
January 9.94 7.92 7.32 9 8.62 8.56
February 9.77 6.57 9.3 6.19 8.34 8.034
March 8.63 7.57 7.36 7.09 6.91 7.512
April 8.66 7.35 5.37 8.08 9.33 7.758
May 7.96 8 7.51 6.98 8.08 7.706
June 6.82 6.81 6.59 5.7 5.4 6.264
July 7.53 4.82 441 4.64 4.88 5.256
Aug 5.63 4.73 4.64 8.32 5.51 5.766
September  7.68 5.79 6.95 9.09 9.8 7.862
October 9.95 7.58 8.84 4.88 8.63 7.976
November  9.35 8.12 6.87 10.36 8.19 8.578
December  7.33 9.23 7.56 9.62 6.92 8.132

Table-A 12: Estimated monthly discharge of Girar River

Monthsina  New-LoClim discharge

NMA discharge

NASA discharge

year [m®/s] [m®/s] [m3/s]
1 0.00784 0.01 0.02707
2 0.2097 0.1237 0.004276
3 0.6506 0.2156 0.3866
4 0.6506 0.2001 0.2801
5 0.3154 0.8696 0.348
6 0.6658 1.671 1.094
7 4.807 4.222 4.828
8 5.432 3.291 4.426
9 1.381 0.929 1.095
10 0.03192 0.1459 0.2003
11 0.03058 0.01223 0.001509
12 0.02416 0.01182 0.0008599
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Table-A 13: Runoff curve number for various land uses [27], [28]
Land Use Description Hydrologic soil Group
A B C D
Cultivated land ~ Without conservation 72 81 88 91
treatment
With conservation 62 71 78 81
treatment
Pasture or range  Poor condition 68 79 86 89
land Good condition 39 61 74 80
Meadow good condition 30 58 71 78
Wood or forest ~ Thin stand poor cover no 45 66 77 83
land mulch
Good cover 25 55 70 77
Open space, Good condition: grass 39 61 74 80
lawns, parks, cover on 75% more of
golf courses, the area
cemeteries etc. Fair condition grass 49 69 79 84
cover on 50% to 75% of
the area
Commercial and business area (85% 89 92 94 95
impervious)
Industrial Districts (72% impervious) 81 88 91 93
Residential
Average lot size  Average % impervious
1/8 acreorless 65 77 85 90 92
Y4 acre 38 61 75 83 87
1/3 acre 30 57 72 81 86
Y acre 25 54 70 80 85
1 acre 20 51 68 79 84
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Table-A 14: Reflectivity Values for Characteristic Surfaces (Integrated over Solar Spectrum
and Angle of incidence)[92]

Surface Average Reflectivity
Snow (freshly fallen or with ice film) 0.75
Water surfaces (relatively large incidence angles) 0.07
Soils (clay, loam, etc.) 0.14
Earth roads 0.04
Coniferous forest (winter) 0.07
Forests in autumn, ripe field crops, plants 0.26
Weathered blacktop 0.10
Weathered concrete 0.22
Dry grass 0.2
Green grass 0.26
Bituminous and gravel roof 0.13
Crushed rock surface 0.2
Building surfaces, dark (red brick, dark paints, etc.) 0.27
Building surfaces, light (light brick, light paints, etc.) 0.60
Dead leaves 0.30
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Table-A 15 Solar radiation in KWh/m2/day of the study area from three different source.

Months Solar radiation in KWh/m?/day
New-LoClim NMA NASA

January 5.65 5.9 6.18
February 5.47 5.57 6.59
March 5.08 5.61 6.52
April 5.14 5.81 6.48
May 5.46 5.66 6.42
June 4.49 4.83 5.86
July 3.09 4.29 5.15
August 3.26 4.71 5.18
September 4.23 5.84 5.84
October 5.34 5.67 6.40
November 5.93 5.56 6.31
December 5.43 5.19 6.11
Average 4.88 5.39 6.08
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Appendix-B: Software simulation inputs and analysis flow process
Appendix-B 1: ArcGIS analysis of solar Areal solar radiation calculation
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Appendix-B 2: Accuracy assessment and Kappa co-efficient value evidence of LULC analysis by ERDAS Imagine software
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Date

ERROR MATRIE
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ACCURACY TOTALS

Class Reference Classified Humber Producers
Hane Total=s Totals Correct Accuracy
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Appendix-B 3: Base Case System and Optimum System by HOMER software

Architecture Cost
- . Solar Diesel Generator Hydro Convertor MNPC Initial capital
- ER | EB | === | L Batt H3000
o - K| B oy V" V| Bt ¥ Vg ¥ ww Vusn®Y sy ¥
Base system am o B ¥ P so00 50.0 13 338 100 $1.29M $818,843
Current system w o B ¥ P 150 50.0 19 338 100 $1.25M $889,129
i k
Metnc Value
Present worth (§) £37689
Annual worth ($/yr) 2915
Return on investment (32) 7.9
Internal rate of return (38) 10,5
Simple payback (yr) 7.68
Discounted payback (yr) 10.51
o
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Appendix-B 4: EES Software Analysis of Total radiation of the study area and loss
analysis due to tilt angle

L=9.62 {Latitude in degree}

h=2.581 {elevation in Km}

LST_1=12 {at noon time}

LST_2=18 {afternoon}
W_1=(LST_1-12)*15 {hour angle at noon time =0}
W_2=(LST_2-12)*15 {hour angle at afternoon time}
{ days of the year in each months of the year}

