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SaZetak: U radu je prikazana detaljna tehno-ekonomska analiza te analiza emisija staklenickih plinova (SP) konvencionalnih i solarnih
(FN) energetskih izvora energije za crpne sustave za navodnjavanje (CSN). Kljucni cimbenici koji utjecu na ekonomske karakteristike
solarne fotonaponske izvore energije ukljucuju dimenzije, postupke za usmjeravanje sustava za pracenje kretanja Sunca, te
karakteristike proizvodnje (osobito ucinkovitosti) solarne-FN tehnologije. Stoga, ovaj rad opisuje dimenzioniranje i optimizaciju
pracenja smjera kretanja Sunca za CSN s obzirom na utjecaj razlic¢itih FN tehnologija na natapni i "kap po kap' sustav za
navodnjavanje. Ekonomske katakteristike i emisije solarnih PV izvora takoder su prikazani u usporedbi sa konvencionalnim sustavima
s obzirom na stvarne troSkove proizvodnje energije. Prikazani su poboljSani modeli za proizvodnju energije, dimenzioniranje,
odredivanje ekonomskih karakteristika i emisija SP. Prikazani CSN, smjesSten na lokaciji New Kalbsha u regiji Lake Nasser na jugu
Egipta, razmatran je kao primjer za usporedivanje solarnih FN i konvencionalnih izvora energije za CSN. Rezultati pokazuju visoku
odrzivost izvora solarne FN energije za CSN u usporedbi sa distribucijskom elektricnom mreZom i varijantom sa dizel motorom.

Kljucéne rijeci: crpljenje vode za navodnjavanje, solarni fotonaponski sustavi, dizel motori, elektricna mreza, analiza odrZivosti.

Abstract: This paper presents a detailed techno-economic and greenhouse gasses (GHG) emissions analysis of conventional and solar-
PV energy sources for supplying irrigation water pumping (IWP) systems. The key factors affecting the economics of solar-PV energy
sources include the size, the sun tracking algorithm, and the energy production characteristics (especially the efficiency) of the solar-
PV technologies. Therefore, this paper presents sizing and sun tracking optimization of solar-PV generator for IWP systems
considering the impact of various solar-PV technologies for the flood and drip irrigation systems. The economics and emissions of
solar-PV sources in comparison with conventional systems are also presented considering the true costs of energy production.
Improved models for energy production, sizing, economics and GHG emissions quantification are presented. A proposed IWP project
located at the New Kalbsha site near the Lake Nasser region in the south of Egypt is considered as a numerical example for the
comparative analysis of solar-PV and conventional energy sources for IWP. The results show the high viability of solar-PV sources
for IWP in comparison with the utility grid electricity and diesel engine energy alternatives.

Keywords: irrigation water pumping, solar photovoltaics, diesel engines, electricity grid, viability analysis.

Received: 08.10.2016 / Accepted: 29.11.2016
Published online: 14.12.2016

Znanstveni rad / Scientific paper

1. INTRODUCTION

Conventionally either diesel engines or motor-pump
set supplied from the grid electricity are used for Irrigation
Water Pumping (IWP); however, the use of these energy
sources faces some problems. These problems are associ-
ated with the environmental impact, energy supply feasi-
bility, and energy source availability. Generally, both die-
sel engines and grid electricity are based on fossil fuels.
Therefore, they have negative ecological impacts and
highly affected by the variable costs of these fuels. With
respect to the grid access, it is not economically feasible
and technically reliable to extent the electricity grid for
covering the energy demand required for irrigation in re-
mote locations. This is due to the low energy and intermit-
tent demand of these types of electrical loads. In addition,
supplying these remote locations by diesel fuels may be

faced by high transportation costs and risks of fuel unava-
ilability. The problems associated with conventional
energy sources open the path to the utilization of renewa-
ble energy sources in many applications including IWP.
Due to its natural availability, static technologies, and
competitive economics, solar photovoltaics (solar-PV) are
the most attractive energy alternative in the field of IWP
(Lal et al. 2013; Qoaider et al. 2010). Solar-PV systems
can also be constructed in any scale starting from micro-
scale to large-scale (EL-Shimy et al. 2016; EL-Shimy
2013; Hamidat et al. 2003; Ghoneim 2006). This makes
the possibility to perfectly adapt the design of the solar-PV
generators to the scale of the considered load.

Since irrigation loads are considered deferrable (i.e.
loads that can be shifted in time), the natural variability
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and intermittency of the solar energy source do not create
a technical challenge (EL-Shimy et al. 2016; EL-Shimy
2013; EL-Shimy May 2015). In addition, neither electrical
nor electrochemical energy storage is generally required in
IWP applications; however, water storage tanks may be
needed in some IWP applications based on the characteri-
stics of the irrigation loads (EL-Shimy et al. 2016; EL-
Shimy Nov 2015).

From an economic point of view, solar-PV generating
systems have high initial costs but their operation and ma-
intenance (O&M) costs are generally very low in compa-
rison with their conventional counterparts as well as other
renewable energy sources (EI-Shimy 2012; EL-Shimy
2009; Said et al. 2015; Cloutier 2011). The proper sizing
and sun tracking algorithm of solar-PV generators also
play a key factor in the economics and the LCOE of these
systems. Therefore, this paper presents a systematic met-
hod for sizing and sun tracking optimization of solar-PV
energy systems. It popular to declare that the Levelized
Cost of Energy (LCOE) of solar-PV systems is generally
high in comparison with the retail prices of the grid elec-
tricity or most of the other conventional counterparts.
These economical characteristics are based only on the
consideration of the direct costs of energy sources; howe-
ver, energy sources can be characterized by direct and in-
direct (or external) costs (Burtraw 2012; Sundqvist 2002).

The true costs of energy include the direct and indirect
costs. The indirect costs include the costs associated with
health and environmental damages caused by emitting
pollutions. The factors that affect the value of the true costs
include the population density near a power plant, emitted
pollutions, and sustainability. In this paper, the impact of
considering the true costs of energy on the economic
feasibility and the LCOE of conventional and solar-PV
energy alternatives for supplying IWP are investigated.
The presented sizing optimization method is based on (EL-
Shimy 2013); however, the impacts of various sun tracking
options and various available solar-PV technologies on the
sizing and economics are considered in this paper.
References (Said et al. 2015; EL-Shimy et al. 2016)
presented a detailed overview of various solar-PV
technologies and sun tracking options as well as their

costs. These data is used as input data in this paper. This
paper considered also two of the most utilized irrigation
approaches. These are the flood and drip irrigation
systems. Energy production, economic, and emissions
models are presented. The techno-economic and emissions
analysis of a proposed large scale irrigation water pumping
project is presented as a numerical example. This project
is located at the New Kalbsha site near the Lake Nasser
region in the south of Egypt. The meteorological
conditions and the proposed hydraulic energy demand are
available in (EL-Shimy 2013).

