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COMPUTER - AIDED DESIGN AND PERFORMANCE
EVALUATION OF PV-DIESEL HYBRID SYSTEM

Prepared by
Mo'ien Ali Ahmad Omar

Supervisors
Prof. Dr. Marwan M. Mahmoud
Dr. Imad Ibrik

Abstract

The present work presents a methodology to design and analyze the
performance of a PV-Diesel Hybrid Power Systems using computer aided
design. Analysis carried out in terms of several designs and different
economic parameters based on life cycle cost and cost annuity. It was
found that for Palestine the PV-Diesel Hybrid Power Systems are
economically more feasible than using diesel or PV- stand alone systems.
Different scenarios were tested technically and economically until the most
appropriate one was found. A respective computer program, which
simulates the operation of hybrid system on an hourly basis, was developed
and can be a helpful tool to design a PV— Diesel Hybrid Power Systems
appropriate from techno-economical view points for rural areas in

Palestine.



CHAPTER ONE

INTRODUCTION



1. Introduction

Electricity is one of the fundamental necessities for every day's life.
However off grids regions in Palestine still use diesel generators for short
periods (5-7 hours/day). Most of these diesel generators are oversized.
Initial cost of diesel generators may be comparatively low, but the long
term cost can be high due to running cost (fuel consumption &
maintenance requirements ).In Palestine the price of diesel fuel supplied

from "Dor alon Israel fuel company " is high since it amounts to 1 $/liter.

Using hybrid systems (combination of PV- Diesel —Battery storage) is
recognized as a viable alternative to conventional diesel generator or stand

alone PV-Battery system.

Such systems will improve the quality of life and make power supply to
operate 24 h/day and reduce the environment pollution emissions from

diesel generator.

The major concern in design of such systems is sizing system components
and mange diesel generator operation to satisfy the load demand
economically. The software package developed in this thesis can be used to

simulate and design such a system.
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The goals of this work are summarized in the followings:

1-Contribution to the development program of rural areas in Palestine.
2-Encourage the use of renewable energy sources.

3- Reduce the environment pollution.

4-Development of reliable alternative energy sources.

5-Development of a PV-Diesel hybrid system appropriate from techno-

economical view points for rural areas in Palestine.
The research approach is as follows:

1-Select accurate and practical mathematical models for characterizing PV
module, diesel generator and battery storage.

2-Design the software package for simulating PV/Diesel energy source.
3-By using the above computer simulation the optimum system
configuration can be determined for the conditions in Palestine by
comparing the performances which meet the load demand with minimum

cost.
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CHAPTER TWO

HYBRID ENERGY SYSTEM



2. Hybrid Energy System.

A stand-alone PV system with another integrated power source is called a
PV-hybrid system. Meeting the full requirements of the load demand with
stand-alone PV —system is too expensive especially under worst —case
weather conditions. Hybrid system provides better economics as the

storage requirements are low and investment costs are minimized.

Diesel generator PV-system
Low capital cost High capital cost
High running cost Low running cost

PV-D.G hybrid System
Reduce capital cost
Reduce running cost

Figure (2.1): Comparison of Hybrid systems with stand-alone systems.



2.1. Configurations of hybrid system

Hybrid systems can be categorized according to their configuration as [1]

* Series hybrid system

In the series hybrid system (Figure 2.2), the energy from diesel generator
and a PV array are used to charge a battery bank. The diesel generator is
connected in series to the inverter to supply the load. The diesel generator
cannot supply the load directly. The inverter converts DC voltage from the
battery to AC voltage and supplies it to the load. The capacity of the battery
bank and inverter should be able to meet the peak load demand. The

capacity of diesel generator should also be able to meet the peak load and

charge the battery simultaneously.

PV Array
Controller ] Diesel Generator
Rectifier/
Battery Charger
1 , ° e
T » '

Inverter  AC Load

Battery Bank

DC BUS

Figure (2.2): Series PV-diesel generator hybrid system.




* Switched hybrid system

The switched hybrid system (Figure 2.3), the battery bank can be charged
by the diesel generator and the PV array. The load can be supplied directly
by the diesel generator. If the diesel generator output power exceeds the
load demand, the excess energy will be used to recharge the battery bank.
During period of low electricity demand, the diesel generator is switched
off and the load is supplied by the PV Array, together with stored energy
from the battery bank. When comparing the overall conversion efficiency,

switched systems is more efficient than the series system.

PV Array Diesel Generator

Controller Battery Charger

i T ’ ' a

Q1

Jo— 00
3 change-over '\.__

= switch

] ‘S ' AC Load

T —
Inverter

Battery Bank

DC BUS AC BUS

Figure (2.3): Switched PV-Diesel generator hybrid system.

* Parallel hybrid system

A parallel hybrid system is show in Figure 2.4. The diesel generator can
supply the load directly. The PV array and the battery bank are connected
in series with the bi-directional inverter to supply the load. During low
electricity demand, excess energy from PV array is used to recharge the

battery bank. The bi-directional inverter can charge the battery bank when
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excess energy is available from the diesel generator. Several advantages of
this configuration include meeting load demand in an optimal way,
reduction in the rated capacities of the diesel generator, battery bank,

inverter and PV are possible, in addition meeting the peak loads.

PV Array Controller Diesel Generator
Bi-direction
L Inverter s
T 1N
Battery Bank AC Load
DC BUS AC BUS

Figure (2.4): Parallel PV-Diesel generator hybrid system.
Switched hybrid system configuration was selected as a case study in this

work.
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SOLAR RADIATION



10

3. Solar radiation

For PV system, solar radiation is the most important data for preliminary

design and sizing of a PV power system.
3.1. Geographical location of Palestine

Palestine is located between the longitudes 34.15° and 35.40° east and

between the latitudes 29.30° and 33.15° north as shown in Figure 3.1.

34° 35° 36"

A -
P
[ )
32 /-
/| [
y -
B S I () P
gl Ay
Y 4
* 4
/
Egyr \

\ I/
LA

Figure (3.1): Map of Palestine with latitude
and longitude values.




11
Palestine has a high solar energy potential, where the daily average of solar
radiation intensity on horizontal surface is 5.4 kWh/m®, while the total
sunshine hours amounts to a bout 3000 and this is enough to produce solar
energy in a sustainable way [2].

Table (3.1): Monthly average solar radiation (kWh/m*-day)

in Palestine [3].

Month kWh/m*-day
1 2.89
2 3.25
3 5.23
4 6.25
5 7.56
6 8.25
7 8.17
8 8.10
9 6.30
10 4.70
11 3.56
12 2.84

[
=]

£
|
|
|
|

=
|
|
|
|
|
|
|

e
|
|
|
|
|
|

kWh/miday

=

1 2 3 4 5 6 7 8 9 10 11 12
Month

Figure (3.2): Monthly average solar radiation in Palestine.
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3.2. Sun tracking

Sun tracking by tilting the PV — array allows to receive the maximum solar
radiation. Moreover it limits the difference between the maximum and

minimum of the power output of PV-array.

Tilt angle is the angle between the surface of the PV-array and the
horizontal axis, where as the azimuth angle is the angle between the normal

of the tilted array and the geographic south.

Fixing tilt angle at a certain angle all year to the latitude value (32°) in
Palestine increase the solar energy collected by modules. Seasonal changes
of tilt angle of solar modules collect higher solar energy than those of the

fixed solar modules.

m}\“”{,

—_— —_—
— ——

=z

Figure (3.3): PV-array facing south with tilt angle 32°.
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The tilted angle B is fixed seasonally as follows:
B =L+10 =32 +10 =42 during winter period.
B =L=32 during spring and autumn period.

B =L-10=32-10=22 during summer period.
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CHAPTER FOUR

COMPONENTS OF HYBRID SYSTEM
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4. Components of hybrid system

This chapter will describe the different components of PV-diesel hybrid
power system to give an understanding of components and some aspects of

their operation.
4.1. Photovoltaic modules

Photovoltaic means direct conversion of sun light to DC electricity. The
history of photovoltaic goes back to the year 1839, when Becquerel

discovered the photovoltaic effect [4].

Bell laboratories produced the first solar cell in 1954, the efficiency of this
cell was about 5 %, and cost was not a major issue, because the first cells

were designed for space applications [4].

In the following years solar cell efficiency increased while the cost have

decreased significantly as shown in figure 4.1 .
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30 20
_ 35 18
£
e 20 16 2
g z
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= 2
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. §
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(b) year

Figure (4.1): Increases in PV module efficiency, and decreases in cost
per peak watt, 1978-92 [5].

