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Abgract

The objective of this article is to present a new numerica approach for a complete design, optimum
gzing, cog edimation (cepitd & $HkWh) and adso evauating the performance of solar
photovoltaic/battery/diesd hybrid power systems.

The world-wide demand for solar photovoltaic energy systems has grown steadily over the past 15
years. The need for rdiable and low cost eectric power in remote areas of the world is the primary
force driving the world-wide photovoltaic (PV) industry. For a large number of gpplications, PV
technology is amost the best and economica option. Typica applications of solar PV in use today
include stand-adone power systems for remote located facilities and residences, grid-connected PV
systems for resdentid and commercid buildings that are aready connected to nationd eectricity
network and findly solar PV hybrid power systems for isolated communities and facilities. The latter
combines PV aray with a conventiond eectricity generating unit such as diesdl generator. Solar
photovoltaic energy systems have many advantages. In fact they are modular and slent, they have no
moving parts, they require low maintenance, and produce no emissons.

Sgnificant growth in demand for solar PV systems is expected to occur in the countries of the
developing world to help meeting the basic dectrical needs of hillions of people without access to
dectricity.

In our research group we have developed a new numerica program, which has many features
including sze optimization, cost caculation and performance prediction of any type of solar PV
system. This program aso enables us to see the effect of nontechnica factors such asinfldion rate,
discount rate, mortgage rate, etc. on the capita and dectricity cost of the solar PV system under
investigation.

A method has been developed to predict a day-by-day performance of dl componentsintegrated in
a solar PV -hybrid power system. Hourly average solar radiation data from the Site for generating unit
and the anticipated load data are used to evauate the performance of the componentsin the system.
Such performance evauation is useful for optimizing the Sze of the components in the systlem. This
method will aso help us to perform economical andyss of the entire system over the system’s
lifetime period.

The sydem under invedigation is a solar PV hybrid power system, in which the integrated
components are PV array, a battery bank for backing up the system and a diesdl generator set for
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supporting the battery bank. State of charge (SOC) of batteries is used as a measure for evauation
of sysem’'s peformance. The operation time of diesd generator is determined by the SOC of
batteries. In this method it is shown that the usage of PV dectricity is maximized, the Sze of the
components is optimized and the amount of fuel used for the diesd generator is minimized and no
eectricity iswasted

Introduction

The usage of renewable sources of energy which produce less (and in some cases no) pollution are
consdered more serioudy. Rapid advances in solar photovoltaic technologies have brought good
opportunities for the utilization of solar PV power. Moreover, the economic aspects of these
technologies are now sufficently promisng to dso judify ther use in smdl-scade stand-done
applications for users who are not connected to nationd eectricity grid.

Solar PV energy has attracted in the past decade lots of attention and the expertsin thisfield believe
that this energy has a promisng future. The main characteristics of this renewable energy are
folowings the fud is free, technology is mature and dmost world wide available and it has many
other advantages like modularity, low maintenance requirements, high durability and aso they can
easily be connected to the utility grids.

A rooftop mounted photovoltaic system is one of the gpplications of solar PV systems that has
attracted lots of interest among the people of North America, Europe and Japan. The generation of
electrlclty by this system is attractive because:

Generation is on-gte. Thisresultsin reduction of transmission costs and transmission losses,

The cogt of roofing tiles can be diminated by usng mounted PV systems insteed,;

Thereis no need for additiond land for power generation;

Visud impects are limited.

Using photovoltaic energy has particular benefits for industridised countries. These benefits include
employment, enisson reduction and security of supply. The only factor hindering the growth of
utilizetion of PV in this sector is the high capitd cost. Thus, developing a method to reduce the cost
will help increesing utilizetion of PV systems.

Another sector that photovoltaic can have a mgor contribution is in generating eectricity for people
living in isolated aress, those who have mini diesdl grid, for example, and are not connected to
nationd eectricity network. The main factors favouring photovoltaic technology in this sector result
from:

The high cogts of conventiona energy sourcesin remote locations

The loss of a scde-economy effect, which means specific costs of small photovoltaic sysems are
not much higher than those of larger photovoltaic systems.