N_1=17

{Declination angle based number of days}
delta_1=23.45"sin((360/365)*(284+N_1))
delta_2=23.45"sin((360/365)*(284+N_2))
delta_3=23.45"sin((360/365)*(284+N_3))
delta_4=23.45"sin((360/365)*(284+N_4))
delta_5=23.45"sin((360/365)*(284+N_5))
delta_6=23.45"sin((360/365)*(284+N_6))
delta_7=23.45"sin((360/365)*(284+N_7))
delta_8=23.45"sin((360/365)*(284+N_8))
delta_9=23.45"sin((360/365)*(284+N_9))
delta_10=23.45%sin((360/365)*(284+N_10))
delta_11=23.45"sin((360/365)*(284+N_11))
delta_12=23.45%sin((360/365)*(284+N_12))
{Average sunshine hour in each month of the year from National meteorological agency NMA}
sn_1=8.56

sn_2=8.03

sn_3=7.51

sn_4=7.76

sn_5=7.71

sn_6=6.26

sn_7=5.26

sn_8=5.77

sn_9=7.86

sn_10=7.98

sn_11=8.58

sn_12=8.13

{Value of n for ith day of the months}
nd_1=17

nd_2=16

nd_3=16

nd_4=15

nd_5=15

nd_6=11

nd_7=17

nd_8=16

nd_9=15

nd_10=15

nd_11=14

nd_12=10

{day length in each months}
NL_1=(2/15)*arccos((-tan(L))*tan(delta_1))
NL_2=(2/15)*arccos((-tan(L))*tan(delta_2))
NL_3=(2/15)*arccos((-tan(L))*tan(delta_3))
NL_4=(2/15)*arccos((-tan(L))*tan(delta_4))
NL_5=(2/15)*arccos((-tan(L))*tan(delta_5))
NL_6=(2/15)*arccos((-tan(L))*tan(delta_6))
NL_7=(2/15)*arccos((-tan(L))*tan(delta_7))
NL_8=(2/15)*arccos((-tan(L))*tan(delta_8))
NL_9=(2/15)*arccos((-tan(L))*tan(delta_9))
NL_10=(2/15)*arccos((-tan(L))*tan(delta_10))
NL_11=(2/15)*arccos((-tan(L))*tan(delta_11))
NL_12=(2/15)*arccos((-tan(L))*tan(delta_12))
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{Sunset and sun rise hour angle calculation}
Omega_ss1=arccos((-tan(L))*tan(delta_1))
Omega_ss2=arccos((-tan(L))*tan(delta_2))
Omega_ss3=arccos((-tan(L))*tan(delta_3))
Omega_ss4=arccos((-tan(L))*tan(delta_4))
Omega_ss5=arccos((-tan(L))*tan(delta_5))
Omega_ssb6=arccos((-tan(L))*tan(delta_6))
Omega_ss7=arccos((-tan(L))*tan(delta_7))
Omega_ss8=arccos((-tan(L))*tan(delta_8))
Omega_ss9=arccos((-tan(L))*tan(delta_9))
Omega_ss10=arccos((-tan(L))*tan(delta_10))
Omega_ss11=arccos((-tan(L))*tan(delta_11))
Omega_ss12=arccos((-tan(L))*tan(delta_12))

{when Omega_ss is in radian}
Omega_ssrad1=pi/180*arccos((-tan(L))*tan(delta_1))
Omega_ssrad2=pi/180*arccos((-tan(L))*tan(delta_2))
Omega_ssrad3=pi/180*arccos((-tan(L))*tan(delta_3))
Omega_ssrad4=pi/180*arccos((-tan(L))*tan(delta_4))
Omega_ssrad5=pi/180*arccos((-tan(L))*tan(delta_5))
Omega_ssrad6=pi/180*arccos((-tan(L))*tan(delta_6))
Omega_ssrad7=pi/180*arccos((-tan(L))*tan(delta_7))
Omega_ssrad8=pi/180*arccos((-tan(L))*tan(delta_8))
Omega_ssrad9=pi/180*arccos((-tan(L))*tan(delta_9))
Omega_ssrad10=pi/180*arccos((-tan(L))*tan(delta_10))
Omega_ssrad11=pi/180*arccos((-tan(L))*tan(delta_11))
Omega_ssrad12=pi/180*arccos((-tan(L))*tan(delta_12))

{Calculation of the horizontal terrestrial and horizontal extra-terrestrial radiation levels}

G_sc=1367 {solar constant W/m"2}

{calculation of extra-terristerial radiation [H_o]}

7-(1.027*cos(L))+(0.0926*h)-(0.359*(sn_12/NL_12))

H_o01=((24*3600*G_sc)/pi)*(1+0.33*cos(360*nd_1/365))*((cos(L)*cos(delta_1)*sin(Omega_ss1))+((pi*Omega_ss1/180)*sin(L)*

sin(delta_1)))

H_02=((24*3600*G_sc)/pi)*(1+0.33*cos(360*nd_2/365))*((cos(L)*cos(delta_2)*sin(Omega_ss2))+((pi*Omega_ss2/180)*sin(L)*

sin(delta_2)))

H_03=((24*3600*G_sc)/pi)*(1+0.33*cos(360*nd_3/365))*((cos(L)*cos(delta_3)*sin(Omega_ss3))+((pi*Omega_ss3/180)*sin(L)*

sin(delta_3)))