Photovoltaic offers the highest versatility among renewable energy
technologies, one advantage is the modularity .All desired generator sizes
can be realized from milliwatt range for the supply of pocket calculator to
megawatt range for the public electricity supply [4]. PV module production

increased since 1979 as shown in figure 4.2.
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Figure (4.2): PV module production since 1976 [5].
Many photovoltaic applications are available for consumers such as water
pumping, communication station, water desalination, street lighting, hybrid

power system and many other applications.
4.1.1. PV operating principle

A PV cell is made of at least two layers of semiconductor material. One
layer has a positive charge, the other negative. When light strikes the
surface of the cell, some of the photons from the light are absorbed by the
semiconductor atoms, freeing electrons from the cell’s negative layer to
flow through an external circuit and back into the positive layer. This flow
of electrons produces electric current. Figure 4.3 shows the solar cell
construction, the sandwich of semiconductor materials produce electricity

directly from the sunlight without any moving parts.
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Sunlight
(photons)
% Encapsulate seal
External dircult . Top electrical contact
Q = = = = ' P-Type material
= —, —, — {boran-doped silicon)
S .
T ————— PN junction
N N-Type material
\ (phoshorous-doped silicon)
Base contact

Figure (4.3): Basic solar cell construction [6].
In principal, a solar cell 1s a large-area silicon diode. Figure 4.4 shows

Equivalent circuit diagram of an ideal solar cell.

Figure (4.4): Equivalent circuit diagram of an ideal solar cell.
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The mathematical function of an ideal illuminated solar cell is illustrated in

the following equation:

qv
_ _ ekl —1
L,=1,-1,=1,-1,. @1

Where:

Ipy :  Load current [A]

I,n : photocurrent [A]

Io : dark current [A] or saturation current
q Elementary charge [e =1.6%10""" As]

V : voltage [V]

K : Boltzmann constant [8.65%10°eV/K]
T diode temperature [K]

4.1.2. STC and I-V curve

The rated power of a solar cell or a module is basically reported in “peak
watts” [Wp] and measured under internationally specified test conditions,
namely Standard Test Conditions (STC), which refers to global radiation
1000 W/m® incident perpendicularly on the cell or the module, cell

temperature 25 °C and AM 1.5 (AM: air mass).

Photovoltaic modules have current voltage relationship which is

represented in [-V curve.
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Figure 4.5 shows a single 100 cm” silicon PV cell connected to a variable
electrical resistance R, together with an ammeter to measure the current (I)
in the circuit and a voltmeter to measure the voltage (V) developed across
the cell terminals. Let us assume the cell is being tested under standard test

conditions.

sUn

5

voltage

v E]

s

r

variable

resistance
(R)

1000 W m—2 25 °C

Figure (4.5): PV cell connected to variable resistance, with Ammeter and

Voltmeter to measure variations in voltage and current as resistance varies.

When the resistance is infinite (i.e. open circuited) the current in the
circuits at its minimum (zero) and the voltage across the cell is at its
maximum, known as the ‘open circuit voltage’ (V,.). At the other extreme,
when the resistance is zero, the cell is in effect ‘short circuited’ and the
current in the circuit then reaches its maximum, known as the ‘short circuit
current (I).

If we vary the resistance between zero and infinity, the current (I) and

voltage (V) will be found to vary as shown in Figure 4.6, which is known
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as the ‘I-V characteristic’ or ‘I-V curve’ of the cell. It can be seen from the
graph that the cell will deliver maximum power (i.e. the maximum product
of voltage and current) when the external resistance is adjusted so that its

value corresponds to the maximum power point (MPP) on the I-V curve

[5].

30~ maximum power point

25—

o

shart circuit current (1s¢)

cumrent/amperes
- M
n =
[ [

(=]
|

0.5

I o
I | .- open circuit voltage (Y,

0 | | | | oc)
5 06

0 0.1 D2 03 04
voltage/volts

I i T et

Figure (4.6): (I-V) characteristics of a typical silicon PV cell
under standard test conditions.

4.1.3. Effect of solar radiation on PV performance

The irradiance will affect the current generated by a solar cell, the higher
the irradiance the higher the current. The effect of irradiance on voltage is
minimal .The change in Irradiance can be calculated, the manufacturer’s
standards will provide the user with a short-circuit current, which can be

recalculated for the new irradiance value by equation (4-2).
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I, (G) = (I rated@1000W /m?) x (G/Gy) 4-2)

Where

I,.: short circuit current

G: the actual radiation

Gy standard test condition value of radiation (1000W /mz)

Figure 4.7 shows the effect of radiation variation at PV module consisting

of 36 cells of mono crystalline silicon [Siemens, SR50] at constant

temperature.
PV module : Siemens SolarSRS0Manufacturer
P —
= I I I I
Celltemp. = 40 ¢ 1 1 1
| | | |
3sft I I I I ]
[ [ncid. Irradd = 1000 Wim= | I
t ' | |
[ | | |
30 | | | | 7]
| | | |
| : — | |
[ |n|:|d. Irrad = 500 'l.-“-.l'I'rTu’ | | ]
24 1 [ | 1 -]
[ | | |
T | | | |
% 20f Inciet. irvact = 800 e I I ]
3 T t | |
a : I I I
[ | | | |
15 [ I I I I a
. A i = 2 | | ]
Inmd.lrrad 400 W."I‘II'I 177 |
B | ] |
B | | | | T
1.0 __ | | | | N
i ncid. Irvad = 200 Wie 54 W I
osf | | .
[ | | |
[ | | |
I S SO SRR MU S .t | S
u] 5 10 15 20 25
altage [¥]

Figure (4.7): PV module (I-V) curve with variation of solar radiation and
constant temperature [7].
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PV maodule : Siemens SolarSRS0Manufacturer
T M— et
= | [ | 455w |
Celltemp. = 40 "L I I M I
| | |
Incid. [rrad = 1000 Wim? | | |
Incic. Irrs\H = G00im? : : :
40 - Inc!d. Irrad j B00 1.-“J.l'mz : : 570w : —
Inid. Irred = 400 im | A |
Incid. lrrad = 200WWim® 1 | 1
| | | |
| | |
| | |
aof | I 273wy I 7]
) I l e l
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< I I I I
Ar | ' L1770 : .
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Figure (4.8): PV module (P-V) curve with variation of solar radiation and
constant temperature [7].

4.1.4. Effect of temperature on PV performance

Solar cells vary under temperature changes; the change in temperature will
affect the power output from the cells. The voltage is highly dependent on
the temperature and an increase in temperature will decrease the voltage.
Each solar module will have manufacturing standards; the normal operating
cell temperature (NOCT) should be among these standards. The NOCT is
the temperature the cells will reach when operated at open circuit in an
ambient temperature of 20°C at AM 1.5 irradiance conditions, G = 0.8
kW/m® and a wind speed less than 1 m/s. For variations in ambient
temperature and irradiance the cell temperature (in °C) can be estimated

quite accurately with the linear approximation that
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NOCT —20}>< G

(4-3)

TC:TA+(
0.8

The combined effects of irradiance and ambient temperature on cell

performance merit careful consideration. Since the open circuit voltage of

a silicon cell decreases by 2.3 mV/°C, the open circuit voltage of a module
will decrease by 2.3n mV/°C, where n is the number of series cells in the
module. Hence, for example, if a 36-cell module has a NOCT of 40°C with
VOC = 19.40 V, when G = 0.8 kW/m’, then the cell temperature will rise to
55°C when the ambient temperature rises to 30°C and G increases to 1
kW/m?. This 15°C increase in cell temperature will result in a decrease of
the open circuit voltage to 18.16 V, a 6% decrease. Furthermore, excessive

temperature elevation may cause the cell to fail prematurely [8].

Figure 4.9 shows the effect of temperature variation at PV module
consisting of 36 cells of mono crystalline silicon [Siemens, SR50] at

constant radiation.
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PV module : Siemens SolarSRS0Manufacturer

|
410 £ I L L L A B
35f .
sof .
25F .
T
£ [ _
5 20 i
S -
15 [ Incid. lrrad = 1000 W= ]
[ Operating Cell Temp = 10 °C, Pmpp = 23.8WY
[ Operating Cell Temp = 252, Pmpp = 502w ]
101 Operating Cell Temp = 40 °C, Pmpp = 46.5W =
[ Opergting Cell Temp = 55 °C, Pmpp = 42.9W
05 } ——— Operating Cell Temp = 70 °C, Pmpp = 39.3W
0.0 S U B — -
u] 5 10 15 20 25
Woltage [W]
Figure (4.9): PV (I-V) curve with variation of temperature and constant

radiation [7].
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PV module : Siemens SolarSRS%0Manufacturer
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Figure (4.10): PV (P-V) curve with variation of temperature and constant
radiation [7].

4.1.5. PV-cell types

There are many types of PV cells for instance mono-crystalline, poly-
crystalline, amorphous silicon, compound thin-film, and thick-film and
high-efficiency cells. The figure 4.11 illustrates some examples of

commercially available PV cells.