Price of fud, fue trangportation and spare part supplies.

The mgor factors inhibiting the photovoltaic technology in this sector include high initid codts, lack of
skilled manpower, lack of good quality data and socid acceptance. Thus, developing an accurate
sizing method for reducing the cost of system is appropriate.
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Ancther PV gpplication sector is dectrification of remote located communities those who are
without dectricity a dl. According to United Nations, there are 2 hillion people living on the earth
that have no access to dectricity. Solar PV energy can make a significant contribution to improving
the qudity of life of innumerable smdl communities, especidly in rurd areas, by heping them to meet
their basic needs such as hedth care and education. Photovoltaic ectricity can aso provide the
opportunity for remote communities to meet essentid water pumping, refrigeration and
communication. The main factors favouring photovoltaic technologies in remote areas result from:

The high costs of conventiona power sources, which are strongly affected by remote locations;

Theloss of the scale-economy effect and

The rdatively high price of fud transportation and of the supply of spare parts.

In this sector, like the other sectors, the high capitd is a barrier hindering the growth of use of PV
systems and developing a method for cost reduction is appropriate.

High cost of PV electricity

The development of solar PV dectricity suffers from high capita cost. However, tere is an
extensve range of gpplications where the PV systems are the best and economica option for
eectricity supply. These are usudly stand-done sysems, and exploit the following advantages of
solar PV dectricity.

There are no fue cogs or fud supply problems
The equipment can usudly operate unattended
It is very rdliable and requires little maintenance

These advantages make solar PV the grestest opportunity of eectricity generation for billions of
people throughout the world without dectricity. However, there are some technicd and non
technical factors hindering utilizetion of PV as the high cost of photovoltaic systems is capitd
intensve.

Although fud of solar PV generators is free, but price of PV dectricity is far aove the price of
eectricity from conventiond fossl fuel power plants. In some countriesthisis more than double. And
dso PV dectricity is the most expensve amongst the other renewable dectricity prices. This has
been clearly shown in Figure 1.

This high capitd cogt is affected by some technicd factors such as efficiency, technology, rdiahility,
location, orientation, tilt, aswel as some non-technical factors, which are often overlooked.

One of the important factors, which directly affect the PV dectricity cost in positive way is correct
system 9zing mechanism of the system’s components. Over-szing of components in PV hybrid
system make the system which is dready expensve, more expensive, under-sizing on the other
hand makes the system less rdiable. Thus optimum sizing gives two benefits to the system &) being
economical, b) being rdiable.
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In this gpproach we try to minimize the cost of hybrid power sysem by optimizing the size of

componentsin PV system and investigate the effect of some non-technicd factors on these costs. In
order to make sure that this does not result in poor performance, wetry to evauate the performance
of the system to see whether the PV systemis capable of producing ardiable dectricity supply.
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Figure 1

System Configuration

The block diagram for the system under investigetion is shown in Figure 2. The system is designed to
upply a rdiable and low-cost dectric power for a remote located and isolated community. The
system conssts of a PV array, storage batteries, and a backup generator. The size of PV array isso
that is able to supply the entire load during three months of summer period. In other words, the daily
production of eectricity by PV aray inatypicd summer day isequd to the daily dectricity required
by the load. During the day when the generated power by PV array exceeds the demand, PV array
darts charging the batteries.

240V
MPPT Inverter
PV DC oC 9(
Array oC AC 9
Diesel f
Generator Battery
Bank

Figure2. The angleline diagram of the PV hybrid sysem

Why PV hybrid system
Technicdly a sysem which is entirely dependent on renewable sources can not be reliable electricity
supply, especidly for isolated loads in remote aress. This is because the availability of the renewable
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sources can not be ensured. Therefore, solar PV hybrid systems, which combine conventiond and
renewable sources of energies, are a better choice for isolated loads. A solar PV hybrid power
system is expected to:

Saidfy the load

Minimize the costs

Maximize the utilization of renewable sources

Optimize the operation of battery bank, which is used as back up unit
Ensure efficient operation of the diesd generator

®oooTw

L oad

In this investigation and smulation we have assumed that the load requires an average of 18 kWh
every day. To amplify the caculations we assume that the amount of eectricity required by the load
remains constant over the year.