H_04=((24*3600*G_sc)/pi)*(1+0.33*cos(360*nd_4/365))*((cos(L)*cos(delta_4)*sin(Omega_ss4))+((pi*Omega_ss4/180)*sin(L)*

sin(delta_4)))

H_05=((24*3600*G_sc)/pi)*(1+0.33*cos(360*nd_5/365))*((cos(L)*cos(delta_5)*sin(Omega_ss5))+((pi*Omega_ss5/180)*sin(L)*

sin(delta_5)))

H_06=((24*3600*G_sc)/pi)*(1+0.33*cos(360*nd_6/365))*((cos(L)*cos(delta_6)*sin(Omega_ss6))+((pi*Omega_ss6/180)*sin(L)*

sin(delta_6)))

H_07=((24*3600*G_sc)/pi)*(1+0.33*cos(360*nd_7/365))*((cos(L)*cos(delta_7)*sin(Omega_ss7))+((pi*Omega_ss7/180)*sin(L)*

sin(delta_7)))

H_08=((24*3600*G_sc)/pi)*(1+0.33*cos(360*nd_8/365))*((cos(L)*cos(delta_8)*sin(Omega_ss8))+((pi*Omega_ss8/180)*sin(L)*

sin(delta_8)))

2022
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H_09=((24*3600*G_sc)/pi)*(1+0.33*cos(360*nd_9/365))*((cos(L)*cos(delta_9)*sin(Omega_ss9))+((pi*Omega_ss9/180)*sin(L)*
sin(delta_9)))
H_010=((24*3600*G_sc)/pi)*(1+0.33*cos(360*nd_10/365))*((cos(L)*cos(delta_10)*sin(Omega_ss10))+((pi*Omega_ss10/180)*s
in(L)*sin(delta_10)))
H_o011=((24*3600*G_sc)/pi)*(1+0.33*cos(360*nd_11/365))*((cos(L)*cos(delta_11)*sin(Omega_ss11))+((pi*Omega_ss11/180)*s
in(L)*sin(delta_11)))
H_012=((24*3600*G_sc)/pi)*(1+0.33*cos(360*nd_12/365))*((cos(L)*cos(delta_12)*sin(Omega_ss12))+((pi*Omega_ss12/180)*s
in(L)*sin(delta_12)))

{calculation of intra-teristerial radiation on horizontal surface H_h }
H_h1=H_o2*(a_1+b_1*(sn_1/NL_1))
H_h2=H_o02*(a_2+b_2*(sn_2/NL_2))
3=H_o03*(a_3+b_3*(sn_3/NL_3))
H_o4*(a_4+b_4*(sn_4/NL_4))
=H_o5*(a_5+b_5*(sn_5/NL_5))
=H_o6*(a_6+b_6*(sn_6/NL_6))
=H_o7*(a_7+b_7*(sn_7/NL_7))
=H_o08*(a_8+b_8*(sn_8/NL_8))
=H_o09*(a_9+b_9*(sn_9/NL_9))
0=H_o010%*(a_10+b_10*(sn_10/NL_10))
1=H_o11*(a_11+b_11*(sn_11/NL_11))
2=H_o012*(a_12+b_12*(sn_12/NL_12))

IIIIIIIIII

_h
_h4=
_h5
_h6
_h7
_h8
_h9
_h1
_h1
_h1

{calculation of monthly clearness index}
K_T1=H_h1/H_o1
K_T2=H_h2/H_o2
=H_h3/H_o3

=H_h9/H_o09

0=H_h10/H_o10
1=H_h11/H_o11
2=H_h12/H_o012

XXXXXXXXXX

T
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T
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e

Monthly Diffuse radiation D_h}
=H_h1*(0.775+0.347*(Omega_ssrad1-pi/2)-
_h2*(0.775+0.347*(Omega_ssrad2-pi/2)-
*(0.775+0.347*(Omega_ssrad3-pi/2)-
*(0.775+0.347*(Omega_ssrad4-pi/2)-
*(0.775+0.347*(Omega_ssrad5-pi/2)-
(

(

(

0.505+0.0261*
0.505+0.0261*
0.505+0.0261*
0.505+0.0261*
0.505+0.0261*
0.505+0.0261*

*cos
*cos
*cos
*cos

Omega_ssrad1-pi/2)) ((
)*cos((
)*cos((
)*cos((
)*cos((
)*cos((
)*cos((
)*cos((
)*

Omega_ssrad2-pi/2
Omega_ssrad3-pi/2
Omega_ssrad4-pi/2
Omega_ssrad5-pi/2
*(0.775+0.347*(Omega_ssrad6-pi/2)- Omega_ssrad6-pi/2))*cos
*(0.775+0.347*(Omega_ssrad7-pi/2)-(0.505+0.026 1*(Omega_ssrad7-pi/2))*cos
*(0.775+0.347*(Omega_ssrad8-pi/2)-(0.505+0.026 1*(Omega_ssrad8-pi/2))*cos KT
_h9*(0.775+0.347*(Omega_ssrad9-pi/2)-(0.505+0.026 1*(Omega_ssrad9-pi/2))*cos((2*K_T9)-
=H_h10*(0.775+0.347*(Omega_ssrad10-pi/2)-(0.505+0.0261*(Omega_ssrad10-pi/2))*cos((2*K_T10)-1.8))
=H_h11*(0.775+0.347*(Omega_ssrad11-pi/2)-(0.505+0.0261*(Omega_ssrad11-pi/2))*cos((2*K_T11)-1.8))
=H_h12*(0.775+0.347*(Omega_ssrad12-pi/2)-(0.505+0.026 1*(Omega_ssrad12-pi/2))*cos((2*K_T12)-1.8))