Mono- Multi-crystalline Thick-film Amarphous
crystalline Silicon cells Silicon cells Silicon cells

Figure (4.11): different types of PV cell
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-Main characteristics of different PV cell types
» Single-crystal silicon

— 15% efficient, typically

— expensive to make (grown as big crystal)
* Poly-crystalline silicon

— 10-12% efficient

— cheaper to make (cast in ingots)
» Amorphous silicon (non-crystalline)

4-6% efficient
— cheapest per Watt

— called “thin film”, easily deposited on a wide range of surface
types

— efficiency degradation with time

30.0% -+ r $0.60
[ ICell Efficiency
25 0% - — Module Efficiency F $0.50
] == Materials Costs
20.0% A | - F $0.40 s
—_ &
] W
g15_0% 1 — L $030 S
2 — - 2
w @
- — o
10.0% - F $020 =
5.0% - I $0.10
— W
0.0% T T T T T : g
Single-xtal Si Multi-xstal Si a-Si CdTe CIs thin-Si Dyes
PV Technology

Figure (4.12): Comparison of PV Technologies [9]
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4.1.6. PV performance model

As mentioned first the electrical behavior of PV cell is function of the
incident solar radiation and cell temperature, our model considered cell
temperature, incident solar radiation, and parameters provided by
manufacturers; temperature coefficient of maximum power, Kr, is
ordinarily negative, typical values for Kt are about -0.4% / °C for single
and poly — crystalline silicon and -0.1 to -0.2% / °C for amorphous silicon

[10].

The maximum power temperature coefficient is one parameter in a simple

and widely used expression for estimating PV output [10]

Pout=Pr (G/Gref) X [1+ I<T (T module ~ T module,ref)] (4'4)

Where

P : power, kW

G : radiation, (W/m?)

K7t : Temperature coefficient of maximum power (1/°C)
ref : reference conditions (G=1000 W/m* T=25 °)

Empirical equation (4-5) used to find module temperature from ambient

temperature and solar radiation.

Tmodule =T ambient +0.0256 x G (t) 4-5)
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Model inputs:
The inputs affect the output power of PV panel:
Rated power of panel.
Maximum power temperature coefficient.
Ambient temperature (hourly).
Solar radiation (hourly).
Model outputs:
The output of this model after simulation is the output power of PV module

at desired conditions hourly.
4.2. Diesel generator

Diesel generators are widely used as alternative energy sources for remote
off-grid areas mainly due to their low capital costs. In a hybrid system it is
mainly included to supply power during extended periods of low solar
radiation and supply peak power in order to reduce the array size as well as

the battery bank.
4.2.1. Diesel generator in hybrid system.

The utilization of diesel generator in hybrid systems is dependent on the
percent of energy delivered to the load by the PV system, system with high
PV contribution, the diesel generator is used mainly as a backup source and
will not necessarily started daily. Diesel generator becomes the main source
and runs many hours every day if the PV contribution is low. In this case

the fuel and maintenance cost should be optimized to decrease the cost of
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energy generated from the system. Finally diesel generator runs from time

to time if PV — contribution is medium.

4.2.2. Diesel generator operating characteristics

e Rotation speed

The Corresponding speeds of 50 Hz generators are 3000 rpm and 1500 rpm

synchronous generators obtained from the following equation.

120x f=nxP (4-6)

Where:

n : speed (rpm)

f: frequency

P : number of poles

The 3000 rpm units are 2-pole machines and are of simpler construction,
resulting in lower acquisition cost. The 1500-rpm machines are 4-pole
machines and are somewhat more expensive, but more common in the

larger sizes or heavy duty units.

In general, the higher the rpm, the more wear and tear on the bearings. This
means more frequent maintenance requirements. Two-pole generators are
thus most convenient for use in relatively light duty applications that
require less than 400 hours per year of operation. Four-pole generators are
recommended when more than 400 hours of operation per year are

anticipated [8].
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e Fuel types

Diesel engines differ from gasoline engines in that they do not have spark-
plugs to ignite the fuel mixture, and work at much higher pressures. Diesel
engines need less maintenance that gasoline engines, and they are more

efficient [11].
e Efficiency and fuel consumption

Electrical and mechanical losses are present in all generators.

However, the greatest losses in a generator system are attributable to the
prime mover engine. The efficiency of diesel generator is proportional to
the size of the operated load by the diesel generator .Manufactures
endeavor to produce maximum efficiency at somewhere between 80-90 %
of rated full load.

Figure 4.13 shows approximate plots of efficiency vs. percent of rated

electrical load

100
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Figure (4.13): Diesel generator overall efficiency vs. rated load.
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As seen in Figure 4.13 the efficiency of a diesel genset is higher at the

higher loading rate, and is lower at the lower loading rate.

4.2.3. Diesel fuel consumption model

There are two fuel consumption models reviewed in this section linear

model by Uhlen and nonlinear model Nayar.

Linear model : Skarstein and Uhlen (1989) (after Reiniger et al.,1986) have
presented a relation among various models of diesel gensets in which F; is a

constant and F, is proportional to the rated power of the genset :

F=F; x Pout F,
Fi=0.246 liters’kWh
Fo=Bx P,

B =0.08415 liters’kWh

The equation of fuel consumption becomes:

F=0.246 x P,,+0.08415 x P, 4-7)

Where

F = fuel consumption (L/h).

P, = actual operating electric output power (kW).
P, =rated electric power of diesel generator (kW).

The Figure 4.14 illustrates the linear relation of diesel fuel consumption
with electrical output power.
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Figure (4.14): Linear diesel fuel consumption per hour.
Nonlinear model: Figure 4.15 Illustrates the normalized specific fuel
consumption characteristic for plant in the size of 20-40kV A this measured

by [12].

Normalised SFC (KWh/L)

0.1 4 . Y v v ; .
0 20 40 60 80 100 120
% Diesel Load

Figure (4.15): Specific fuel consumption characteristic for plant in the size
of 20-40 kVA.
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From the above two models we can calculate hourly fuel consumption of

diesel generator.

For Example If the rated power of D.G is 40 kW, and the load factor =50 %

The calculation from linear model, equation (4-7) results the following.
Pou =20 kW

P, =40 (kW)

F=8.286 L/h

Calculation from Nonlinear model: using Figure 4.15 to find the value of
the SFC for specific diesel generator operating power. Fuel consumption
rate is equal the operating power divided by SFC.

At 20 kW output power, normalized SFC = 0.78.

SFC=3kWh/Liter x 0.78 =2.34 kWh/liter.

Fuel consumption at 50 %; 20 kW.

F = P/SFC = 20/2.34 = 8.547 L/hour.

The tow results nearly the same, linear model is used in this work.

4.2.4. Life cycle of diesel and regular maintenance requirements

A diesel generator can operate for between 5000-50 000 hours (average
20000 hours), depending on the quality of the engine, whether it has been

installed correctly, and whether O&M has been properly carried out [11]

Regular maintenance and low load operation are the main factors affect the

diesel generator life.
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e Regular maintenance

Diesel engines require routine maintenance for long —life service. The
normal maintenance requirements are about the same as owing a diesel
powered vehicle —oil, oil filter and fuel filter in tropical and cold climates.
It is advisable to have a water fuel separation filter system installed, water
or moisture in diesel fuel can be damaging to a diesel engine because the

water properties create advanced ignition and accelerated detonation.

The engine will need oil change every 100 to 250 hours depending on the
dust conditions. Companies recommend to change the oil filter every time

where engine oil will be changed.

Air filter need to be changed as required depending on how much dust is in
the air, Diesels need a lot of clean air to operate properly and will collapse
if the air filter is dirty. Manufacturers recommend checking the air filter at
least every 100 hours .In industrial environment checking is recommended

each 50 hours.

Fuel filter are normally changed every 200 to 250 hours depending on how

clean the fuel and dust condition [13].

e Low load operation.

Other factor affects the diesel generator life is the low load operation which
defined as when the engine operates for a prolonged period of time below

40 — 50 % of rated output power [13].
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During periods of low loads, the diesel generator will be poorly loaded with
the consequences of poor fuel efficiency and low combustion temperatures.
The low temperatures cause incomplete combustion and carbon deposits
(glazing) on the cylinder walls, causing premature engine wear. Therefore

To avoid glazing we operate the diesel generator near its full rated power.

4.2.5. Pollutant emissions

Number of kg of CO2 produced per liter of fuel consumed by the diesel
generator depends upon the characteristics of the diesel generator and of
the characteristics of the fuel, and it is usually falls in the 2.4-2.8 kg/L

range [14].

4.2.6. Mathematical model for diesel generator

A linear diesel fuel consumption model that relates the diesel fuel
consumption to the electrical power output is considered in this study:

F =0.246 x Pout+0.08415 x Pr

Model inputs:

P,.« = actual operating electric output power (kW)

P, =rated electric power of diesel generator (kW)

Model outputs:

Fuel consumption (liter/hour)
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4.3. Storage battery in PV power system

Except in PV powered water pumping systems, storage batteries are
indispensable in all PV power systems operating in standalone mode to act

either as a power buffer or for energy storage.

The PV generator is neither a constant current nor a constant voltage
source. The maximum power output of the generator varies according the

solar radiation and temperature conditions [15].

In the early morning or late afternoon, the PV generator may not be able to
meet the load demands especially with short high current peaks such as
during motor-startup. A battery which is constant voltage source acting as a
power buffer between the PV generator and the load, will compensate for
the limitation of the generator. When solar radiation is higher than needed
to meet the load requirement, excess energy is stored in the battery to
supply power to the load during night and cloudy days of low solar

radiation [15].