As the gze of PV aray is optimum s0 the excess power will not cause any overcharging of the
batteries, thus, there is no need for adummy load to be integrated in the system. Batteries will supply
power during the nights and cloudy days. Every day the backup diesd generator operates for some
hours, depending on season and month of the year, to charge the batteries. The number of hours of
operation of diesdl generator depends on state of charge (SOC) of batteries and is determined
accordingly. In order to minimize the fuel cost and avoiding wasting dectricity, the diesd generator
keeps charging the batteries until a specified upper limit for the battery voltage is reached. At this
point the backup generator will stop charging the batteries

Szeof PV array

We have adopted a numerica sizing procedure in which the PV aray is the main eectric power
generator. Our system design is based on the seasond energy balance between the radiation and the
load. In order to avoid wasting PV eectricity the sze of PV array is determined based on the
summer radiation data. This means that during three months of summer period the load is covered
fully by the PV array. Obvioudy the PV energy is not able to sypply enough power during the other
seasons. Battery bank is there to support the PV array and the diesd generator is to backup the
battery bank.

The energy deficit is covered effectively by a diesd generator. The radiation data for the ste,
together with the pand orientation are used to determine the incident solar radiation on the pand for
atypicd day in summer months.

The number of series connected modules is determined by the DC operating voltage. As the modules
are usad for battery charging we are more interested in the current at a good bettery charging voltage
under norma operating conditions.

The number of pardld grings is directly rdated to a) the current requirement for the load I, b) the
nomina current I which is required from the PV array when working at its maximum power point
and irradiated by the standard AM 1.5 radiation at 1 kW/m? and the nomina current supplied by an
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individua PV modules. We can dso introduce a Szing factor SF, which can be used to oversize the
amount of current available from the array.

Size of battery bank

The daily and seasond charge deficits have to be caculated. 1t must be ensured that the night and
cloudy periods are covered satisfactorily. At the same time, excess energy generated and not used
during the sunshine periods must be stored. This andysis determines the daily charge and discharge
percentage of the battery that usudly can not exceed a given vaue for the safe operation. The energy
baance for the summer periodsis set in such away thet the day energy excessis stored effectively to
cover the energy deficit during the night and cloudy times.

In this method we determine the sze of battery bank based on the number of no-sun days. This
depends on the location, where the PV system is indalled and differs from place to place. For the
§zing of battery bank for the system under investigation we are assuming 5 days of autonomy (no-
surtdays). This is worse case that can happen having a 5 consecutive days without sun. Therefore
the AH of baitery bank should be determined by following equation:

AH = (dally demand x 5 days/ system’ s efficiency) / DC voltage / depth of discharge

Size of diesel generator

Diesdl generator is used in the system for following tasks:
To bring the SOC of batteries © an acceptable leve. This can be done by running the diesd
generator for 1 — 5 hours every day depending on the size of diesd generator and the climate
conditions.
To charge the batteries when 5 no-sun-days happen. When this case occurs the diesel generator
must be large enough to charge the batteries to avoid batteries undercharging.

The sze of diesd generator is determined by an experimenta formula which is charging the baiteries
from 20% to 70% in 5 hours.

Calculation Results

Table 1 shows the complete sizing and costing results. Hourly solar radiation and power demand,
and atime step of one hour were used in thiswork. By selecting one hour as atime intervad, we were
assuming a congtant solar radiaion and congtant power demand during each hour. This assumption
does not have condderable effect on the general hourly response of the generating system since
hourly average data were used. Since solar radiation and power demand can vary seasondly, more
accurate results can be obtained if the study is performed using seasond data.