2. SOLAR-PV IWP SYSTEM
CONFIGURATION AND ENERGY FLOW
MODELING

Normally, a solar-PV water pumping system consists
of three main components: the solar-PV generator, motor
and the pump. Each component has its own operating cha-
racteristics, which are the I-V characteristics of the PV ar-
ray, the power consumption-discharge characteristics of
the pump and the torque-speed characteristics of the motor
and pump as well. The motor drives the pump whose
torque requirements vary with the speed at which it is dri-
ven. The motor is operated by the generated power from
the solar-PV array whose -V characteristics depend non-
linearly on the solar irradiance variations and on the tem-
perature of the solar-PV cells and also on the current drawn
by the motor (Ghoneim 2006). The solar-PV generator
consists of an array of solar-PV modules connected in se-
ries—parallel combinations to provide the desired DC vol-
tage and current (Hamidat 2008).

A schematic diagram of the system configuration cho-
sen for the present study is presented in Fig. 1. The main
system components are: solar-PV array, maximum power
point tracker (MPPT), power conditioning device (P.C.D),
motor, and pump. The MPPT is adopted here to force the
solar-PV array to work at its maximum power, thus impro-
ving the system efficiency.
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Figure 1. A schematic diagram of the considered solar-PV pumping system for IWT
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Figure. 2. Model of the solar energy incident on the solar-PV plane
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Figure 3. Solar-array energy production model

Two types of pumps are used in the solar-PV pumping
systems: (i) centrifugal pumps which are the most common
pumps used in the solar-PV pumping applications and (ii)
volumetric pumps. The power conditioning device (P.C.D)
has a role to optimize the transfer of the energy between
the solar-PV array and the motor-pump set. Power
conditioning can be a DC/AC inverter for an AC electric
motor or a DC/DC converter for a DC electric motor
(Hamidat 2008). It is clear from Fig. 1 that there are four
main energies flowing in the solar-PV pumping system
starting from the solar energy that received on the surface
of the solar-PV  modules which is converted
instantaneously into electric energy by the solar-PV effect,
then the motor that is responsible for the electrical energy
conversion into mechanical energy and finally the pump
that is responsible for the mechanical energy conversion
into hydraulic energy needed for the operation of the
specified irrigation system. All the components of the
solar-PV pumping system are modeled independently and
integrated together for the purpose of performance and
sizing optimization.

Solar irradiance on a generally titled plane of the solar-
PV array is computed using the following algorithm shown
in Fig. 2. Details of the mathematical modeling of various
blocks in Fig. 2 are available in (EL-Shimy 2013). The
flowchart can be described as a series of three basic steps:
The total daily irradiance in the plane of the solar-PV array
H, equals the summation of the hourly irradiance in the
plane of the solar-PV array H,, that is H, = Y H,. The
estimation of H; involves the determination of the hourly
beam H, (or direct) and diffuse H; irradiance on a
horizontal surface for all hours of an average day (i.e.
having the same daily global irradiance as the monthly
average global irradiance). The monthly average value of
daily global irradiance is simply obtained by taking the
arithmetic mean of daily values by dividing the monthly
global irradiance value (sum of daily values) by the
number of days in the corresponding month (EL-Shimy
2013; Duffie et al. 2013; RETScreen 2004; NASA 2016).

A solar-PV cell is a nonlinear power source, the output
current and voltage depend on the irradiance level and
temperature. Any change in the weather conditions results
in a change in the operating point of the solar-PV cell. The
solar-PV array model can be represented through the
following flowchart shown in Fig. 3. The equations
describing the energy production model of Fig. 3 are
available in (RETScreen 2004).

The electrical energy generated from the solar-PV has
major problems such as the energy conversion efficiency
is low, especially under low irradiance conditions, and the
amount of generated electric power changes continuously
with weather conditions. Thus it becomes necessary to use
techniques to extract the maximum power, to achieve
maximum efficiency in operation. Connecting a solar-PV
module directly to the load enables extraction of 31%

energy, which increases to 97% through the use of MPPT.
The maximum power extracted from solar-PV cells
depends not only on the solar irradiance strength but also
on the operating point of the energy conversion system
(Faranda et al. 2008).

In general, there is a unique point on the I-V or P-V
curve, called the Maximum Power Point (MPP), at which
the entire solar-PV system operates with maximum
efficiency and produces its maximum output power as
shown in Fig. 4; this point varies according to the climatic
conditions (EL-Shimy Nov 2015; De Brito et al. 2011;
Faranda et al. 2008). Fig. 4 clearly shows that the short
circuit current and the MPP are proportional to the solar
irradiance. The changes in the solar irradiance have a
minor impact on the open circuit voltage. On the other
hand, the changes in the cell temperature cause inverse
changes in the open circuit voltage and the MPP while
their impacts on the short-circuit current are minor. This is
due to the inverse relation between the temperature and the
efficiency of the solar-PV cells.

The supply of an AC motor by a solar generator in a
solar-PV water pumping system requires the use of an
inverter which can transform the DC voltage produced by
the solar-PV into an AC source. In principle, there are two
main types of DC/AC inverters: the self-commutated and
the forced-commutated inverter (Duzat et al. 2000; Daud
et al. 2005). Generally, the efficiency of the inverter n;
indicates the fraction of the input DC power Pp. that is
transferred to the output AC side Py.. The inverter
efficiency ranges from 95-98% and is defined as the ratio
between its output AC power P, to its input power Pp.
i.e. N; = Pyc/Ppc. Although there are several alternative
motor technologies for the use in IWP (Gopal 2013), the
squirrel cage induction motors are considered the perfect
choice for modern IWP systems. This is due to the rigidity,
low maintenance requirements, long lifetime and low cost
of these motors in comparison with other alternatives. The
efficiency of an induction motors related to the mechanical
power (Pmecr) furnished to the load and given by
NMm = Pmecn/Pac. The full load efficiency of induction
motors varies from about 85-97 %.