4.3.1. Battery types

The two battery types that have been used for PV systems are lead—acid
and nickel-cadmium. Due to higher cost, lower cell voltage (1.2 V), lower

energy efficiency and limited upper operating temperature (40 °C),

Nickel — cadmium batteries have been employed in relatively few systems.

Their use is based mainly on their long life with reduced maintenance
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and their capability of standing deep discharge without damage . The lead—
acid battery will remain the most important storage device in the near

future, especially in PV systems of medium and large size [15].
4.3.2. Lead acid battery

The lead-acid battery is still the most common for relatively economical
storage of relatively large quantities of electrical energy, and will probably

remain so for at least for the next few years [8].
4.3.3. Lead acid battery function and structure

A battery is made up of two or more electrochemical cells interconnected
in an appropriate series/parallel arrangement to provide the required
operating voltage and current levels. The familiar 12V lead—acid battery
used in automobiles consists of six 2-V cells connected in series and

packaged .in a rubber or plastic case [15].

Battery has two electrodes, in the charged state, the positive electrode
consists of lead dioxide Pbo, and the negative electrode of pure lead (Pb), a

membrane embedded in a plastic box separates the two electrodes.

Diluted Sulphuric acid (H,SO,) fills the empty space between the two
electrodes, a fully charged lead -acid battery has an acid density of about
1.24 Kg/liter at temperature of 25C°, and the density changes with the

temperature and charge state [4].



39

The over all reaction is given by the following equation.

e —

Pb + PbO,+ 2H,SO4y «—— 2PbSO4 + 2H,0
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Figure (4.16): Charge and discharge of the lead-acid cell.

4.3.4. Lead acid battery characteristics
e Voltage, specific gravity and state-of-charge

The nominal voltage of a lead—acid cell is 2V, while the upper and lower
limits of discharging and charging open circuit voltage at 25 C cell
temperature are 1.75 and 2.4V, which corresponds to 10.5 and 14.4V for a
12V battery (respectively). The maximum acceptable battery cell voltage

decreases linearly with increasing cell temperature as illustrated in Figure

4.17 [15].
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Figure (4.17): Battery cell voltage in function of cell temperature [15].

The specific gravity of the acid solution of the battery decreases slightly

with increasing temperature. Cell voltage and specific gravity of the acid

solution are mainly a measure for the state-of-charge of the battery cell

as recognized in table 4.1.

Table (4.1): Typical open circuit voltage and specific gravity
for a lead—acid cell at temperature 26.7° C [15].

Battery voltage Vo(ite;lge S;;zillgc State-of-charge
(12 V) (V) (V) (g/cm’) (charge level) (%)
12.7 2.116 1.265 100
12.4 2.066 1.225 75
12.2 2.033 1.190 50
12 2 1.155 25
11.9 1.983 1.120 10
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e DOD and SOC

The depth of discharge (DOD) is the obverse of state-of-charge. Cell
voltages almost linearly with depth of discharge until a point called cut-off-
voltage 1s reached .Battery cells should not be operated beyond the cut off
voltage, because further discharge will result in increasing the internal
resistance of the battery and can result in permanent damage. On other
hand, overcharging the batteries until gassing leads also to cell damage. So

we must use charge controller or regulator.
e Self of discharge

Lead-—acid battery cells are available with either pure lead or lead—calcium

grids to minimize the self-discharge rate.

All lead—acid cells have some loss in capacity on standing due to internal
chemical reactions. Figure 4.18 presents typical self discharge rates for a
cell containing antimony or calcium grids. Self-discharge rate, increases
with increasing cell temperature and remain relatively low for cell with

lead calcium grids.

—a— Lead-antimony gnd —a— Lead-calcium gnd
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Battery temperature(C®)

Figure (4.18): Lead—acid battery self discharge rate in function

of cell temperature [15].
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4.3.5. Storage capacity and efficiency

Batteries are commonly rated in terms of their Ampere— hour (Ah) or
Watt-hour (Wh) capacity. Ah-capacity is the quantity of discharge current
available for a specified length of time valid only at a specific temperature
and discharge rate. For example, a 12V battery rated at 100 Ah over 20 h
can deliver 5 Ah for 20 h (C20 rate) is equivalent to 1.2 kWh of energy
(12V x 100 Ah). At 5 h discharge rate, the same battery will deliver a

maximum of 70 Ah equivalents to 0.8 kWh of energy (C5 rate).

The discharge curve in Figure 4.19 illustrates the relationship between Ah-
capacity and discharge current for a typical 100 Ah/12V lead—acid battery.
High discharge current would result in reduction of the battery capacity and
will shorten its life . In addition, the Watt-hour capacity (Wh) or energy
capacity is the time integral of the product of discharge current and voltage
from full charge to cutoff voltage. Battery capacity increases about 1% for

every 1° C increase in temperature.
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Figure (4.19): The Ampere—hour capacity of a lead—acid
battery in function of the discharge current [15].



43
Lower temperature results in decreasing the capacity due to slower
chemical reactions. The Ampere—hour efficiency of a battery cell (nan) 1s
the ratio of the number of Ampere—hours obtainable during discharge to
that required to restore it to its original condition. The value for a lead—acid
cell is about 90%. Based on Table 4.1, the voltage of a battery cell depends
on its state-of-charge. Therefore, its Watt hour efficiency takes the voltage
variation during charging and discharging into account, and amount to

about 75%.
4.3.6. Battery life cycle time

Battery lifetime in cycles depends on the depth of discharge during normal
operation. Figure 4.20 shows how the depth of discharge affects the

number of operating cycles of a deep discharge battery.
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Figure (4.20): Lead-acid battery lifetime in cycles vs. depth of
discharge per cycle [8].

Deep discharged lead acid batteries can be cycled down to 20% of their

initial capacity [8].
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4.3.7. Fast and slow charge and discharge

The higher discharge rates results in less charge being available as energy

to a load.
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Figure (4.21): Effect of discharge rate on available energy from a lead-acid
battery [8].

At higher charging rates a smaller fraction of the charging energy is used
for charging and a larger fraction is used to heat up the battery.The battery
can be fully charged at higher charging rates, but it takes more energy at

higher charging rates to obtain full charge [8].

4.3.8 Operation conditions of battery in hybrid PV-system

Energy from batteries is needed whenever the renewable energy is
insufficient to supply the load. On the other hand, energy is stored
whenever the supply from the renewable energy system exceeds the load
demand. The minimum storage level is limited to 20% of what is available

in the battery before the discharging cycle begins [16].

The battery operation between Eppi, and Eppax
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Eomin <= Ep (t) <= Eomax

Epmin = (1-DOD)*E,

Where:

Ey: is the nominal capacity of battery bank.

DOD: depth of discharge.

4.3.9. Battery model:
Charging mode:

The charge capacity of battery bank at the time t at charging state can be
expressed as

E; (t) =E;, (t-1) x (1-6) + (Epy (t) - E, (£)/Miny) X NBaet 4-8)

On the other hand, the battery bank is in discharging state, assumed the
discharge efficiency of battery bank is 1.

Discharging mode:

The charge capacity of battery bank at the time t at discharging state can be
expressed as

E;, (t) = Ep (t-1) x (1-0) - (EL ()/Miny- Epy (1)) 4-9)

Ey (t) and E, (t-1) are the charge capacity of battery bank at the time t and
(t-1) , respectively, o is hourly self discharge rate assumed is zero , Epy(t) is
energy from PV array , E.(t) is load demand at the time t , 1,y and np.y are
the efficiency of inverter and charge efficiency of battery bank respectively
[17].
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4.4.Charge controller (regulator)

In nearly all systems with battery storage, a charge controller is an essential
component to protect the battery against deep discharge and excessive
overcharge. The charge controller must shut down the load when the

battery reaches a prescribed state of discharge and must shut down the PV

array when the battery is fully charged.

The controller should be adjustable to ensure optimal battery system
performance under various charging, discharging and temperature
conditions. Battery terminal voltage under various conditions of charge,

discharge and temperature has been presented in Figure 4.22.
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Figure (4.22): Variation of cell electrolyte specific gravity and
cell voltage during charge and discharge at constant rate [8].
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Figure (4.23): Charge regulator.

4.4.1. Controller model

Each Regulator can be characterized by power and efficiency.

P input (PV) N Nr
Model inputs:
Input power from PV : Py
Efficiency of charge regulator ‘MR
Model outputs:
Output power of regulator :Pro

l:’R0= MR x va

A 4

Battery

(4-10)
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4.5. Inverter

Depending on the requirements of the load, a number of different types of
inverters are available. Selection of the proper inverter for a particular
application depends on the waveform requirements of the load and on the
efficiency of the inverter. Inverter selection will also depend on whether
the inverter will be a part of a grid-connected system or a stand-alone
system. Many opportunities still exist for the design engineer to improve
the inverters, since inverter failure remains one of the primary causes of PV

system failure.

c) RoadTruskEResm

CANTREX

Smart Cholce For Power

Figure (4.24): Inverter
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4.5.1 Inverter Model

Each inverter can be characterized by power and efficiency.

va » Tl inv > Pinvout
Model inputs:
Input power from PV: P,y
Efficiency of inverter: M inv
Model outputs:

Output power of inverter  : Pipyout

Pinvout =Minv X va (4'11)
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CHAPTER FIVE

SIZING OF SYSTEM COMPONENTS
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5. Sizing of system components

It is important to determine the correct size of system components,

If the system is oversized, it will be more expensive without increasing the
performance level. However if the system is too small, the system will not
be able to reach load demand.