The size of each component in this system depends on the kWh/day required by the load as well as
the amount of sun energy received by solar array.

Table 2 shows the number of hours per day in each month that the diesd generator has to operate to
ensure that batteries remain in healthy conditions and the load receives the electricity needed.
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The study results presented in this paper are for one set of system components sdlected based on the
actud solar radiation data avalable at one specific location to supply the power demand of a
community in an Audrdian remote located place, which is avay from nationd eectricity grid.
However, the gpproach can be applied to other locations and applications if and when data is
avalable

Latitude (S): 37D32M S(37.53)
Longitude(E): 143D49M E(143.72)

Latitude Longitude PSHrs/Y ear Sying Summer Fls Winter AnnAve. World Ave. PSH(Cd.) Lifetime
3753 143.72 1657.0 5.6 6.8 35 19 45 575 6.8 25
g Depth of PV Sz Bd. Sz , Usge , No. of No
B. Eff. Inv. Eff. PV-Eff. Wiring Eff. Discharge Factor Factor KWhLiter (kWhrs) / Szeinkw SUN
Day
0.85 090 0.95 098 0.80 10 10 0.7 18 374 5
PV Inverter S Invert O&MMKW Inflati Discount Mort Present
EWo) r“’(k\% 2 oo;\(/ss/k;/) yeer Raem ';;0: Raegage Fador  (X) Worth BaCot | DG CotkW
10.0 393 3000 100 0.03 01 0-10% 0.936 12678 150 1000
P(‘\T,‘va; Vmp (V) Imp () Voc (V) Isc 1) Fill Fector %DG Voltage Valtage Voltage F‘gf"s
80 17 471 211 513 0.74 05 2v?20r 24V 48 1.00
Tl IR I PRV P - et s
6570 6879 3749 3130 57 48 0.85 2.27
Table 1 Sizing results
Hrs Hrs in| Hrs in| Hrs in| Hrsin | Hrsiin [ Hrsin [ Hrsin Hrsin | Hrsin | Hrsin | Hrsin
inJan | Feb March | Apr May June July Aug Sp Oct Nov Dec
1 1 2 3 4 4 5 4 4 1 1 1

Table 2 Number of hours per day in each month that the diesdl generator has to operate

Performance evaluation

In order to make sure that the system, for which we have conducted the optimum szing, is ale to
supply reliable eectricity for the load, we have performed a computer smulation for the purpose of
performance evauation. As battery bank is the weakest component in the PV hybrid power system,
we have chosen the state of charge (SOC) of batteries as ameasure for performance prediction.

Fgure 3 shows the every day’s peak sun hour, while Figure 4 shows the generation profile of solar
PV aray. Figure 5 shows the generation profile of the diesd generator. Figure 6 shows the total
generation by PV and diesdl generator. Figure 7 shows the energy balance and Figure 8 shows the
state of charge of battery in one year. In winter, when the least sun shine is available the depth of
discharge of the battery bank isjust above 60%. Theirradiation pattern has been shown in Figure 3

Page: 7



MECSE-29-2004: "Complete Engineering and Economics of Solar Photovoltaic Hybrid Power ...", A. Zahedi

PSH

Day

Figure 3 Every day’s pesk sun hours (PSH) of the location over one year

The power production by the PV array has been shown in Figure 4. It has a pattern smilar to the
irradiation pattern. This is because that the main factor affecting the power production of PV

generator istheirradiation.

PV generation

kWh

25.0

Day

Figure 4 Energy generated by PV array every day over one year

The power production by the diesdl generator has been shown in Figure 5.
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Figure 5 Electricity needed to be generated by diesel generator every day of the year

PV & DG total generation

kWh

30.0

L7, AN
i

25.0

1

1

YR 3 e85 R88]Y8IBELEB8S NS BREB88EY RS

Day

Figure 6 Totd generation by PV and diesdl generator
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Energy balance
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Figure 7 Energy baance, excess and deficit

