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CHAPTER 1
INTRODUCTION

1.0 Introduction

Many rural areas of developing countries lack syppf electricity due to poor

distribution of grid electricity and financial ragees to aid grid extension (Urmee et al,
2009). These countries usually have under capatiglectricity generation with the

scarce electricity being allocated to the more irtgod urban sector. The relatively low
energy demand in rural areas does not compensateost of long-range transmission
lines from the national grid. This justifies theeuof more decentralised forms of power
supply systems which need to be modular in natadevadespread in distribution so that
they can be built anywhere near the locations ef USuch power supply systems should
be able to provide uninterrupted power supply. i@yt for providing these include

stand-alone renewables, diesel generator setccomaination of these forms of energy

in a hybrid system.

Wind energy, can be a good power supply optioniluimbabwe the problem is that
wind speeds are not enough for power generationnd\Wpeed determines the power
output from wind generators and the output increasgnificantly as the wind speed
increases. A wind turbine installed in an area vatljood wind resource can produce
energy cost-effectively, for instance, if wind spee doubled the system becomes about
eight times cheaper (Ackermann, 2005). However atralable wind resource typically
varies from season to season, this creates a isggmtifvariation in the wind turbine
output and some areas do not have sufficient wpekds for power generation thus

limiting resource use.

Another renewable resource is solar energy whichbisndant in nature especially in
most developing countries and Zimbabwe for examplegives more than 2000 sunshine
hours per year. Solar stand-alone systems use \iitatic modules to supply total
electric needs. Photovoltaic systems have a nuwibererits over conventional power-

generating technologies. PV systems can be dekifymea variety of applications and
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operational requirements, and can be used for retbetralized or distributed power
generation. PV systems have no moving parts, actutar, easily expandable and even
transportable in some cases. This system is cdehpieadependent of traditional energy
sources and this energy independence and envirdahzemmpatibility are two attractive
features of PV systems. The fuel (sunlight) i frend no noise or pollution is created
from operating PV systems. In general, PV systdmas are well designed and properly
installed require minimal maintenance and have leagyice lifetimes (Nayar et. al,
1993)

The amount of power produced by renewable energice® such as photovoltaic cells
and wind turbines varies significantly on an houdgily and seasonal basis due to the
variation in the availability of the sun, wind amdher renewable resources. This
variation means that sometimes power is not availalnen it is required and on other
occasions there is excess power. PV stand-aloriensysare also not suitable for high
energy-intensive applications. However, to delivamtinuous uninterrupted power
supply, the PV array and battery of a stand alaar system have to be excessively
over-sized leading to high capital costs. For usided systems, power shortages will be
experienced and the batteries may be damaged leg®xe discharge.

Another energy supply option for remote areas ésdtand-alone diesel generator sets,
which are relatively inexpensive to purchase bupemsive to operate and maintain
(Karnavas and Papadopoulos, 1999). Some genertsowsl produce DC electricity for
charging batteries directly and AC electricity farnning appliances and electrical
equipment. Advantages of this option are the loitvaincapital costs and generation of
power on demand. Gensets can be operated withtbowtia battery but the problem is
that if there is no battery they have to be sizmdpeak power and are therefore less
efficient when the load ratio is low. When a gensatesigned this way it will operate at
partial load for most of its operating life yet spge fuel consumption characteristics of a
typical diesel engine show that a diesel generaiast be operated above a certain
minimum load level in order to maintain efficieneyd to reduce the possibility of
premature failures (Beyer et al, 2003).



Generator units perform best when operated near rdied output. As the load on the
generator decreases so does the efficiency of rtite Itia generator set runs for long
periods at very low loads, significant maintenapceblems can occur to include wet
stacking. Diesel generators also emit substantiahtities of carbon dioxide per unit of
electricity (Beyer et al, 2003). Generally diesehgets are noisy, have short durability,
cause environmental pollution and are expensiveruwno and maintain. Another

disadvantage is that diesel engines use petrolaweh Wwhich is imported for most

countries using premium foreign currency. The gdimel costs and the impracticality of
running generators for long periods at low loads led to the introduction of renewable
energy equipment, batteries and inverter technegpgwhich reduce fuel costs and

maintenance and provide continuous power supply.

An attractive option for power supply that elimieatmost of the disadvantages of both
diesel and renewable stand-alone is the hybrid emnélybrid systems consist of
combination of a PV array and a complementary me&egectricity generation such as a
diesel, gas or wind generator. Figure 1 shows #émeigal layout of a hybrid system.

PV Array | _g.| Charge -
y Controller DC Load

A
Y

Alternator | .| Battery »| Inverter
A

Y
Engine » AC Load

Figure 1 Layout of a typical PV Hybrid Power Supflystem

A key feature of hybrid systems is the fact thairtkkonstituent system strengths
compliment one another thus providing a number d¥aatages, which are also
determined in part by the system type. These imckidnificantly greater reliabilityn
power supply due to the use of two or more enemyces,more efficient system

solutions by virtue of a high degree of flexibility during dhdesign phase and in



operation,lower overall maintenance costisie to the shorter operating cycles of the
motor generator units andnger service life timef components as a result of reduced
use (Kaikhurst, 1998). The main problem of hylpiaver supply systems is that they are
more complex when compared with stand-alone systansrms of system sizing and
operation strategy of components. Other disadvastaglude additional investment cost
of renewable energy sources, batteries and povestrehics, limited experience of
customers and supply utilities with renewable emesnd hybrid power system
technology and life cycle economic analysis redglitleat is based on detailed system

simulation.