AA,\,\AA,\,\
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o
_h _T1)-1.8))
_h _T2)-1.8))
_h _T3)-1.8))
_h _T4)-1.8))
_h _T5)-1.8))
_h _T6)-1.8))
_h 7)-1.8))
_h 8)-1.8))
_h 1.8))
_h

_h
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Iculation of Monthly Average beam component B_h}
H_h1-D_h1

-D_h2

_h3
_h4
_h5
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{Calculation of Beam, Diffuse and Mixed or ground surface reflected radiation tilt factor due to inclination}

Omega_sr1=-arccos((-tan(L))*tan(delta_1))
Omega_sr2=-arccos((-tan(L))*tan(delta_2))
Omega_sr3=-arccos((-tan(L))*tan(delta_3))
Omega_sr4=-arccos((-tan(L))*tan(delta_4))
Omega_sr5=-arccos((-tan(L))*tan(delta_5))
Omega_sr6=-arccos((-tan(L))*tan(delta_6))
Omega_sr7=-arccos((-tan(L))*tan(delta_7))
Omega_sr8=-arccos((-tan(L))*tan(delta_8))
Omega_sr9=-arccos((-tan(L))*tan(delta_9))
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Omega_sr10=-arccos((-tan(L))*tan(delta_10))
Omega_sr11=-arccos((-tan(L))*tan(delta_11))
Omega_sr12=-arccos((-tan(L))*tan(delta_12))

Omega_srad1=-arccos((-tan(L))*tan(delta_1))*(pi/180)
Omega_srad2=-arccos((-tan(L))*tan(delta_2))*(pi/180)
Omega_srad3=-arccos((-tan(L))*tan(delta_3))*(pi/180)
Omega_srad4=-arccos((-tan(L))*tan(delta_4))*(pi/180)
Omega_srad5=-arccos((-tan(L))*tan(delta_5))*(pi/180)
Omega_srad6=-arccos((-tan(L))*tan(delta_6))*(pi/180)
Omega_srad7=-arccos((-tan(L))*tan(delta_7))*(pi/180)
Omega_srad8=-arccos((-tan(L))*tan(delta_8))*(pi/180)
Omega_srad9=-arccos((-tan(L))*tan(delta_9))*(pi/180)
Omega_srad10=-arccos((-tan(L))*tan(delta_10))*(pi/180)
Omega_srad11=-arccos((-tan(L))*tan(delta_11))*(pi/180)
Omega_srad12=-arccos((-tan(L))*tan(delta_12))*(pi/180)

{Calculation of Radiation tilt factor}
{tilt angle of pannel in degree Beta}

Beta_1=-0.00002*delta_1"3-0.0009*delta_1"2-1.0647*delta_1+33.515
Beta_2=-0.00002*delta_2"3-0.0009*delta_2"2-1.0647*delta_2+33.515
Beta_3=-0.00002*delta_3"3-0.0009*delta_3"2-1.0647*delta_3+33.515
Beta_4=-0.00002*delta_4"3-0.0009*delta_4"2-1.0647*delta_4+33.515
Beta_5=-0.00002*delta_5"3-0.0009*delta_5"2-1.0647*delta_5+33.515
Beta_6=-0.00002*delta_6"3-0.0009*delta_6"2-1.0647*delta_6+33.515
Beta_7=-0.00002*delta_7"3-0.0009*delta_7"2-1.0647*delta_7+33.515
Beta_8=-0.00002*delta_8"3-0.0009*delta_8"2-1.0647*delta_8+33.515
Beta_9=-0.00002*delta_9"3-0.0009*delta_9"2-1.0647*delta_9+33.515
Beta_10=-0.00002*delta_10"3-0.0009*delta_10"2-1.0647*delta_10+33.515
Beta_11=-0.00002*delta_11"3-0.0009*delta_11"2-1.0647*delta_11+33.515
Beta_12=-0.00002"delta_12"3-0.0009*delta_12"2-1.0647*delta_12+33.515