5.1. Load

Load profile estimation is an important criterion for sizing and design the
power supply system. It varies with respect to the performance of the
villagers or consumers. For example in Palestine villages the large loads
are at around midday (washing, fans...), and the largest occurring at
evening. Villagers stay in their homes (lights, TV, appliances).After 10 PM
the load is very low because most of the appliances are off except

refrigerators

5.2. Sizing of PV Panel
The peak power of the PV generator to cover the total load demand is

obtained as in equation (5-1).
_ E,
nV X nR X PSH

P

pv

X Sp (5-1)

Where E; is the daily energy consumption in kWh, PSH is the peak sun
hours (PSH= 5.4); ngr, nv are the efficiencies of charge regulator and
inverter respectively (Mg 0.92, ny 0.9) and S is the safety factor for

compensation of resistive losses and PV-cell temperature losses S=1.15

[2].
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5.3. Sizing the battery block

The storage capacity of a battery block for such PV power systems is
considerably large. Therefore, special lead—acid battery cells (block type)
of long life time (>10 years), high cycling stability-rate (>1000 times) and
capability of standing very deep discharge should be selected [2]. Such
battery types are available but at much higher price than regulars batteries.
The Ampere hour capacity (Can) and Watt hour capacity (Cyn) of the
battery block, necessary to cover the load demands for a period (day)

without sun, is obtained as in equation (5-2) [2].

E,xAD
nv XnB X DOD

th =

(3-2)

AD is the autonomy days: period of time (day) necessary to cover the load

demands by the battery without sun.

5.4. Sizing of charge regulator

The charge regulator (CR) is necessary to protect the battery block against
deep discharge and over charge. Input/output ratings of CR are fixed by the

output of the PV array and the battery voltage.

5.5. Sizing of inverter

The input of inverter has to be matched with the battery block voltage
while its output should fulfill the specifications of the electric grid

supplying the load.
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5.6. Sizing of diesel generator

The ratings of the diesel generator are determined by the load, it must cover

the maximum power demand of the village.
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CHAPTER SIX

ECONOMICAL ANALYSIS OF HYBRID SYSTEM
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6. Economical Analysis of Hybrid System

Hybrid system economical analysis used in this work is based on the use of
life cycle cost, cost annuity ($/kWh). Project with lowest cost ($) per
production unit (kWh) should be selected. In addition the analysis has been
designed for economical comparison of hybrid power system and diesel or

PV-battery standalone systems.

Three different types of costs are analyzed and these are:

1. Initial capital cost of purchasing equipment and installation;

2. Recurring costs that occur every year of operation such as fuel and
Maintenance costs.

3. Non-recurring costs that may occur on an irregular basis, such as

equipment replacement or repairs.
6.1. Present worth factors and present worth [8]

The present worth of an item is defined as the amount of money that would
need to be invested at the present time with a return of 100% discount rate

in order to be able to purchase the item at the future time.
- Present worth of replacement cost

Present worth factor (Pr) of an item that will be purchased n years later

Pr = (ﬂj (6-1)

1+d

Where (i: inflation rate, d: discount rate, n: replacement year)
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Present worth of replacement item = Pr x replacement cost (6-2)

- Present worth of annual costs

Present worth of recurring expenses such as fuel and maintenance costs

determined by product of annual cost and cumulative present worth factor

(Pa).
Letting X = (lij
1+d
Py [1 -X" J
1-X
Present worth of annul cost = (Pa x annual cost) (6-3)

6.2. Life cycle cost (LCC)

The life cycle cost (LCC) is defined as the sum of the PWs of all the
components. The life cycle cost may contain elements pertaining to original
purchase price, replacement prices of components, maintenance costs, fuel

and/or operation costs, and salvage costs or salvage revenues.

Calculating the LCC of an item provides important information for use in

the process of deciding which choice is the most economical. [8]

LCC = Intial cost + (Pa x Ann.cost) + (Pr x repl.Cost)- (Pr x salvage) (6-4)

The negative sign because salvage value is the revenues at the end of the

project.

6.3. Initial cost of hybrid power system
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Initial cost include purchasing equipment (PV-panels, Batteries, Diesel
generator, inverter, regulator, rectifier, wires and other components used in
installation) also includes labors and technicians costs for installation, these
costs depend on size and type of a component ,all these costs are summed

to give the overall initial cost.
Initial cost =) components cost + installation cost (6-5)
6.3.1. Initial cost of photovoltaic modules.

PV-modules available in different sizes and types, the size of PV
characterized by their peak watt at STC (rated power).The price of peak
watt is the same for mono or poly crystalline but the installation or
structure cost will differ depending on the installed PV area. Figure 6.1
shows the relation between (W,,) and ($/W,) for modules of BP Solar Panel
using multi crystalline silicon cells with different rated power. The (§/W))
will decrease as the size of module increase [www.affordable-solar.com]

Table (6.1): $/W,, for different size modules

Module Watt $/watt
10 12.9
20 11.45
30 8.97
50 6.98
65 6.14
80 5.86
125 5.36
160 4.37




58

14
12
10
8

\
"\0\‘

($/Watt)

0 T T T

0 50 100 150 200
PV-Module power(Watt)

Figure (6.1): Module rated power (watt) vs. ($/watt)

The cost of watt peak can be considered (5 $) per watt peak.
6.3.2. Initial cost of diesel generator

The price of diesel generator depends on diesel generator size, brand and

technical characteristics such as speed (rpm), fuel, etc...

Diesel generators kW vs. $/kW shown in Figure 6.2.$/kW decrease while

rated power increase. [www.generatorjoe.net]
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Figure (6.2): Diesel generators rated power (kW) vs. Cost in ($/kW)

6.3.3. Initial cost of batteries

Various battery types exist with different nominal voltage rating (2,4,6,12)
volt .The most common ones used in solar system are lead acid batteries
of 2 volt per cell (block batteries).This is due to their high cycling stability
rate (>1000 times) and capability of standing very deep discharge. Such
battery types are available but at much higher price than regular batteries.
Table (6.2) show the cost of watt hour rating ($/Wh) vs. Watt hour capacity

of Rolls-Surrette Batteries. [www.affordable-solar.com]
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Table (6.2): Price of different battery size with same type and brand.

Volt Ah Wh Price (§) $/Wh
2 1766 3532 644 0.18233
4 546 2184 446 0.204
4 1104 4416 817 0.185
6 546 3276 665 0.203
6 820 4920 915 0.1859
8 546 4368 922 0.211
12 357 4284 821 0.1916

The price in $ per kWh is between (182 to 211) $/kWh

6.3.4 Initial cost of (inverters, regulators, rectifiers)

Cost of these components varies with rated capacity and efficiency and
technology. A cost varies widely because of the variation of work
principles and/or special options such as digital display or other. For this
reason the designer can enter the price of these components manually in

software which helps to get exact calculations.

6.3.5. Other initial costs

Shipping costs and accessories needed for installation and system
protection, wiring, rooms, should be also considered. These costs depend
on the system size and vary with the kind of the project; if it for public use

(may be land available free), or for private use.

Capital costs are input into the formula of LCC with a factor of 1.0 since

they are assumed to occur in year 0 i.e. before the start of the system

operation.
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6.4. Hybrid system operation cost

The operation costs considered are incurred after installation in order to run

the system for a certain number of years (system life time).

6.4.1. Diesel generator operation costs

Diesel generator operation costs represent the main operation cost in PV-
diesel hybrid system. This cost depends on operating hours of the diesel

generator.

e The fuel costs in equation (6-6) represent the Present worth of fuel cost
[8]

Present worth of fuel = Ann Fuel cost x [(1-X")/ (1-X)] (6-6)

Where, Ann Fuel cost is the annual fuel expenditure, X= [(1+Fe)/ (1+Dr)],
Fe represents fuel Inflation, Dr Represents discount rate, and n represents

life cycle period in year.

e Recurring maintenance cost depend on the operation hours of diesel
generator, Preventive diesel engine maintenance consists of the
following operations:

* General inspection

* Lubrication service

* Cooling system service

* Fuel system service

* Servicing and testing starting batteries

* Regular engine exercise
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e Maintenance technical requirements ;activity and frequency
Daily services: check fluid levels, and top-up if necessary; start and stop

the engine [11].

Weekly services: check the air filter, and clean or replace it if necessary;
check oil and fuel leaks; tighten any loose nuts and bolts. Change engine

oil Every 250 hours.

Regularly services: clean or replace filters; replace the drive belt. Every
500-2000 hours decarbonize the engine, clean injector nozzles, adjust

valves, etc.

Occasionally services: replace engine parts or rebuild engine.