Water pump market offers a variety of configurations,
each of which has its fields of applications and features and
it may be subdivided into three main types according to
their applications: submersible, surface, and floating wa-
ter pumps. There are another classification of pumps ac-
cording to their principle of operation such as centrifugal
pumps, screw pumps, and piston pumps (RETScreen
2004; Ramos et al. 2009). The selection of an appropriate
pump in a solar-PV water pumping application is solely
site dependent factors such as water requirement, water he-
ight, and water quality (EL-Shimy 2013; RETScreen
2004). The head versus flow rate (Q) usually characterizes
the different types of pumps. The ‘head’ is a term refers to
the height of a vertical column of water. The total dynamic
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head (Hr) of a pump (or total pumping head) is the sum of
the total static head, the pressure head, the friction head,
and the velocity head (Bachus et al. 2003).
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Figure 4. A typical curve characteristic of a solar-PV
cell (EL-Shimy Nov 2015).
(a) I-V and P-V characteristics of a solar-PV cell;
(b) Impact of irradiance variations;
(c) Impact of temperature variations

The centrifugal pump, for example, can be characteri-
zed by its absorptive power which is obviously the mecha-
nical power on the shaft coupled to the pump and is given
by (Daud et al. 2005) B, = p g QHr and the pump effici-
ency is defined as the ratio of the hydraulic power imparted

by the pump to the fluid to the shaft mechanical power i.e.
Np = Py/Pmecn- The selection of the right pump for a spe-
cific discharge rate and a definite head is usually perfor-
med via the use of the performance curves issued usually
by the pump manufacturers. For a constant flow rate, the
higher the pumping head the higher should be the stages
number of pump and of course the associated input power.
Practically, for a definite head, maximum efficiency of the
centrifugal pump varies according to the flow rate in the
range from 50 to 72%.

Irrigation distribution systems should have the capabi-
lity to deliver and apply the amount of water needed by the
crop in the appropriate time duration. The present study
will focus on the most commonly used systems in Egypt
which is the flood and drip irrigation distribution systems.
In the surface irrigation system (flood), water is applied di-
rectly to the soil surface from a channel located at the
upper reach of the field. Two general important require-
ments to obtain high efficiency in surface methods of irri-
gation are properly constructed water distribution systems
to provide adequate control of water to the fields and pro-
per land preparation to permit uniform distribution of wa-
ter over the field (Ross et al. 1997). The micro-irrigation,
also known as trickle or drip irrigation, is an irrigation met-
hod which minimizes the use of water and fertilizer by al-
lowing water to drip slowly to the roots of plants, either
onto the soil surface or directly onto the root zone. This
system is used in place of water scarcity as it minimizes
conventional losses like deep percolation, evaporation and
run-off.

It should be noted that the main feature of flood
irrigation is the high water discharge with low pressure on
the contrary the drip irrigation which is featured by low
discharge with a high pressure. The technique of drip
irrigation in comparison with flood irrigation only wets a
fraction of the soil, so that the value of the evaporation
from the soil will be smaller and there will be a saving in
water use. However, there will also be a greater level of
transpiration as there is a greater heating of the surface
(and hence of the air above it) as only a fraction of the soil
is wet, so that the soil will emit more long-wave infrared
irradiance. Part of this irradiance is captured by the leaves
of the plant, leading to an increase in transpiration,
nevertheless, the net balance of evapo-transpiration is
clearly favorable to drip irrigation, especially if the plants
are young and broadly space (Cuadros et al. 2004).

3. SUN TRACKING OPTIONS AND TILT
ANGLE

The amount of electrical energy obtained from solar-
PV systems is directly proportional to the intensity of the
sunlight which falls on the solar-PV modules. For this
reason it is desired that the solar-PV panels be fixed in a
way that they feasibly face the sun or that they have a
system which tracks the sun. The best way to collect the
maximum solar energy and therefore electrical output
power is by using solar tracking devices; a solar-PV
systems with an appropriate sun tracking can collect 30-
40% more energy than without sun tracking (Taghvaee et
al. 2013).
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Figure 5. Types of sun tracking devices (RETScreen 2004)

A solar tracker device is a mechanical device
supporting the solar collector and follows the direction of
the sun on its daily sweep across the sky in a prescribed
way. This is to minimize the angle of incidence of beam
irradiance on the solar collector; however, the trackers are
expensive, need energy for their operation and are not
always can be applied. Therefore, the optimal selection of
a sun tracking option is highly dependent on the
coordinates of the considered site and economic feasibility
of using it (Said et al. 2015). Sun tracker devices as shown
in Fig. 5 may be classified into “one-axis tracker” that
track the sun by rotating around an axis located in the plane
of the collector. The axis can have any orientation, but is
usually horizontal east-west, horizontal north-south, or
parallel to the earth's axis; “azimuth tracker” that have a
fixed slope and rotate about a vertical axis; and “two-axis
tracker” that always position their surface normal to the
beams of the sun by rotating about two axes (RETScreen
2004).

4. SYSTEM SIZING APPROACH

The required nominal power of the solar-PV pumping
system used for irrigation application is usually determi-
ned by the hydraulic energy calculation, mainly based on
water demand calculated by agricultural experts, total head
lift of water, monthly average daily solar irradiance values.
The equation for nominal electric power of solar-PV gene-
rator or Watt peak P,; expressed in (W), under Standard
Test Conditions (STC), according to Kenna & Gillett
(Kenna et al. 1985)

1000 Ey

P, = —
o fml1 = ac(Te = To) Inup Es

1)

where Ey is the output hydraulic energy (Wh/day), Es is
the input solar energy at the solar-PV generator (Wh/day),
fm 1s the load matching factor to characteristics of the so-
lar-PV generator, a, is the solar-PV cell temperature coef-
ficient (°C™Y), T, is the reference temperature of the cell (25
°C), nyp is the motor—pump unit efficiency, and T, is
temperature of the cell (°C).

Based on eq. (1), the nominal electric power of solar-
PV generator is calculated based on the known monthly
average daily demand for hydraulic energy Ey and availa-
ble monthly average daily solar irradiance E; in the critical
month (i.e. the month in which the ratio between hydraulic
and radiated solar energy (Ey/Es) is maximum) and the
known efficiency of the motor-pump unit 77,,p in reference
operating conditions.

However, this approach has the following flaws:

1- The effect of solar-PV-generator tilt or tracking
on its nominal capacity is absent.

2- By monitoring only the critical month, it is not
possible to observe properly the demands for
hydraulic energy in the other months. Further-
more, it is completely ignored that the water static
level and water quantity can vary from month to
month, thus affecting the determining of critical
values.

3- Irrigation is considered a deferrable load because
they can be supplied during any time of the day
and not during specific hours. Therefore, the da-
ily simulation of a solar-PV pumping system ins-
tead of hourly simulation would be sufficient.
Subsequently, the use of the total daily irradiance
in the plane of the solar-PV generator H, instead
of the monthly mean daily irradiance on the hori-
zontal plane Eg in Eq. (1) will result in a better
estimation of the solar energy at the input of the
solar-PV generator.