R_b1=(cos(L-Beta_1)*cos(delta_1)*sin(Omega_sr1)+Omega_srad1*sin(L-
Beta_1)*sin(delta_1))/(cos(L)*cos(delta_1)*sin(Omega_sr1)+Omega_srad1*sin(L)*sin(delta_1))
R_b2=(cos(L-Beta_2)*cos(delta_2)*sin(Omega_sr2)+Omega_srad2*sin(L-
Beta_2)*sin(delta_2))/(cos(L)*cos(delta_2)*sin(Omega_sr2)+Omega_srad2*sin(L)*sin(delta_2))
R_b3=(cos(L-Beta_3)*cos(delta_3)*sin(Omega_sr3)+Omega_srad3*sin(L-
Beta_3)*sin(delta_3))/(cos(L)*cos(delta_3)*sin(Omega_sr3)+Omega_srad3*sin(L)*sin(delta_3))
R_b4=(cos(L-Beta_4)*cos(delta_4)*sin(Omega_sr4)+Omega_srad4*sin(L-
Beta_4)*sin(delta_4))/(cos(L)*cos(delta_4)*sin(Omega_sr4)+Omega_srad4*sin(L)*sin(delta_4))
R_b5=(cos(L-Beta_5)*cos(delta_5)*sin(Omega_sr5)+Omega_srad5*sin(L-
Beta_5)*sin(delta_5))/(cos(L)*cos(delta_5)*sin(Omega_sr5)+Omega_srad5*sin(L)*sin(delta_5))
R_b6=(cos(L-Beta_6)*cos(delta_6)*sin(Omega_sr6)+Omega_srad6*sin(L-
Beta_6)*sin(delta_6))/(cos(L)*cos(delta_6)*sin(Omega_sr6)+Omega_srad6*sin(L)*sin(delta_6))
R_b7=(cos(L-Beta_7)*cos(delta_7)*sin(Omega_sr7)+Omega_srad7*sin(L-
Beta_7)*sin(delta_7))/(cos(L)*cos(delta_7)*sin(Omega_sr7)+Omega_srad7*sin(L)*sin(delta_7))
R_b8=(cos(L-Beta_8)*cos(delta_8)*sin(Omega_sr8)+Omega_srad8*sin(L-
Beta_8)*sin(delta_8))/(cos(L)*cos(delta_8)*sin(Omega_sr8)+Omega_srad8*sin(L)*sin(delta_8))
R_b9=(cos(L-Beta_9)*cos(delta_9)*sin(Omega_sr9)+Omega_srad9*sin(L-
Beta_9)*sin(delta_9))/(cos(L)*cos(delta_9)*sin(Omega_sr9)+Omega_srad9*sin(L)*sin(delta_9))
R_b10=(cos(L-Beta_10)*cos(delta_10)*sin(Omega_sr10)+Omega_srad10*sin(L-
Beta_10)*sin(delta_10))/(cos(L)*cos(delta_10)*sin(Omega_sr10)+Omega_srad10*sin(L)*sin(delta_10))
R_b11=(cos(L-Beta_11)*cos(delta_11)*sin(Omega_sr11)+Omega_srad11*sin(L-
Beta_11)*sin(delta_11))/(cos(L)*cos(delta_11)*sin(Omega_sr11)+Omega_srad11*sin(L)*sin(delta_11))
R_b12=(cos(L-Beta_12)*cos(delta_12)*sin(Omega_sr12)+Omega_srad12*sin(L-
Beta_12)*sin(delta_12))/(cos(L)*cos(delta_12)*sin(Omega_sr12)+Omega_srad12*sin(L)*sin(delta_12))

d1=(1+cos(Beta_1))/2
d2=(1+cos(Beta_2))/2
d3=(1+cos(Beta_3))/2
d4=(1+cos(Beta_4))/2
d5=(1+cos(Beta_5))/2
d
d
d
d
d

6=(1+cos(Beta_6))/2
7=(1+cos(Beta_7))/2
8=(1+cos(Beta_8))/2
9=(1+cos(Beta_9))/2
10=(1+cos(Beta_10))/2
R_d11=(1+cos(Beta_11))/2
R_d12=(1+cos(Beta_12))/2
roh=0.2 {diffuse reflectance for grass and concrete surface when solar pannel is monted near the ground}
R_r1=(roh*(1-cos(Beta_1)))/2
R_r2=(roh*(1-cos(Beta_2)))/2
R_r3=(roh*(1-cos(Beta_3)))/2
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R_r4=(roh*(1-cos(Beta_4)))/2
R_r5=(roh*(1-cos(Beta_5)))/2
R_r6=(roh*(1-cos(Beta_6)))/2
R_r7=(roh*(1-cos(Beta_7)))/2
R_r8=(roh*(1-cos(Beta_8)))/2
R_r9= _
R_r10=(roh*(1-cos(Beta_10)))/2
R_r11=(roh*(1-cos(Beta_11)))/2
R_r12=(roh*(1-cos(Beta_12)))/2

{Calculation of the Long term beam, Diffuse and Diffuse-reflected radiation component on tilted surface}
B_c1=R_b1*B_h1
B_c2=R_b2*B_h2
B_c3=R_b3*B_h3
B_c4=R_b4*B_h4

B_c5=R_b5*B_h5
B_c6=R_b6*B_h6
B_c7=R_b7*B_h7
B_c8=R_b8*B_h8
B_c9=R_b9*B_h9
B_c10=R_b10*B_h10
B_c11=R_b11*B_h11
B_c12=R_b12*B_h12
D_c1=R_d1*D_h1
D_c2=R_d2*D_h2
D_c3=R_d3*D_h3
D_c4=R_d4*D_h4
D_c5=R_d5*D_h5
D_c6=R_d6*D_h6
D_c7=R_d7*D_h7
D_c8=R_d8*D_h8
D_c9=R_d9*D_h9
D_c10=R_d10*D_h10

D_c11=R_d11*D_h11
D_c12=R_d12*D_h12

Dr_1=R_r1*
Dr_2=R_r2*
Dr_3=R_r3*
Dr_4=R_r4*
Dr_5=R_r5*
Dr_6=R_r6*

D_h1+B_h1)
D_h2+B_h2)
D_h3+B_h3)
D_h4+B_h4)
D_h5+B_h5)
D_h6+B_h6)
Dr_7=R_r7*(D_h7+B_h7)
Dr_8=R_r8*(D_h8+B_h8)
Dr_9=R_r9*(D_h9+B_h9)
Dr_10=R_r10*(D_h10+B_h10)
Dr_11=R_r11*(D_h11+B_h11)
Dr_12=R_r12*(D_h12+B_h12)

s — " —— s —

{Total irradiation on tilted surface in MJ/m"2/day}
H_c1=(B_c1+D_c1+Dr_1)/10"6

H_c2=(B_c2+D_c2+Dr_2)/10"6
H_c3=(B_c3+D_c3+Dr_3)/10"6
H_c4=(B_c4+D_c4+Dr_4)/10"6
H_c5=(B_c5+D_c5+Dr_5)/10"6
H_c6=(B_c6+D_c6+Dr_6)/10"6
H_c7=(B_c7+D_c7+Dr_7)/10"6
H_c8=(B_c8+D_c8+Dr_8)/10"6
H_c9=(B_c9+D_c9+Dr_9)/10"6
H_c10=(B_c10+D_c10+Dr_10)/10"6