Table 6.3 shows cost and maintenance information on small electrical
generators. Note that “small” is defined as sizes less than 100 kW.

Table (6.3): Cost and maintenance information on small electrical
generators [8]

Size Maintenance .
. Cost Engine
Type Range | Application ($/W) Intervals Rebuild.hr
(kW) Oil Ch,hr | Tune-Up,hr ’
360;agpm 120 | Lightuse | 0.50 25 300 2000-5000
180g()a;*pm 520 | Heavyuse | 0.75 50 300 2000-5000
Diesel 3-400 | Industrial 1.00 125-750 500-1500 6000
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We consider in our calculations many types of maintenance such as:

Oil change each 250 hours.

Oil filter replacement each 500 hours.

Air filter replacement each 3000 hours.

Fuel filter replacement each 750 hours .

Overhaul will be carried out each 6000 hour. Overhaul cost is equal to

15 % of diesel generator initial cost. Three times of overhaul then
replacement of diesel generator is recommended.

The quantitative expression for life cycle maintenance cost is given by

PW maintenance = Ann main. cost x [(1-X")/ (1-X)] (6-7)
Where, Ann main.cost is the annual maintenance cost,
X=[(1+Ge)/ (1+Dr)]

Ge represents general inflation, Dr Represents discount rate, and n

represents Period life cycle period in year.

Because yearly operation hours of diesel generator varies with utilization of

diesel generator, we assume diesel ON for complete year (8760 hours)

Then calculate annual maintenance cost (Ann. Main. Full) and use this
value to calculate real maintenance cost which depends on operating hours

per year of diesel generator.

Annual maintenance cost =(Operating hours/8760) x (Ann .Main. Full)
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Other type of maintenance represented in monitoring and regular check
requires a labor or technician and needs monthly salary depending on living

level in Palestine where assume 1200$/year since diesel off in summer .
6.4.2. Battery and PV panels maintenance cost

PV generator requires very little maintenance represented in cleaning the
module surface. The batteries in the system will require inspection and
topping up, approximately every 3-6 months. So in the hybrid system we

should combine these costs with the labor cost used for diesel generator.
6.5. Replacement cost (non-recurring cost)

Batteries are the main components of the system which have to be replaced

during the life time of the system.
The equation for non-recurring costs is given by
PW replacement cost = Item cost x [(1+Ge)/ (1+Dr)|™ (6-8)

Where, Item cost is the non-recurring expenditure in present day costs, Ge
represents general inflation, Dr is the discount rate, and, Ry is the

replacement year.
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6.6. Economic factors

Different economic factors used in the present economic analysis are life
cycle period, discount rate and cost inflation or general inflation. The
length of period of the analysis is chosen to be the best service life of the
longest-living component. In the case of PV system comparisons, the
useful life of a PV module is in the range of 20-30 years, so 20 years is the
period chosen for this analysis. The life of a diesel generator is about 24000
hours. The discount rate is the factor that describes the changing value of
money over time. It is basically equivalent to the amount of money that we
could make with the capital if we choose to invest it in a bank or other

investment programs rather than in a power system.

Typical values of discount rate are in range 7-15%. 8 % is used in this
analysis. Cost inflation, also called inflation is used to account for the fact
that components and services traditionally get more expensive over time.
For remote power systems this applies to fuel, maintenance costs and
replacement parts. Traditionally, fuel costs are escalated at a separate and
slightly higher rate than other costs. Typical annual inflation rates for
remote power systems used in this analysis are 5-10 % for fuel and 3-8%

for non-fuel expenses.
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6.7. Cost annuity

The cost annuity converts all net cash flows without inclusion of income in
the calculation; it can only be used for evaluating the relative favorability
of investment projects on the basis of costs per annum or per unit

production [2].

LCC
Ak =
Pa (6-9)
Ak
($/kWh) = (6-10)

Total yearly kWh produced

Where Ak is the cost annuity, Pa is the cumulative present worth factor.
6.8. Net present value (NPV)

The NPV of an investment project at time t=0 is the sum of the present

values of all cash inflows and outflows linked to the investment [2].
NPV=PW (income) - LCC (6-11)
Where PW (income) = annual revenue of energy sold x Pa

A project is profitable when NPV>0 and the greater the NPV the more
profitable. Negative NPV indicates that minimum interest rate will not be

met [2]
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6.9. Sensitivity analysis

Sensitivity analysis is a simple technique to assess the effects of adverse
changes on a project. It involves changing the value of one or more
selected variables and calculating the resulting change in the cost annuity

(NIS/kWh).

In this work the scenarios of sensitivity analysis are:

1- Increase the fuel inflation rate and discount rate by 50%
2- Decrease in PV module price by 50 %.

3-Increase in diesel fuel price by 50 %.

4- Combination of factor 2 and 3.
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CHAPTER SEVEN

SOFTWARE DEVELOPMENT
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7. Software development

Matlab had been used in programming of the software in this study due to

simplicity when dealing with matrix of data.
7.1. Approach to optimization

Hourly simulation is used to find the least cost combination of different
sized systems that meet the electrical load demands. For each hour the
software compares the electrical load and the energy supply in that hour,
the software decides for each hour when to operate the diesel generator and

wither to charge or discharge the battery.
e Energy Flow
The following operating strategy is employed

- The use of electric power generated by the photovoltaic arrays has
priority in satisfying electricity demand over that provided by the batteries

or by the electric diesel generator.

- If the total electric power generated by the photovoltaic array is higher
than the load demand, the additional electric power will be charged the

batteries.

- After charging the battery, the electric power exceeds is disposed (dump

energy).
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- If the total electric power generated by the photovoltaic arrays is less than
the load, electric power will be discharged from the batteries to supply the
demand because once the batteries are bought, their major cost would have

been committed and their use is given priority.

- If batteries cannot supply the load, then electric power has to be drawn
from the electric power generator. Diesel generator can charge the batteries
and continue in operation until the batteries reach full charge, this can help
to reduce the start and stop times of diesel generator and to operate diesel

generator efficiently.

7.2. Steps of optimization

Methods mentioned in Chapter 5 for sizing the system components (PV,
battery storage and other components) gave an approximation for the
components size. Simulation depends these results as reference values and
runs with varying PV contribution and the battery bank size .By this
variation many parameter or outputs varies .For example dump energy is an
indication for energy produced by the PV array without use ,operating
hours of diesel generator ,fuel consumption and kg of CO, produced are
inputs for economical equations to calculate, for a proposed design, the cost
of generating electricity ($/kWh) .Selecting the most economical design is

achieved by minimum cost of energy generated.
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7.3. Software inputs, outputs
Inputs:

Load demand (typical daily load curve)
PV contribution

Autonomy days

Hourly solar radiation over a year
Hourly temperature over a year

Component cost and economical factors
Outputs:

Diesel generator operating hours
Diesel generator fuel consumption
PV rated power (kW)

Battery storage capacity

Dump energy

State of charge

CO, produced

Operating load of diesel performance
Cost annuity ($/kWh)

Graphs
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7.4. Software flow chart

Main part

( Start |

A 4

(Inv, Reg, Batt) efficiency, PSH, SR,
Tem., Load, power coeff.
Contribution, AD, SF

Run load with PV only

Yes
Charge

No

Eb (t) = Ey(t-1)

A 4

‘ Return )
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Discharging mode:

Discharge

l

Kd=L(t)/n -PV(t)

Eb(t-1)-Bmin>=Kd

Yes

v No
Eb(t)=Eb(t-1)+-Kd

A 4

Eb(t)=Bmin
Run load with Diesel Generator

Run
Diesel
generator




Charging mode:

No

A 4
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Charge

Kc=PV (1) - L(t)/

Eb (t)= Bmax
Dump=Kc-(Bmax-Eb(t))

Kc<=Bmax-EDb(t)

Yes

A 4

A 4

( Return )

Eb (t)=Eb(t-1)+Kc
Dump (t) =0

A 4

( Return )
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Running Diesel generator mode:

Run
Diesel
generator

<&
<

t=t+1

Eb(t)= Eb(t-1)+(PG-Load(t)+PV(t))*tg

Eb(t) <Bmax

No

Yes

Eb(t)= Bmax

tg=[Bmax- Eb(t-1)]/[ PG-Load(t)+PV(t)]

D.G off
Load
covered
from PV

Yes

A 4

Eb(t)= Bmax
Dump (t) = (1-tg)*Kc
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CHAPTER EIGHT

DESIGN EXAMPLE
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8. Design example

The objective of this chapter is to illustrate an optimum energy system
design, where the energy components are sized to meet loads over 24
hours. The battery storage bank is maintained at appreciable level of charge

and the overall life cycle cost of the system is minimized.
8.1. Inputs

Figure 8.1 illustrates typical daily load of small village in Palestine. Total

daily energy 100 kWh, maximum power peak load is 8 kW and minimum

is 2 kW.
Typical Daily Load Curve

9
8
7
6
5

Z ]
3 4
2
1
0

1 234567 8 91011121314 151617 1819 20 21 22 23 24
Hour

Figure (8.1): typical daily load curve
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Table (8.1): The diesel generator data

Power output (kW) 10
Cost ($) 10000
Fuel cost ($/liter) 1
Oil change cost ($ each 250 hours) 5
Oil filter replacement cost ($ each 500 hours) 10
Air filter replacement cost ($ each 3000 hours) 35
Fuel filter replacement cost ($ each 750 hours) 5
Overhaul cost ($) each 6000 hours 1500
Diesel life time hours 24000
Technician cost ($/year) 1200
Diesel generator salvage value ($) 750

Table (8.2): The PV —battery system data

PV cost ($/kW) 5000
PV installation cost ($/kW) 400
Inverter cost () 12000
Regulator cost ($) 10000
Rectifier cost ($) 2500
Inverter efficiency (%) 0.92
Regulator efficiency (%) 0.95
Rectifier efficiency (%) 0.97
Battery efficiency (%) 0.85
Battery cost ($/kWh) 200
PV life (years) 24
Battery Life (years) 12

Table (8.3): The economical factors.