State of Charge of Batteries

%

120

Day

Figure 8. State of charge of the battery bank

Electricity cost analysis

Table 3 showsvariation of eectricity in terms of interest rate on the money borrowed from afinancia
inditution for ingalation of photovoltaic sysem. When money is available and not borrowed from a
finendd inditution and no AGO support is provided, the eectricity cost will be A$2.27.kWh as
shownin Teble 1.
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Case 1. Nosubsidies Case2. AGO subsidies A$7,500
Interest rate (%) 0.00 Interest rate (%) 0.00
ANN-PMT 7565 ANN-PMT 7265
Electricity cost $kWh 1.15 Electricity cost §kWh 1.11
Interest rate (%) 1.00 Interest rate (%) 1.00
ANN-PMT 8587 ANN-PMT 8246
Electricity cost ¥kWh 131 Electricity cost ¥kWh 1.26
Interest rate (%) 3.00 Interest rate (%) 3.00
ANN-PMT 10860 ANN-PMT 10429
Electricity cost $/KWh 1.65 Electricity cost ¥kWh 1.59
Interest rate (%) 5.00 Interest rate (%) 5.00
ANN-PMT 13418 ANN-PMT 12885
Electricity cost ¥kWh 2.04 Electricity cost ¥kWh 1.96
Interest rate (%) 7.00 Interest rate (%) 7.00
ANN-PMT 16227 ANN-PMT 15584
Electricity cost $/kWh 2.47 Electricity cost §¥kWh 2.37
Interest rate (%) 8.00 Interest rate (%) 8.00
ANN-PMT 17715 ANN-PMT 17013
Electricity cost ¥kWh 2.70 Electricity cost ¥kWh 2.59
Interest rate (%) 10.00 Interest rate (%) 10.00
ANN-PMT 20834 ANN-PMT 20007
Electricity cost ¥kWh 3.17 Electricity cost §kWh 3.05

Table3. AGO (Audraian Greenhouse Office) provides financia support

The variation of dectricity cost as afunction of mortgage rate on the loan borrowed for ingtalation of
PV system has been shown in Figures 9 and 10. Figure 9 shows this variation for the case that the
Government does not provide financia support, while Figure 10 shows this varigtion for the case that
the Government provides financia support.

Electricity Cost Electricity Cost
0.8 0.5
0.7
0.6 0.4
£ 05 <
03 —
£ 04 — Z
5(9 gg —| gz 0.2 — —
Mj_’: — [ o - —
0 . . . . . . 0 . . . T
0 1 3 5 7 8 10 0 1 3 5 7 8 10
Interest Rate % Interest Rate %
Figure 9 Figure 10

Conclusion and Remarks

An accurate szing of components of PV hybrid power system has been presented. This paper has
referred to the fact that the nontechnical factors such as correct Szing, inflation rate, discount rate
and mortgage rate have strong effects on the capital and dectricity cost of PV hybrid power systems.
The correct Szing is important part of desgning a hybrid system. Over-9zing the sysem makes it
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more expensive and will result in wasting eectricity, while under- 5zing makes the system unreiable.
Therefore optimum sizing is very important. Optimum sizing is important becauseit ensures minimum
capital and eectricity cost aswell as reliable system. In this investigation we have assumed that the
PV array generates in summer the same amount of energy which is needed by the load in atypica
summer day. Usage of diesd generator will be minimum in summer. In the other seasons PV array
generates less dectricity, therefore usage of diesal generator will be more. This arrangement offers dl
the benefits of PV systems with respect to low operation and maintenance costs, and aso ensures
that PV dectricity is not wasted.

This paper presented an approach for evauating the performance of PV hybrid power systems. It is
a useful toal for predicting the performance of the solar PV hybrid power systems before they are
ingdled. This paper presented a performance prediction method based on the SOC of the batteries.
The method developed and presented in this paper can be used for any locations by any applications
provided solar radiation data are available and daily eectricity consumption are known.

Further work
The further work that will be carried out immediately is the system cost versus benefits of increasing
or decreasing the size or the number of each system components in athe PV-hybrid power systems.
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