In the present approach of determining the optimal no-
minal electric power of the solar-PV generator, Eq. (1) is
transformed, in order to show its direct dependency on
pumped water and to include characteristics of the subsys-
tem components, as well as irrigation method. In this ap-
proach, the initial equation is the one for calculating hydra-
ulic energy at the output of a pumping system. A pumping
system demand is defined as the product of the depth from
which the water is raised and the required daily flow. The
daily hydraulic energy, Ej , required to pump a volume QO
to a specified head H, is

_pgQH
En = 3600 2)

where Ey; is expressed in (W h/day),p is the density of wa-
ter (1000 kg/m®), g is the acceleration due to gravity (9.81
m/sec?), O the total daily flow of water (m?/day) and H the
total pumping head.

If the water source is a well then the total pumping head
H can be expressed by (Narvarte et al. 2000),

Hy — H
T—STQAP + Hp(Qup) (3)

H = HOT + HST + D
Qmax

where, Q4 p = 0 Q4; H is the total pumping head (m), Hyr
is the vertical head from the water outlet to the ground (m),
Hpr is the dynamic level of water in borehole (m),Hgy is
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the static level (groundwater level) (m), Q4. is the maxi-
mum discharge capacity of well (m*/h), Q,p is the average
flow rate, known as ‘ ‘apparent flow”’(m%/h), Hp is the head
friction loss (m), Q4 is the mean daily quantity of pumped
water (m*/day), and ¢ is the calculation coefficient of the
average flow rate.

Furthermore, with modern solar-PV pumping systems,
which are mostly electronically controlled (AC-motor-ba-
sed solar-PV pumping systems), instead of matching factor
fm in Eq. (1), it is justified to use inverter efficiency 7,
which can include efficiency of the entire electronic sys-
tem for matching the load power to the characteristics of
solar-PV generator. In addition, miscellaneous solar-PV-
generator losses, including solar-PV-array wiring losses,
should be included. A rough estimate of these miscellane-
ous losses is 4% (EL-Shimy 2013; Glasnovic et al. 2007).
Taking into account the losses such as: the fraction of the
day in which solar irradiance is above the threshold at
which the pump starts to work (G¢> Ginresho); the yield of
the photovoltaic generator n7py, , the yield of the AC/DC
inverter 1; , and the yield of the motor-pump unit 7p.
The hydraulic energy demand E} is then determined ac-
cording to the plant water requirements, the irrigation met-
hod, and the total pumping head:

H
" 3gogoQ )
NnMr

According to the irrigation method utilized, two effici-
ency factors should be included in the determination of the
hydraulic energy demand. The first factor is the irrigation
efficiency 7, that shows to what extent the water entering
an irrigation system is exploited. The trickle (drip) irriga-
tion method exhibits highest irrigation efficiency of 85%,
while the flood irrigation method is characterized by
lowest irrigation efficiency ranging from 40-50%. The irri-
gation efficiencies of the open-channel and sprinkle irriga-
tion methods are 50—-60% and 70%, respectively. The
second factor is the efficiency of the irrigation system 71y
to account for the frictional energy losses in the irrigation
system. A rough estimate of these frictional energy losses
is 10% (EL-Shimy 2013). The nominal electric power of
the solar-PV generator or peak Watt P,; is then modified
to be

b pPgQH
°L 3600 H[1 — a (T, — T)1up nnNemwm

Taking into account the power losses when the panels
working at temperatures above the standard temperature
25°C. These may be taken to be approximately 10% of the
nominal electric power of solar-PV generator P,; (Cuadros
et al. 2004).The required peak solar-PV power P (kWp)
will then be

P=11P, (6)

The actual monthly mean produced energy available

for water pumping in (KWh/day) E, is given by
(EL-Shimy 2013):

Ex = Anyp e nwiHe[l — ac(Teey = T, (7)

where, A is the overall area of the solar-PV generator given
by (A = m * s), s is the area of solar-PV module, 1,. is the
solar-PV module efficiency at a reference temperature, and
Ny is the miscellaneous solar-PV-array losses (wiring los-
ses). The number of solar-PV modules m is defined by
(m = P*,;/ Pyoguie) Which should be approximated to the
nearest highest integer number and P*; is the optimal no-
minal electric power of the solar-PV generator.

The actual pumped total daily water flow Qpympeq in
(m?/day) can be determined by:

_ 3600 Ey nynr

qumped - 0g H (8)

The overall efficiency of the solar-PV water pumping
system can be determined by:

Na = Mup INNEMwNMA 1 — ac(Teen — T,)] - (9)

Although the given sizing model seems simple, it is
not easy to size the solar-PV pumping system to produce
the expected hydraulic energy in every time stage, because
the produced hydraulic energy from solar-PV pumping
system depends on radiated solar energy in that period.
Due to this, this work defines the objective function in a
new way, i.e., by optimizing the relation between the ou-
tput hydraulic energy and the input produced energy. The
minimization of the objective function in this work results
in finding the nominal electric power of the solar-PV ge-
nerator which would, in the observed period, meet the con-
sumers’ demands in the best way possible. This will be de-
scribed in the upcoming sections of this paper.

5. LEVELIZED COST OF ENERGY (LCOE)

It should be noted that, an economic feasibility study
conducted for a certain location at particular time may not
be applicable for another location and at another time.
Generally, the economic feasibility of an energy produc-
tion project can be evaluated using several metrics (EL-
Shimy 2013; EI-Shimy 2012; Branker et al. 2011). One of
these metrics is the cost per watt, but this method does not
consider the effects of the lifetime, performance of the e-
nergy producing equipment, and the financial policies. The
levelized cost of energy (LCOE) is another popular metric
which is a cost of producing energy (usually electricity) for
a particular system. Therefore, it fairly compares the e-
nergy costs produced by different systems, and it allows
alternative technologies to be compared when different
scales of operation, investment or operating time periods
exist. The LCOE is the net present value of the unit-cost of
electricity over the lifetime of a generating technology. It
is often taken as a representation for the average price that
the generating technology must receive in a market to
break even over its lifetime. The LCOE captures capital
costs, ongoing system-related costs and fuel costs- along
with the amount of electricity produced- and converts them
into a common metric: $/kWh.

Details about the mathematical modeling of the LCOE
is available in (Said et al. 2015); however, generally, the
LCOE can be defined by

12
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Total Life Cycle Cost (TLCC)
LCOE = ——— — (10)
Total Lifetime Energy Production

6. THE TRUE COST OF ELECTRICITY
GENERATION TECHNOLOGIES

In the energy markets across the world, market prices
for fossil fuels are often lower than the prices of energy
generated from renewable sources, such as solar, and wind.
These market prices, however, don’t consider the “true
costs” of the energy being sold, because they ignore the
external costs to society caused by pollution and its
resulting problems, including damages to public health and
the environment (Burtraw et al. 2012). Table 1 illustrates
that this metric ignores the huge variation in external cost
estimates due to their sensitivity to the presence of
multidimensional components of external damages.
Median values might be a better indication of central
tendency than mean values because they do not allow
outliers to influence the measure.