Interest rate (%)

General inflation rate (%)

[V, RN o o)

Fuel inflation rate (%)

life cycle period (year ) 24
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8.2. Outputs

The following results vary with variation of PV contribution and autonomy

day.

8.2.1. General outputs.

Table (8.4): Price of energy (NIS/kWh)

PV Contribution (%)

AD 20 40 60 80 100

0.25 2.379 2.133 2.149 2.263 2.409
0.5 2.554 2.311 2.234 2.039 2.089
0.75 2.574 2.375 2.177 2.013 2.008
1 2.684 2.443 2.212 2.060 2.050
1.25 2.753 2.516 2.297 2.136 2.141
1.5 2.844 2.610 2411 2.227 2.243

Where AD is the daily autonomy, PV contribution is the percentage of

energy covered by PV.

The lowest price is 2 NIS/kWh at PV contribution 1 and 0.75 autonomy
day.
Table (8.5): the LCC of system (NIS)

PV Contribution (%)

AD 20 40 60 80 100

0.25 1396563 | 1252285 | 1261603 | 1328765 1414668
0.5 1499244 | 1357053 [ 1311644 | 1196911 1226395
0.75 1511319 | 1394646 | 1278339 | 1181764 1179169
1 1575976 | 1434075 | 1298696 | 1209472 1203677
1.25 1616566 | 1476999 | 1348363 | 1254281 1256988
1.5 1669891 | 1532652 | 1415755 | 1307685 1316862

The lowest value of LCC is 1179169 NIS at PV contribution 100 and

autonomy day 0.75.



Table (8.6): NPV of Hybrid System.
PV Contribution (%)

AD 20 40 60 80 100
0.25 71262 215540 | 206222 | 139060 [ 53157
0.5 -31419 110772 | 156181 [270914 | 241430
0.75 -43495 73179 189486 | 286061 | 288656

1 -108151 33750 169129 | 258353 | 264148
1.25 -148741 -9174 119462 | 213544 | 210837
1.5 -202066 | -64827 52070 [160140 | 150963

* the price of sold unit of energy (2.5 NIS/kWh)

The greatest NPV 288656 NIS at PV contribution 100% and autonomy day

0.75.

Table (8.7): Total Yearly operating hours of diesel generator.

PV Contribution (%)

AD 20 40 60 80 100
0.25 3494 2628 2269 2107 2023
0.5 3672 2815 2250 1489 1198
0.75 3512 2750 1988 1236 885
1 3549 2692 1862 1140 771
1.25 3495 2647 1843 1105 766
1.5 3489 2650 1889 1099 784

The yearly operated hours of diesel generator decrease with increasing the

PV contribution.




Table (8.8): yearly fuel consumption of diesel generator in liter.

PV Contribution (%)

AD 20 40 60 80 100
0.25 11535 8678 7490 6955 6679
0.5 12123 9292 7430 4917 3955
0.75 11596 9079 6563 4082 2922
1 11716 8888 6149 3764 2547
1.25 11539 8741 6084 3647 2527
1.5 11520 8750 6238 3629 2589

the PV contribution.

The yearly fuel consumption of diesel generator decrease with increasing

Table (8.9): Yearly CO, produced from diesel generator in kg.

PV Contribution (%)
AD 20 40 60 80 100
0.25 28837 21695 18724 17388 16697
0.5 30308 23231 18574 12293 9888
0.75 28989 22697 16408 10205 7304
1 29289 22221 15371 9409 6368
1.25 28848 21851 15210 9118 6318
1.5 28799 21874 15595 9072 6471

The yearly CO, produced of diesel generator decreased with increasing PV

contribution.

e Variation of diesel generator size, we select scenario of minimum cost
(PV contribution =100%, AD=0.75) and vary diesel generator size.

Table 8.10 shows the evaluation results.
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Table (8.10): Variation of diesel generator size

Diesel Size 10.0 14.0 18.0
NIS/kWh 2.10 2.17 2.22
LCC 1233216 1272632 1304703
operated hours per

year 885 675 543
Fuel consumption

(Liter/Year) 2922 3122 3226
CO,(kg/Year) 7304 7804 8065

Results show with increase Diesel generator size, diesel operating hours

decrease but fuel consumption increase.

8.2.2. Performance evaluation of system at PV contribution of 100 %

and autonomy of 0.75.

The size of system components are shown in Table 8.11.

Table (8.11): Design data for (PV contribution 100%, AD = 0.75)

PV Panel size (kW) 24

Battery size (kWh) 120
Dump kWh yearly 8317
D.G operating Hours 885
Yearly fuel consumption 2922
D.G Capacity (kW) 10

NIS/kWh 2.01
CO, (Kg/year) 7304
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- Dump energy: is the energy generated from PV and lost without use in

supplying load or charging battery.

Monthly dump energy produced(kWh)
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|

Figure (8.2): Monthly dump energy produced.
Dump energy increased in summer, because the excess energy from PV is

increased with higher solar radiation.



84

- Battery state of charge (SOC).

Hourly Battery SOC (%0)
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Figure (8.3): Hourly battery SOC during the year.

SOC reaches minimum in winter; DOD Reaches maximum.

Monthly Average Battery SOC (%)
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Figure (8.4): Monthly state of charge for the battery block.

Monthly average SOC worst case occurs in November (low solar radiation)
while best case occurred at June (high solar radiation).
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Hourly Battery SOC of November (%)
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Figure (8.5): Hourly battery SOC during November (worst case)
In worst case month the minimum SOC reaches 20% and the maximum

SOC 1s 100 %.

Hourly Battery SOC of June (%)
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Figure (8.6): Hourly battery SOC during June (Best case).
Battery operates between 100 % and 60% state of charge which is mean the

battery reaches to 60 % of maximum capacity then charged again.
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-Diesel generator

Monthly D.G fuel consmmption
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Figure (8.7): Monthly Fuel consumption of diesel generator.

Diesel generator consume more energy in months with low solar radiation,

diesel generator do not operates in May, June, July and august.

Montly Diesel operating hours
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Figure (8.8): Monthly diesel generator operating hours.
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Monthly CO2 produced (kg)

1800
1600 T
1400 | -
1200 - B B
e 1000
2800 -
600 -
400 - | — [
200 | — [

0 [

1 2 3 4 5 6 7 8 9 10 11 12
Month

Figure (8.9): Monthly CO, produced.
The amount of CO, is proportional to amount of fuel consumption, the
higher value of CO, produced in December, while in June and July no CO,

1s produced because diesel generator not operates.



88

8.3. Output energy from PV-diesel hybrid system

The total energy produced from the system is 53260 kWh where 68 % of
this energy is used and 16 % of it is not used (dump energy) and 16 % is
the amount of losses, the losses in the system comes from system
components losses. Inverter efficiency = 92%, regulator efficiency =95,

rectifier efficiency = 97, and battery charging efficiency 85%.

Dump;
8316

Losses;
8443.5

Utilized;
36500

Figure (8.10): Yearly output energy from hybrid system (kWh)

Dump
16%

Losses
16%

Utilized
68%

Figure (8.11): Yearly output energy from hybrid system (%)
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Energy generated from each part: PV generates 83 % of total energy

produced and the remaining 17 % is generated by the diesel generator.

¢

Figure (8.12): Yearly output energy from PV and D.G (kWh)
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Figure (8.13): Yearly output energy from PV and D.G (%)
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8.4. Hybrid system life cycle cost.

LCC of hybrid system= LCC of PV-battery + LCC of Diesel generator

The diesel generator represents 30 % of the total LCC representing only the
covering of 17 % of the energy demand. This is an indication for the price
of energy produced by the diesel generator which is of higher cost than the

energy produced by the PV.

Hybrid system LCC (NIS)

Diesel
358908

~_ PV
820261

Figure (8.14): Total LCC cost of PV -diesel hybrid system (NIS).

Hybrid system LCC (NIS)

Diesel
30%

—PV70%

Figure (8.15): Total LCC cost of PV -diesel generator
(Hybrid system) (%).
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- Life cycle cost of PV part:

PV panel cost represent the high present of total LCC of PV —Battery

system (63%) ,battery 20 % and the others represent 17%.