H_c11=(B_c11+D_c11+Dr_11)/10"6
H_c12=(B_c12+D_c12+Dr_12)/10"6

{Assumed values based on LOngi solar pannel type}

Q_deg=0.9035 {module degradation co-efficient}

C_Temp=-0.35 {temperature co-efficient for P_max %/degree celcius}
T_NOCT=293 {Nominal Operating cell temperature in K}

U_0=30.2 {is the constant heat transfer coefficient W/m"2.K}

U_1=6.28 {is the wind speed coefficient of heat transfer Ws/m"3.K}
Eta_r=0.192 {Refrence efficiency of the pannel }

P_STC=350 {standard testing condition power in W}

G_STC=1000 {is the irradiance at the standard test condition W/m"2}
Tau=0.9 {transmissivity of the galss assumed to be 90 % from literature}
A=1.823 {Area of Longi solar pannel in m*2 where dimension is 1.755 m x 1.038 m}
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{The maximum monthly ambient temperature of study area in Kelvin }
T_a1=23.1+273
T_a2=24.2+273
T_a3=24.7+273
T_a4=25.2+273
T_ab=23.8+273
T_a6=22.7+273
T_a7=18.7+273
T_a8=18.30+273
T_a9=20.0+273
T_a10=21.50+273
T_a11=21.2+273
T_a12=21.7+273
T_aMean=22.09+273

{Montly solar irradiation of the study area in W/m"2}
H_cMean=311.82

{Monthly average Wind speed in m/s }
v_m1=6.12*(10/36)
v_m2=6.12*(10/36)
3=6.12*(10/36)
=6.12*(10/36)
=6.12%(10/36)
=4.68*(10/36)
=4.32*(10/36)
8=4.32*(10/36)
m9=5.76*(10/36)
v_m10=7.92*(10/36)
v_m11=7.92*(10/36)
v_m12=6.12*(10/36)
v_Mean=5.97*(10/36)

4
5
6
7

333333

v_|
v_
V_
V_
v_|
v_|
V_

{The Operating temperature of the cell in degree celcius}
T_c1=(T_al+(H_c1/(U_o+(U_1*v_m1))))-273
T_c2=(T_a2+(H_c1/(U_o+(U_1*v_m2))))-273
T_c3=(T_a3+(H_c1/(U_o+(U_1*v_m3))))-273
T_c4=(T_ad+(H_c1/(U_o+(U_1*v_m4))))-273
T_c5=(T_ab5+(H_c1/(U_o+(U_1*v_mb5))))-273
T_c6=(T_ab+(H_c1/(U_o+(U_1*v_m6))))-273
T_c7=(T_a7+(H_c1/(U_o+(U_1*v_m7))))-273
T_c8=(T_a8+(H_c1/(U_o+(U_1*v_m8))))-273
T_c9=(T_a9+(H_c1/(U_o+(U_1*v_m9))))-273
T_c10=(T_a10+(H_c1/(U_o+(U_1*v_m10))))-273
T_c11=(T_al1+(H_c1/(U_o+(U_1*v_m11))))-273
T_c12=(T_a12+(H_c1/(U_o+(U_1*v_m12))))-273
T_cMean=(T_aMean+(H_cMean/(U_o+(U_1*v_Mean))))-273

{Loss Calculation due to Temperature }
P_Tloss1=P_STC*(H_c1/G_STC)*Q_deg*C_Temp*(25-T_c1)
P_Tloss2=P_STC*(H_c2/G_STC)*Q_deg*C_Temp*(25-T_c2)
P_Tloss3=P_STC*(H_c3/G_STC)*Q_deg*C_Temp*(25-T_c3)
P_Tloss4=P_STC*(H_c4/G_STC)*Q_deg*C_Temp*(25-T_c4)
P_Tloss5=P_STC*(H_c5/G_STC)*Q_deg*C_Temp*(25-T_c5)
P_Tloss6=P_STC*(H_c6/G_STC)*Q_deg*C_Temp*(25-T_c6)
P_Tloss7=P_STC*(H_c7/G_STC)*Q_deg*C_Temp*(25-T_c7)
P_Tloss8=P_STC*(H_c8/G_STC)*Q_deg*C_Temp*(25-T_c8)
P_Tloss9=P_STC*(H_c9/G_STC)*Q_deg*C_Temp*(25-T_c9)
P_Tloss10=P_STC*(H_c10/G_STC)*Q_deg*C_Temp*(25-T_c10)
P_Tloss11=P_STC*(H_c11/G_STC)*Q_deg*C_Temp*(25-T_c11)
P_Tloss12=P_STC*(H_c12/G_STC)*Q_deg*C_Temp*(25-T_c12)
P_TlossMean=P_STC*(H_cMean/G_STC)*Q_deg*C_Temp*(25-T_cMean)