7. GREEN HOUSE GASES (GHG)
ANALYSIS

Among the available software for analysis of renewa-
ble energy technologies, the powerful freeware RETScreen
Clean Energy Project Analysis version 4.0 software is used
in this study to perform the Green House Gases (GHG)
emission reduction analysis. The RETScreen software is
capable of estimating the amount of greenhouse gases
(GHG) which could be avoided as a result of usage of
renewable energy sources. It determines the greenhouse
gas emission reduction (mitigation) potential for a Base

Case System (Baseline), and for the Proposed Case System
(Clean Energy Project).This GHG emission reduction a-
nalysis worksheet contains four main sections: Backgro-
und Information, Base Case System (Baseline), Proposed
Case System (Project) and GHG Emission Reduction
Summary. The results are calculated as equivalent tonnes
of CO; avoided per annum (El-Shimy 2009; RETScreen
2004).

The model indicates the global warming potential
(GWP) of methane (CH4) and nitrous oxide (N20). GWPs
have been assigned to greenhouse gases to allow for com-
parisons of their relative heat-trapping effect. The higher
the GWP of a gas the greater the contribution to the green-
house effect (RETScreen 2004). GWPs of gases are des-
cribes the influence of a GHG in comparison to carbon
dioxide (CO,), which is assigned a GWP of 1, (i.e., the
GWP of CHy is 21 means that a ton of methane is conside-
red to cause 21 times more global warming than a ton of
carbon dioxide and the GWP of N,O is 310 means that a
ton of nitrous oxide is considered to cause 310 times more
global warming than a ton of carbon dioxide). The default
values are defined by International Panel on Climate
Change (IPCC) (Sundqvist et al. 2002).

In the present work, the engine driven pump with diesel
as the fuel type and grid extension with oil as the fuel type
were selected as the baseline cases. The default emission
factors (i.e. the mass of greenhouse gas emitted per unit of
energy and vary for different types and qualities of fuels,
and for different types and sizes of power plants) and
conversion efficiencies (i.e. the efficiency of energy
conversion from primary heat potential to actual useful
energy output) of diesel and oil fuel types are given in
Table 2 (Fenhann 1999).

Table 1. Summary of External Cost Estimates from the Literature (Burtraw et al. 2012)

Cents/kWh Coal Qil Natural Gas Nuclear Hydro Wind Solar Biomass
Min 0.01 0.04 <0.01 <0.01 0 0 0 0

Max. 90.61 5343 17.69 86.23 35.14 1.18 2.94 29.56
Mean 18.75 16.48 6.17 9.53 4.50 041 1.12 6.62
Median 8.54 12.19 3.51 1.08 0.43 0.43 1.02 3.59

Table 2. Default emission factors and conversion efficiency of various fuels (Fenhann 1999)

Fuel type/ So- | CO; emission factor CHjemission factor | N>O emission  fac- | Fuel conversion ef-
urce €co, (Kg/Gj) ecn, (Kg/Gj) tor ey, o (Kg/Gj) ficiency 1 (%)
Diesel 74.10 0.0020 0.0020 30
Oil 77.40 0.0030 0.0020 30
solar-PV 00.00 0.0000 0.0000 43
In the RETScreen software, in case of the "Grid 8. METHODOLOGY

extension" is the baseline power source, it is often
reasonable to assume that an oil fired power plant is the
proxy plant, with "oil" is the fuel type with a 100% fuel
mix and the default Transmission and Distribution "T &
D" losses is 15% which includes all energy losses between
the power plant and the end-user. In addition, for "Water
pumping" (where the fuel conversion efficiency equals the
solar-PV pump system efficiency) is assumed to be 43%
(RETScreen 2004).

A flowchart for the sizing evaluation is given in
Fig. 6. Extensive analysis of the meteorological conditions
of the study site is performed to ensure the compatibility
of the site’s characteristics with the Standard Operating
Conditions (SOC) required by the all the solar-PV modules
listed in RETScreen software database. An appropriate so-
lar correlation model for the specific site is determined. To
ensure the capability of the generated energy, the sizing
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decision is based on the simulation of the solar-PV pum-
ping system over the whole year. The optimal sizing is
evaluated by comparing the monthly average hydraulic
energy demand and the actual monthly average produced
energy available for water pumping.

An optimally sized solar-PV pumping system will be
able to supply the required hydraulic energy for all the
months of the year. Therefore, the optimal capacity of an
optimally tilted solar-PV generator P,;" is determined by
the following equation:

Py = max (P (1)), (11)
where, i =1,2,3, ,12 is the number of the month
such that i = 1 for January and i = 12 for December.

The governing constraints that, if satisfied, indicate an
optimally sized solar-PV water pumping system are:

}

These constraints can be used to evaluate the optimal
sizing of the solar-PV. In eq. 12, the first constraint is an
inequality constraint, which is included to ensure the suf-
ficiency of the solar-PV generator to supply the demanded
monthly mean hydraulic energy for all months. The satis-
faction of the second constraint prevents over-sizing of the

Ej()—Ey() =0

max(E,(i)) — max(E4 (i) = 0 (12)

solar-PV generator (EL-Shimy 2013). In order to conduct
an economic feasibility analysis for renewable energy pro-
jects, initial costs, periodic costs, and financial parameters
are required as inputs. Since, it is internationally agreed
that large value of uncertainty are associated with these pa-
rameters; however, the input economical parameters used
in this paper are obtained from literature such as energy
cost escalation rate, interest rate, inflation rate, discount
rate, etc are summarized in Table 3.

Table 3. Summary of various financial parameters
used in this study

Item description Value
Inflation rate 10.96%
Real discount rate 9.25%
Annual debt interest rate 8.75%

The subsidies and incentives for solar-PV systems in-
clude tax rebates, grants, feed-in tariffs, net metering and
Renewable Energy Certificates (RECs). Since subsidies
and incentives are complex and widely variant, they are
not considered in the present study. Income taxes and cre-
dits are not considered in this study. The omission of these
economic items will also result in safe viability analysis
results and conclusions.
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Figure 6. A flowchart for the sizing evaluation.
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Table 4. Electricity tariff prices for agriculture sector in Egypt.

Fiscal year 2008/2009 2014/2015 2015/2016 2016/2017 2017/2018 2018/2019
Tariff PT/kWh 11.20 17.00 22.00 27.10 33.40 41.10
Escalation rate % N/A 51.79 29.41 23.18 23.25 23.05

In order to calculate the power rating for the appropri-
ate engine to drive the pump, Pgy,g4in. the following equa-
tion can be used

Pp
PEngine = F (13)
where F is the load factor of the engine which will be as-
sumed by 80 % and Ppis the power required by the
pump/motor which can determined by (Muselli et al. 1999)

T (14)

where Q is the maximum volumetric flow rate in m%/sec, p
is the density of water in Kg/m?, g is the gravitational con-
stant in m/sec?, 4 is the total dynamic head in meters, and
Nmp is the pump/motor efficiency which is assumed to be
43%.