PV components cost (NIS)

Batt.
164730

Rec 10500

Regulator
42000

Inv. 50400

PV 511696

Installation
40936

Figure (8.16): Total LCC cost of PV system. (NIS)

PV components cost (%)

Batt. 20%

Rec 1%

Regulator
5%

Inv. 6%

PV 63%

Installation
5%

Figure (8.17): Total LCC cost of PV system. (%)
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- life cycle cost of diesel generator part: Fuel cost represents the highest
percent of total LCC of diesel generator system (61%) and initial plus

maintenance costs represent only 39 %.

Diesel generator LCC (NIS)
Maint
101100.9097
Fuel
D.Gcost 217079.7
40727

Figure (8.18): Total LCC cost of diesel generator system (NIS).

Diesel generator LCC (%)

Maint 28%

Fuel 61%
D.Gcost

11%

Figure (8.19): total LCC cost of diesel generator system (%).
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8.5. Sensitivity analysis

Sensitivity analysis is carried out to verify the effects on the cost of energy

(NIS/kWh) produced with the following scenarios.

1- Increase the fuel inflation rate and discount rate by 50%.

Table 8.12: Sensitivity analysis, scenario 1

NIS/kWh
PV Contribution (%)
AD 20 40 60 80 100
0.25 3.34 3.10 3.20 3.43 3.71
0.5 3.58 3.35 3.32 3.15 3.30
0.75 3.61 3.44 3.27 3.11 3.22
1 3.76 3.53 3.31 3.18 3.28
1.25 3.86 3.63 3.43 3.29 3.40
1.5 3.99 3.77 3.59 3.42 3.54

From table 8.12 the price of energy generated from the system is increased
with Increase the fuel inflation rate and discount rate.

2- Decrease in PV module price by 50 %.

Table 8.13: Sensitivity analysis, scenario 2

NIS/kWh
PV Contribution (%)
AD 20 40 60 80 100
0.25 2.29 1.96 1.89 1.91 1.97
0.5 2.47 2.14 1.97 1.69 1.65
0.75 2.49 2.20 1.92 1.66 1.57
1 2.60 2.27 1.95 1.71 1.61
1.25 2.67 2.34 2.04 1.79 1.71
1.5 2.76 2.44 2.15 1.88 1.81

This can happen if the PV panels are funded by 50% of their cost. The

lowest price of energy is decreased and it reaches 1.57 NIS.
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3-Increase price of diesel fuel by 50 %.

Table (8.14): Sensitivity analysis, scenario 3

NIS/kWh
PV Contribution (%)
AD 20 40 60 80 100
0.25 3.11 2.68 2.62 2.70 2.83
0.5 3.32 2.90 2.70 2.35 2.34
0.75 3.31 2.95 2.59 2.27 2.19
1 3.43 3.00 2.60 2.30 2.21
1.25 3.48 3.07 2.68 2.37 2.30
1.5 3.57 3.16 2.81 2.46 2.41

Table 8.14 the lowest price is 2.19 NIS/kWh at 100% PV contribution and

0.75 autonomy day it is increased by 9.5 % of original value 2 NIS/kWh.

4- Combination of factor 2 and 3.

Table (8.15): Sensitivity analysis, scenario 4

NIS/kWh
PV Contribution (%)
AD 20 40 60 80 100
0.25 3.02 2.51 2.36 2.35 2.40
0.5 3.23 2.72 2.44 2.00 1.90
0.75 3.22 2.78 2.33 1.92 1.76
1 3.34 2.83 2.34 1.95 1.78
1.25 3.40 2.89 2.42 2.02 1.87
1.5 3.49 2.99 2.54 2.11 1.97

Combination of 2 and 3 results the lowest price of energy generated occurs

with high contribution and low diesel generator operation.
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8.6. Comparisons of energy supply options (PV only system, diesel

generator, hybrid PV-Diesel).
Options of supplying rural areas with electrical energy are

Option 1: PV-Standalone system

Table (8.16): PV-Standalone power system expenses.

Maintenance cost ($/year) 500
PV panel cost ($/kW) 5000
Installation cost ($/kW) 400
Battery cost ($/kWh) 200
Inverter Cost $ 12000
Regulator cost $ 10000
System life year 24
Price of kWh sold (NIS) 2.5

Table (8.17): PV-Standalone system scenarios.

PV Cont.(%) 100 100 100 100
Solar radiation

(kWh/m*-day) consi- | 5.4 5.4 4 2.8
dered in sizing PV

Days of autonomy 2 2.5 2.5 3

PV (kW) 24 24 33 47
Battery (kWh) 341 426 426 512
NIS/kWh 1.95 2.15 248 3.22
LCC (NIS) 1147376 | 1264517 | 1457938 | 1894816
NPV (NIS) 320449 | 203308 9887 -426991

The negative NPV indicates that minimum interest rate will not be met and

so the project is not profitable.

PV contribution at 100 % is calculated at 5.4 kWh/m’-day, but in Palestine
the worst month average solar radiation reaches 2.8 kWh/m*-day, sizing the
PV panels at this low solar radiation value resulting high LCC of the

system.
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Option 2: diesel generator system
Tow similar diesel generators supply the load for 24 hours each one

operates 12 hour per day.

Table (8.18): Diesel generator system information.

Annual maintenance ($) 7125
LCC Maintenance ($) 114605
Annual Fuel cost ($) 12348
LCC Fuel cost ($) 218457
Replacement period for each (years) 5
Daily operating hours for each 12
Yearly fuel consumption (liter) 12348
Initial cost for each 10000
Salvage value for each ($) 750
Total LCC (NIS) 1678563
NIS/kWh 2.858
Price of kWh sold (NIS) 2.5
NPV (NIS) -210738

The negative NPV indicates that minimum interest rate will not be met and

so the project is not profitable.

Option 3: Hybrid power system (PV contribution 100%, AD=0.75)

Table (8.19): PV-Diesel Hybrid system information.

Total LCC (NIS) 1179169
NIS/kWh 2
Price of kWh sold (NIS) 2.5
NPV (NIS) 288656

We select scenario for PV — power system of PV rated power 47 kW and
days of autonomy 3 days, to cover the load for 24 hours/day along the year,
two diesel generators operate on duty for 24 hour/day and PV-diesel hybrid
system with PV contribution (100%) and 0.75 days of autonomy. the table

below summarizes the results.
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Table (8.20): Evaluation results of three energy supply systems.

PV-Stand alone | Diesel only | PV-diesel hybrid
Total LCC(NIS) 1879027 1678563 1179169
NIS/kWh (cost) 3.22 2.858 2
Price of (kWh)
sold (NIS) 2.5 2.5 2.5
NPV (NIS) -426991 -210738 288656

It is evident that single energy source PV or Diesel system does not provide
an economical year-long dependable energy supply; therefore we select the
hybrid system which is economical and available for 24 h/day along the

year.
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9. Conclusions and future work

9.1. Conclusions:

Based on the illustrated simulation results, the following conclusions can

be made:

The PV-diesel hybrid power system is an applicable and relatively an
economical one for covering of electrical power requirements in
rural isolated areas. Considering a PV contribution 100% and
autonomy of 0.75 days for the battery size we achieved the optimum

design scenario in this case the cost of 1 kWh is 2 NIS.

It is not economical or practical to provide all energy with PV
modules because the solar radiation in the main three winter months
is low. Large number of PV modules would be in this case required
to meet load requirements for 24h/day. This issue will increase the
initial investment cost and will increase the waste or dumped energy
in summer where the solar radiation is high. The price of kWh
produced from such PV system designed on the basis of winter

months solar radiation would be 3.2 NIS.

Diesel generator is another option to supply the load in the rural
areas however; we will use tow diesel generators in order to secure
the energy supply for 24 hours/day. This option will increase the
maintenance and operational costs .in addition, the production of

CO, would be increased by 23.5 ton/year since the total CO, amount
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produced by the hybrid system would be only 7.3 ton/year. The

energy cost of the diesel power system would be 2.85 NIS/kWh.

It is evident that single energy source (PV, Diesel) does not provide
an economical year-long dependable energy supply; therefore we
select the hybrid system which is economical and available for 24

h/day along the year.

PV contribution of 100% is an indication that the diesel generator
operates as a backup source. Which is very acceptable because of the

high diesel fuel cost amounting to 1 § /liter.

The total losses of hybrid system with PV contribution (100%) and
0.75 days of autonomy is 16 % .This number consists of the total
losses in the converter, inverter and the battery .The dumped energy
which is high in summer can be used for irrigation and other uses
which will decrease the waste and accordingly will increase the

system efficiency.
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9.2. Future work

It is recommended that future work be focused on the professional
implementation of the algorithm and in-depth evaluation of the software
results. In addition future work should concentrate on evaluating many
more case scenarios with the goal of gaining a general understanding how

operating decisions, real control implementation , sizing and costs.

Another option to be considered is to replace diesel generator with a wind
turbine, as wind energy is clean, and can be utilized in such sites where the

annual average wind speed exceeds 5 m/s.
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