{Loss of the pannel due to temperature}
Temp_Loss1=P_STC+P_Tloss1
Temp_Loss2=P_STC+P_Tloss2
Temp_Loss3=P_STC+P_Tloss3
Temp_Loss4=P_STC+P_Tloss4
Temp_Loss5=P_STC+P_Tloss5
Temp_Loss6=P_STC+P_Tloss6
Temp_Loss7=P_STC+P_Tloss7
Temp_Loss8=P_STC+P_Tloss8
Temp_Loss9=P_STC+P_Tloss9
Temp_Loss10=P_STC+P_Tloss10
Temp_Loss11=P_STC+P_Tloss11
Temp_Loss12=P_STC+P_Tloss12

2022
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Temp_LossMean=P_STC+P_TlossMean

{Loss percentage of the pannel due to temperature}
Loss_percent1=(P_Tloss1*100)/P_STC*(0-1)
Loss_percent2=(P_Tloss2*100)/P_STC*(0-1)
Loss_percent3=(P_Tloss3*100)/P_STC
Loss_percent4=(P_Tloss4*100)/P_STC
Loss_percent5=(P_Tloss5*100)/P_STC*(0-1)
Loss_percent6=(P_Tloss6*100)/P_STC*(0-1)
Loss_percent7=(P_Tloss7*100)/P_STC*(0-1)
Loss_percent8=(P_Tloss8*100)/P_STC*(0-1)
Loss_percent9=(P_Tloss9*100)/P_STC*(0-1)
Loss_percent10=(P_Tloss10*100)/P_STC*(0-1)
Loss_percent11=(P_Tloss11*100)/P_STC*(0-1)
Loss_percent12=(P_Tloss12*100)/P_STC*(0-1)
Loss_percentMean=(Temp_LossMean*100)/P_STC*(0-1)
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Unit Settings: 51 C kPa kJ mass deqg

A =1.823
aq=02417
B1p=4367
Bg=10.21

by =0.4985

bg = 05852
Bez=1915E+07
Bhy = 2.132E+07
Bhg = 2.037E+07
31p =-9.559
dg=23.09

Dryp = 1.160E+06
Drg = 128642
Dea= 6.675E+06
Dy = 7.077E+06
Dyg=8.261E+06
Gigre =1000
Hez=26.36
Hetean=311.8
Hpg = 2.900E+07
Hg1n= 4.60BE+O7
Hgg= 5.039E+07
Kriz=08174
Krg= 04677

a1=02733
ag=02372

B11 =5346
Br=10.37
ho=05071
bg=05193
Beg=1.843E+07
Bhig = 2041E+07
Bhg=1.740E+07
311 =-18.91
d7=2118

Do = 866447
Dirg = 416609
D= 7.759E+06
Do = 7.203E+06
Dipg=7.220E+06
h=2581
Heq=26.42

Hp1 = 2.840E+07
Hps= 2.863E+07
Hgiq = 4.216E+07
Hg7=5.027E+07
K12=0.6045
K1g=0.5854

ap=0.2539
ag=0.2021
B1z=5782
Bg=18.98
by=05277

Be = 2.6B0E+07
Bes=1.822E+07
Bh11 = 2.002E+07
Bhy=1.543E+07
31z =-23.08
dg=1345

Drgy = 529079

D1 =5539E+06
Dcg=8.154E+06
D11 = 6.722E+06
Dy7=6.337E+06
He1=133.38
Heg=26.45
Hp1o=2.761E+07
Hpg= 2.462E+07
Hg1z = 4.019E+07
Hgog=5.056E+07
Ks3=05716
L=962
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ay = 02728
ay=01795
B2=4d7.2
Bg=31.15
bg=105254
Be1o=2111E+07
Beg=1.604E+07
Bp1z = 1.869E+07
Bpg = 1.695E+07
Gp=-12.95
dg=2.217

Dry = 238362
D10 = 6.206E+06
D= 7.163E+06
D12 = 6.126E+06
Dpg=6.694E+06
Heyo=28.08
Heg=23.25

Hp11 = 2.674E+07
Hpz=2177E+07
Hgz= 4.472E+07
Hgg= 4.936E+07
K14=05755

Losspercent) = 1.144

a1z =0.2634
ag=01934
Ba=136.08

by = 0.4863

bg =053

Be1q = 2. 406E+07
Ber=1401E+07
Bhz = 2.007E+07
Bhg = 2.103E+07
33 =-2.418

Dry =1.234E+08
Dirg = 74014

D11 =5.362E+06
D.7=6.286E+06
Dyz= 6.960E+06
Dyg=7.863E+06
Hepq = 3051
Her= 2033
Hp1z = 2. 482E+07
Hpg= 2.365E+07
Hgz= 4.828E+07
Krq=06923
Kr5= 05663

L0SSpercentin = 2.435

2022

ap=0.2565
ag=0.2467
Ba=23.34

b1 =0.5103
bg=05744
Bz = 2.430E+07
Brg=1491E+07
Bz = 2.019E+07
Cremp=-0.35
34=9.415

Dryg = 764022
Dirg = 25231
D12 = 4.694E+06
D= 6.512E+06
D= 7. 364E+06
ne = 0192
Heyz=3016
Heg=21.55
Hpz= 2.703E+07
Hhpg= 2.859E+07
Hgag = 5.038E+07
K10 =05936
K1g=0.4586