The capital cost of the diesel engine is then estimated
using,
Cengine = $234.23 Pgygine + $3400 (15)
Eq. (15) is based on generator dealer pricing (Brighton
CO 2016; Caterpillar Inventory 2016). Prices are assumed
to include the cost of the associated control electronics. An
installation cost of 10% of the retail price is assumed. The
total capital cost of the diesel generator system, Cgpgine is
then given by,
Crotar = 1.1 CEngine (16)
In order to calculate the required diesel fuel consum-
ption, the Specific Fuel Consumption (SFC) should be
estimated. The SFC includes the efficiency of both the
source and pump, expressed in Lzyer/Lwacer, it allows speci-
fying the value of fuel liters needed per liter of pumped

water. The SFC can be estimated by the following equation
(RETScreen 2004),

9.81xH

SFC =
]Xnenginexnpump

17)

where, H is the total head (m), J is the energy content of
fuel (38.7 MJ/L), Nengine is the engine efficiency = 80%
and 1pymp is the pump efficiency which is assumed to be
65%.

The diesel engine poses additional running costs
resulting from the intensive operation, monitoring and
maintenance requirements. The diesel system contains air,
fuel, oil, and water separator filters that require
replacement. Lubrication oil and coolant need to be

replaced periodically. Therefore, a diesel engine should be
continuously a subject for intensive monitoring and
maintenance. Frequent damages for diesel engine occur.
Consequently, a considerable stock of spare parts should
be available on-site. Additionally, oil should be changed
every 250 operating hours and a complete overhaul should
be conducted every 15,000 operating hours (Muselli et al.
1999). The annual O&M costs of a diesel engine are
considered to have about 15% of the capital costs and the
lifetime of the engine is assumed to be 13 years (Qoaider
etal. 2010).

The utility electricity prices differ according to the con-
sumer class (i.e. residential, commercial, industrial and
agriculture etc.) and the voltage level of the power supply
(i.e. low voltage, medium voltage, high voltage etc.). Each
class or voltage level has its own price. In Egypt, a tiered
retail electricity-pricing scheme is used. The tariff is con-
verted to (US$ cents/kWh). In 2008, the electricity tariff
for agriculture application, that is connected mainly to the
low voltage network 380 V, was 11.2 PT/kWh which in-
creased to 17 PT/kWh in July 2014 according to the cabi-
net decree No. 1257 year 2014, which decided that the e-
lectricity tariff will be increased gradually over the next
five years starting from the fiscal year 2014 to 2018 in a
move to liberate the electricity market as it is still subsidi-
zed as shown in Table 4 (EgyptERA 2016).

For this analysis proposed here, price escalation rate
after Fiscal year 2018/2019 is assumed to be 23 % per year.

The meteorological conditions and the proposed hydra-
ulic energy demand are available in (EL-Shimy 2013).
Fig. 7 compares the demanded hydraulic energy in case of
a flood and drip irrigation system. It should be mentioned
that the used irrigation efficiency for flood and drip sys-
tems which is necessary to calculate the hydraulic energy
demand is 45% and 85% respectively.

The highest hydraulic energy demand, as shown in
Fig. 7, occurs in June, July and August months, indepen-
dent of the irrigation methods, like the daily solar irradi-
ance on a horizontal surface at which the highest irradian-
ces are in June, July and August months (summer months),
this reveals that the highest irrigation water demand that
occurs in summer months meet the highest solar irradian-
ces which make the solar-PV powered water pumping is
an excellent choice. The demanded hydraulic energy va-
lues in case of drip irrigation system is lower than those
values in case of flood system with about 52.94 % for all
the months. This indicates that the drip irrigation system is
an energy saving system rather than the flood one.

9. RESULTS
9.1 Optimal tilt angle

For determining the optimal sun tracking type and the
optimal tilt angle, two stages are performed. In the first
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stage, the optimal tracking type (fixed, one-axis, and two-
axis) is determined by comparing the output energy with
various tracking options and the optimal option is selected
based on the highest output energy. In the second stage,
the optimal time based tilt angle (annual, monthly, and se-
asonally) is determined by comparing the output energy
for the different solar-PV technologies for the optimal sun
tracking type. Tables 5-7 summarize the comparison of the
output energy of the different tracking types in case of
annual, monthly, and seasonally time based respectively.
The tables also show the values of the energy production
from the modules considering two situations. The first one
is horizontally placed solar-PV module § = 0, while the
second situation is module with the optimal theoretical tilt
angle (which is f = ¢ — §= 23.33°) where ¢ is the lati-
tude of the site and § is the declination angle.

It is clear from Table 5 that, for any solar-PV techno-
logy, the output energy of the estimated and theoretical
annual fixed angle and annual one-axis is the same. The

output energy of the annual two-axis tracking type is
higher than the estimated and theoretical annual one-axis
by a value does not exceed 4% (2.96%, 3.04%, 3.16%,
3.85%, 2.99% for mono-Si, Poly-Si, a-Si, CdTe, CIS res-
pectively) and higher than and the annual fixed type by a
value exceeding 35% (35.88%, 36.10%, 36.11%, 35.97%,
36.18% for mono-Si, Poly-Si, a-Si, CdTe, CIS respecti-
vely). In addition, the output energy of the estimated and
theoretical annual one-axis is higher than the estimated and
theoretical annual fixed tracking type by a value exceeding
30% (31.97%, 32.09%, 31.94%, 30.94%, 32.24% for
mono-Si, Poly-Si, a-Si, CdTe, and CIS respectively). Ta-
king into consideration the high cost of the two-axis
tracking type and the small output energy difference with
the one-axis tracking type, it should be concluded that the
annual one-axis is the optimal tracking type.

Table S. The output energy for different solar-PV modules and for annual based tracking types (MWh/y).

Tracking type Annual Fixed Annual One-Axis Annual
Tilt angle Estimated | Horizontal | Theoretical Estimated Horizontal | Theoretical TWQ-
(20.4°) (0°) (23.33°) (22°) (0°) (23.339) Axis

Mono-Si 0.588 0.563 0.588 0.776 0.755 0.776 0.799

Z P poly-Si 0.349 0.334 0.349 0.461 0.448 0.461 0.475
£ gl a-Si 0.288 0.275 0.288 0.380 0.369 0.380 0.392
° “I'cdre 0.139 0.133 0.139 0.183 0.178 0.182 0.189
CIS 0.152 0.146 0.152 0.201 0.196 0.201 0.207

Table 6. The output energy for different solar-PV modules and for monthly based tracking types (MWh/y).