Losspercentt1 = 2934

130

az=0.2398
B1=5557
Bg=13.06

b1y = 0.4864
hy=0.6024
Bz =2181E+07
Beg=1.917E+07
Bhg = 2.090E+07
51 =-2092
55=1879

Dryy = 1.082E+06
Dy = 35530
D2=5.645E+06
Dog=7.296E+06
D= 8.091E+06
Gge = 1367
Hgz= 2852
Hgg=26.88
Hpz=2.758E+07
Hg1=4.102E+07
Hgg=5.056E+07
K1 =06343
Krr=0433

L0SSpercentiz = 2.368



Losspercantz=-0.0149
Losspercents = 3.545

ndqyz =10
ndg=16
MLz =11.95
My =17
Mg =135
wyr11 = -06.67
wg7 =-93.77

Wgradz =-1.532
fgradg =-1.577
gs4 = 9161
Magradin = 1.542
ssrads = 1.643
Fllage11 =-10.27
PTloss? =-12.19
Fpip=1.034
Fipg=09218
Fgy2=0.7663
Fgz=09728
Rz =001918
s =8.56

sng =7.71

Losspercents = 0.4305

LUSSpercentM gan= 147

nds=16
ndg=15

MLy =12.21
Myg= 288

Mg =162
my12=-05.06
oy =-92.32
Mgrad3 = -1.564
Mg = 06.29
Mg = 93.31
Mggradl1 = 1.513
Wssrad? = 1.637
Flloss12 =-8.29
FTlossg =-13.87
Ry1q=1.202
Fpy=10.4908
Rgz=0.8397
Rgg=0.9279
Fyq =0.008221
shipg = 7.98
sng =6.26

Losspercants = 0.6493

LSTy =12
nds=16

MLy =115
MLg =12.44
Myy=318

M7 =198

Wy =-07.77
gy =-30.38
Wyradd =-1.599
wgs1p = 08.36
Mg = 94.14
Wgsrad1z = 1.499
Wssradg = 1.611
FTlagez = 0.05274
PTlossg =-12.41
Fhiz=13
Fpg=0.68796
Fgz=0.9041
R =0.04347
Fyg = 0.002585
snqy =858
sny =526
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Losspercents = 0.3207

L3Tz =18
ndg=18
MLyp=11.78
MLg =12.55
Myz= 344

Mg =228

g3 =-89.59
grad] = -1.506
Wgads=-1.629
g1 = 9667
g7 = 9377
Wegradz = 1.532
Wssrady = 1.577
Plagez = 1.507
Fllasshlean = 164.5
Rpz=1.087
Fpg=04113
Fig4=04583
Frg =0.02767
Fig = 0001025
shiz =813
sng =577

Losspergents= 1.051

ndy=17

ndg =18
MLy1=1156
MLy =125
Mg =47

Mg =258

wyg =-91.61
tsradin =-1.242
Oyrads = -1.643
mgg12 = 35,86
Wgsg =92.32
Msgrad3 = 1.564
Pgtc =350
Flloged = 2.973
Ogag = 05035
Fipz=0.9484
R =0.7827
Figs=0.9571
R =0.04047
Fi7 =0.001632
snz =8.03
shg = 7.86

2022

Lossperpanty = 3.462

ndyg=15
ndg=11
ML12=11.45
MLy =12.31
My =75

g =-56.29
g5 =-93.31
tharadil =-1.513
Wgrad7 =-1.637
gg2 = 8777
g9 = 90.38
ggrads = 1.599
PTloss1 =-4.002
FTlozes =-1.123
roh =02

Fpg= 08814
Fgip=0.8617
Fag=0.9949
Rz = 0.04675
Fyg = 0.005436
gng =751
=019
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Losspecantn= 3.964

ndqyp =14
ndz=17

MLz =11.7
MLg =12.05
Mg =105
wyin=-0836
oy =-34.14
Wradiz =-1.499
Wgadg =-1.611
M3 =09.59

W ssrad] = 1.506
Degrads = 1.629
Plioss10 = -8.522
Frlgsss =-3.679
Fip1=1.245
Fips=0.8945
Figy1=0.7977
Figz=09918
Rz = 0.03206
Fig = 0.01442
shy =776
Temp|gss1 = 346



TempLoss1o= 341.5
TemplLossg= 346.3
Ta11 =294.2
Tar=291.7

Tey2 = 2252
Teg=14.18

W10 = 2.2

W= 1.3

156 potential unit problems were detected.

Calculation time = .0 sec.

TempLoselq = 339.7
TemplLos7=337.8
Ta12=2947
Tag=2913
Toz=26.02
Teg=20.83

V1] = 2.2
Vp7=1.2

Templgssz=341.7
Temp| qssa= 336.1
Tap=297.2
Tag=293
Tea=2552

Totean = 29.77
Wiz = 1.7
Wpg=1.2

Templassz= 3501
Templassq= 337.6
Taa=2977
Tatdean = 295.1
Teq=26.02
ThocT =293

Wz =1.7
wpg=1.6
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TemplLossz= 3515
TempLossiean=514.5
Ta4=2982
Tei=23.492
Tog=2462

Uy =B.28

W= 1.7

WMean = 1.658

TempLossq= 353
Ta1= 2961
Ta5=2968
Teip=22.26
Togp=2357

Uy =302

Wind = 1.7

Wy =10
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Templgsss= 348.9
Ta1p=2945
Tag=295.7

Tei1 =21.96
T.r=1958

Wl = 1.7

W= 1.7

YWa =90
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