Tracking type Monthly Fixed Monthly One-Axis
. . Horizontal . . Horizontal . Monthly
Tilt angle Estimated (0°) Theoretical | Estimated (0°) Theoretical | Two-Axis
<5 | mono-Si 0.621 0.563 0.617 0.794 0.755 0.794 0.799
2 | poly-Si 0.367 0.335 0.367 0.472 0.447 0.471 0.475
‘?r a-Si 0.303 0.274 0.302 0.391 0.369 0.390 0.392
& | CdTe 0.147 0.134 0.146 0.188 0.176 0.186 0.189
2 | CIS 0.159 0.146 0.160 0.206 0.197 0.206 0.207

Table 7. The output energy for different solar-PV modules and for seasonally based tracking types (MWh/y)

Tracking type Seasonally Fixed Seasonally One-Axis
. . Horizontal . . Horizontal Theoreti- Seasonal!y
Tilt angle Estimated (0°) Theoretical | Estimated (0°) cal Two-Axis
< | mono-Si 0.614 0.563 0.612 0.792 0.755 0.791 0.799
2 | poly-Si 0.366 0.335 0.365 0.470 0.447 0.469 0.475
°>r a-Si 0.300 0.275 0.300 0.388 0.367 0.388 0.392
k= CdTe 0.144 0.132 0.144 0.187 0.176 0.186 0.189
2 CIS 0.159 0.146 0.158 0.206 0.197 0.205 0.207

Table 8. The output energy for different solar-PV technology for the time based one-axis tracking type

Output Energy (MWh/y) for one-axis tracking type
Time segment Annual Monthly Seasonally
5 mono-Si 0.776 0.794 0.792
2 poly-Si 0.461 0.472 0.470
‘3>.* a-Si 0.380 0.391 0.388
k5| CdTe 0.183 0.188 0.187
2 CIS 0.201 0.206 0.206
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It is clear from Table 6 that, for any solar-PV techno-
logy the output energy of the estimated and theoretical
monthly fixed angle and monthly one-axis is almost the
same. The output energy of the monthly two-axis tracking
type is higher than the estimated and theoretical monthly
one-axis by a value does not exceed 1% (0.63%, 0.64%,
0.26%, 0.53%, 0.49% for mono-Si, Poly-Si, a-Si, CdTe,
CIS respectively) and higher than the estimated and theo-
retical monthly fixed type by a value exceeding 28%
(28.66%, 29.43%, 29.37%, 28.57%, 30.19% for mono-Si,
Poly-Si, a-Si, CdTe, CIS respectively). The output energy
of the estimated and theoretical monthly one-axis is higher
than the estimated and theoretical monthly fixed tracking
type by a value exceeding 27% (27.86%, 28.61%, 29.04%,
27.89%, 29.56% for mono-Si, Poly-Si, a-Si, CdTe, and
CIS respectively). Taking into consideration the high cost
of the two-axis tracking type and the small output energy
difference with the one-axis tracking type, it should be
concluded that the monthly one-axis is the optimal
tracking type.

It is clear from Table 7 that, for any solar-PV techno-
logy the output energy of the estimated and theoretical se-
asonally fixed angle and seasonally one-axis is almost the
same. The output energy of the seasonally two-axis
tracking type is higher than the estimated and theoretical
seasonally one-axis by a value does not exceed 1% (0.88%,
1.06%, 1.03%, 1.07%, 0.49% for mono-Si, Poly-Si, a-Si,
CdTe, CIS respectively) and higher than the seasonally
fixed by a value exceeding 29% (30.13%,29.78%, 30.67%,
31.25%, 30.19% for mono-Si, Poly-Si, a-Si, CdTe, CIS re-
spectively). In addition, the output energy of the estimated

and theoretical seasonally one-axis is higher than the esti-
mated and theoretical seasonally fixed type by a value
exceeding 28% (28.99%, 28.42%, 29.33%, 29.86%,
29.56% for mono-Si, Poly-Si, a-Si, CdTe, and CIS respec-
tively). Taking into consideration the high cost of the two-
axis tracking type and the small output energy difference
with the one-axis tracking type, it should be concluded that
the seasonally one-axis is the optimal tracking type. In the
Second Stage, the time based tilt angle (Annual, Monthly,
Seasonally) is determined by comparing the output energy
for the different solar-PV technologies for the determined
optimal tracking type. Table 8 shows the output energy ba-
sed on the estimated tilt angle only for the optimal tracking
type (one-axis) as it is slightly higher than in case of the
theoretical angle.

It is depicted from Table 8 that the output energy in
case of the monthly based tilt angle is higher than in case
of seasonally based tilt angle by 0.25%, 0.43%, 0.77%,
0.53, 0% for mono-Si, Poly-Si, a-Si, CdTe, CIS solar-PV
modules respectively. While the output energy in case of
the seasonally based tilt angle is higher than the annual ba-
sed tilt angle by 2.06%, 1.95%, 2.11%, 2.19%, 2.40% for
mono-Si, Poly-Si, a-Si, CdTe, CIS modules respectively.
Therefore the seasonally based tilt angle for the one-axis
tracking type is the optimum choice.

9.2. Optimal sizing of the solar-PV generator
Tables 9 - 12 show the results based on the seasonally

based tilt angle for the one-axis tracking type as chosen the
optimum choice.

Table 9: The number of solar-PV module (m) of the solar-PV generator

Sizing Parameter Number of modules — m; seasonal one-axis tracking
solar-PV Type & | mono-Si-SPR poly-Si-CS6A a-Si- SN2-
Model 320E-WHT 190W 145.0W CdTe- ABI-72 | CIS-SL1-85W
Irrigation method | Flood | Drip | Flood | Drip | Flood | Drip Flood Drip Flood Drip
Winter 35,393 | 18,739 | 59,609 | 31,560 | 73,479 | 38,904 | 151,364 | 80,140 | 136,316 | 72,172
Jan | Feb | Mar
Spring 44,871 | 23,748 | 75,572 | 39,996 | 89,422 | 47,338 | 187,531 | 99,249 | 174,662 | 92,438
Apr | May | Jun
Summer "
48,503 | 25,688 | 81,689 | 43,264 | 96,719 | 51,225 | 202,763 | 107,388 | 188,706 | 99,943
Jul | Aug | Sep
Autumn A -
35,893 | 18,995 | 60,451 | 31,990 | 75,658 | 40,038 | 154,791 | 81,914 | 137,666 | 72,852
Oct | Nov | Dec
Table 10: The total collector area (S) of solar-PV generator
Sizing Parameter Overall area — S (m?); seasonal one-axis tracking
solar-PV Type & | mono-Si-SPR poly-Si-CS6A Qi ) ) ) ) )
Model 320E-WHT 190W a-Si- SN2-145.0W | CdTe- AB1-72 CIS- SL1-85W
Irrigation . . . . .
method Flood | Drip Flood Drip Flood Drip Flood Drip Flood Drip
Winter 57,33 | 30,35 41,02 | 130,79 108,98 | 57,70 | 102,23 | 54,12
Jan | Feb | Maf 7 7 | 792 g 30| 9929 1 7 9
Spring 72,69 | 38,47 51,99 | 159,17 71,45 | 130,99 | 69,32
Apr [May [Jun | 1 5 98244 | 7L | 84.262 | 13502 | 'g 7 !
Summer 78,57 | 41,61 | 106,19 | 56,24 | 172,16 | 91,180. | 108,98 | 57,70 | 141,53 | 74,95
Jul | Aug|Sep| 5 5 6 3 0 5 2 1 0 7
Autumn 58,14 | 30,77 41,58 | 134,67 135,02 | 71,45 | 103,25 | 54,63
Oct | Nov | Dec| 7 2 | 78386 || 71268y 9 0 9
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Table 11: The nominal electric power( P,;) of the solar-PV generator

Sizing Parameter P,; (MWp); seasonal one-axis tracking
solar-PV Type & | mono-Si-SPR 320E- poly-Si-CS6A a-Si- SN2- ) ) CIS-SL1-
Model WHT 190W 1450w | CdTe-ABI-72 85W
Irrigation method Flood Drip Flood Drip | Flood | Drip | Flood | Drip | Flood | Drip
Winter "
Jan | Feb | Mar 11.33 6.00 11.33 6.00 10.65 | 564 | 1090 | 577 | 11.59 | 6.13
Spring 14.36 7.60 1436 | 7.60 | 1297 | 6.86 | 1350 | 7.15 | 14.85 | 7.86
Apr | May | Jun
Sumimer 15.52 822 | 1552 | 822 | 10.65 | 564 | 1460 | 7.73 | 16.04 | 8.50
Jul | Aug | Sep
Autumn
Oct | Nov | Dec 11.49 6.08 11.49 6.08 1297 | 686 | 11.14 | 590 | 11.70 | 6.19
Table 12: The monthly mean available produced energy(E 4) of the solar-PV generator
Sizing Parameter E, (MWh/month); seasonal one-axis tracking
solar-PV Type & | mono-Si-SPR 320E- poly-Si-CS6A- a-Si- SN2- CIS- SL1-
Model WHT 190W 145.0w | CdTe- ABI-72 85W
Irrigation method Flood Drip Flood Drip | Flood | Drip | Flood | Drip | Flood | Drip
Winter 8,657 4585 | 8,657 | 4,585 | 8,199 | 4343 | 8,397 | 4,447 | 8,780 | 4,651
Jan | Feb | Mar
Spring
10,678 5,655 10,678 | 5,655 | 10,578 | 5,602 | 10,621 | 5,625 | 10,702 | 5,668
Apr | May | Jun
Summer 10262 | 5435 | 10262 | 5435 | 10,254 | 5431 | 10,257 | 5.433 | 10,262 | 5436
Jul | Aug | Sep
Autumn 7,752 4,106 | 7,752 | 4,106 | 7430 | 3,935 | 7,570 | 4,009 | 7.846 | 4,155
Oct | Nov | Dec

It is clear from Tables 9 - 12, for the one-axis seaso-
nally based tracking type, the used number of solar-PV
modules and its collector area in case of drip irrigation
method is lower than the flood irrigation case by almost
47.06 % for all solar-PV technologies. It is also clear that
the P,; of solar-PV modules in case of drip irrigation met-
hod is lower than the flood irrigation caseby almost
47.06 %. On the same manner, the E, at the maximum
number of solar-PV modules in case of drip irrigation met-
hod is lower than the flood irrigation case by almost
47.04 %.

The results also show that the minimum number of the
required modules and the minimum collector area is asso-
ciated with the mono-Si technology considering the mono-
Si-SPR 320E-WHT module. On the other hand, the mini-
mum nominal electric power is associated with the thin
film technology of the a-Si- SN2-145.0W modules while
the maximum available energy is associated with the thin
film technology of the CIS- SL1-85W modules. Therefore,
the crystalline solar-PV technologies offer low collector a-
rea in comparison with the thin film technologies but the
thin film technologies offer higher energy. In this paper,
the maximization of the land use saving is assumed to be
significantly important. Therefore, the mono-Si-SPR
320E-WHT modules are considered in the construction of
the solar-PV generator and the subsequent analysis.

9.3. LCOE results

Considering the true cost of energy, the LCOE is esti-
mated for various energy alternatives i.e. solar-PV, diesel
engine, and grid electricity. It is found that the LCOE of
solar-PV driven pump is 0.071, 0.070, 0.069 and
0.067 ($/KWh) for debt ratios (DR) of 100%, 75%, 50%
and 0% respectively. It is also found that the LCOE of En-
gine driven pump is 0.220, 0.217,0.215 and 0.210 ($/kWh)
for DR of 100%, 75%, 50% and 0% respectively. The
LCOE of grid electricity driven pump is found to be
0.193 ($/kWh). The results show that the solar-PV is the
most economical energy source followed by the grid elec-
tricity then the diesel engine.

9.4. Green House Gases (GHG) analysis

Fig. 8 shows the GHG analysis results. As expected,
the results show that the solar-PV generator is the most en-
vironmental friendly energy alternative followed by the di-
esel engine then the grid electricity.
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Fusltype/Source

Fig. 8: Net GHG emission factors for various energy
alternatives

10. CONCLUSIONS

This paper presented an improved modeling and via-
bility analysis for optimal sizing and performance analysis
of solar-PV sources for irrigation water pumping (IWP)
systems considering various solar-PV technologies as well
as various sun tracking options. Other traditional alternati-
ves for powering IWP systems are considered and compa-
red with the solar-PV alternative. The considered traditio-
nal sources are the diesel engines and the utility grid elec-
tricity.

The results show that the one-axis sun tracking is the
most feasible alternatives as it provides an energy produc-
tion gain comparable with the two-axis tracking while its
cost is relatively low in comparison with the two-axis
tracking. The energy production gain with the seasonally
tilted one-axis tracking is significantly high in comparison
with the fixed modules. From solar-PV technological po-
ints of view, the results show that the optimally selected
crystalline solar-PV technologies offer low collector area
in comparison with the thin film technologies but the thin
film technologies offer higher energy production. From
economical point of view, the LCOE estimations show that
the solar-PV is the most economical energy source fol-
lowed by the grid electricity then the diesel engine. In ad-
dition, the GHG analysis shows that the solar-PV genera-
tor is the most environmental friendly energy alternative
followed by the diesel engine then the grid electricity.
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