Sizing of such systems require simulation of pofl@ws in the system, for example, to
decide when the diesel engine is dispatched, whatcf array, battery life and many
other variables. The sizing requires an economatyais but this research is concerned
with developing a simulation model to analyze thergy performance of a power supply
system comprising a PV array, battery, power cooitg equipment etc. The model
should be able to come up with information likeasdtraction for a given area, battery

life, load satisfied and diesel fraction among otihéngs.

The outputs from the model will be used to ratibndecide on sizing of the components
of the power supply system like the generator,epgttPV array which is done for
different dispatch strategies. Dispatch strategyhes criteria used to decide when the
genset of a hybrid system is turned on and whentitrned off. The outputs will also be
used to show how the dispatch strategy can afffecsize of a typical system for a rural
clinic. It is therefore hoped that the results frtme study will give an insight and link
between the variables involved in the design andraipn of the PV/Diesel/Battery

hybrid power supply system.

The aim of this work is to develop a procedurediaing the hybrid system components
in order to come up with a system that can sattsfyload completely (100%) even when
there are poor weather conditions. This will be i@obd by identifying the load

requirements and using a load matrix to find anrlydoad demand. The next step would



be to design a model that can simulate the operatiadhe PV hybrid system. This will
be followed by use of the model to size the comptsand identifying a cost effective
energy dispatch strategy. The last step will beemommend the optimal blending of
PV/Diesel/Battery.

While several software tools are available on therket and in research groups, it is
sometimes difficult to assess the adequacy of thesls to specific tasks. Also, more
details are available from the system when perfognaptimization than at the planning
phase. According to Gabrovska et al (2004) usaucih programs require high expertise
and financial resource hence the development oplgied computational methods that

are less costly.

1.2 Conclusion

In this chapter the researcher looked at the backgt information, aims and objectives
as well as justification of the research. The rehdpter is going to focus on review of

related literature.



CHAPTER 2

Literature Review

2.1 Introduction

This section makes a review of literature pertajnio remote power supply systems
which include renewable stand alones, diesel georeset stand alone and the hybrid
system which is the combination the two. The advged and disadvantages of the power

supply options as well as their configurations digghatch strategies will be considered.

2.2 Power Supply Options for Remote Areas

2.2.1 Wind Stand Alone Systems

Wind energy is one the renewable power supply aptior remote areas. Its advantages
include low environmental impact and occupy rekdinvsmall area of land in proportion

to their electrical output. The output from windngeators increases significantly as the
wind speed increases, and wind speed increasesigtg hbove the ground increases. In
evaluating any available wind data the effect @f litcal topography/geography needs to
be considered as it may cause uneven wind patteatswill affect the turbine's output

(Ackermann, 2005). A wind turbine installed in aieawith a good wind resource can

produce energy cost-effectively.

This energy option however has limited use becanisdern energy converter systems
are expensive to set up and if located near homesikplaces noise of the rotor can be
annoying. Another problem is that wind does notb#dl the time and in some cases the
speeds may not be enough for electricity generafitrey are not suitable for mobile
needs and maintenance costs are high. If wind-edrigenerators are linked to diesel

generators the efficiency of the diesel plant camdaluced (Wichert, 1997).



2.2.2 Stand-Alone Photovoltaic Systems

Photovoltaic power systems are generally classifiedording to their functional and
operational requirements, their component configoma, and how the equipment is
connected to other power sources and electricalslo@he two principal classifications

are grid-connected or utility-interactive systemsd atand-alone systems.

Wichert (1997) argues purports that stand-alonesgtems are designed to operate
independent of the electric utility grid, and amngrally designed and sized to supply
certain DC and/or AC electrical loads. These typiesystems may be powered by a PV
array only, or may use wind, an engine-generatartidity power as an auxiliary power
source in what is called a PV-hybrid system. Tinepdest type of stand-alone PV system
is a direct-coupled system, where the DC outpué ¢tV module or array is directly
connected to a DC load (Figure 2). Since thereoiglactrical energy storage (batteries)
in direct-coupled systems, the load only operatw@snd sunlight hours, making these
designs suitable for common applications such adilagon fans, water pumps, and
small circulation pumps for solar thermal watertimgasystems. Matching the impedance
of the electrical load to the maximum power outpithe PV array is a critical part of
designing well-performing direct-coupled systemr [Eertain loads such as positive-
displacement water pumps, a type of electronic DC-d&nverter, called a maximum
power point tracker (MPPT), is used between thayaand load to help better utilize the

available array maximum power output.

PV Array » DC Load

Figure 2. Direct-coupled PV system.

In many stand-alone PV systems, batteries are foseshergy storage. Batteries are often
used in PV systems for the purpose of storing gnprgduced by the PV array during
the day, and to supply it to electrical loads asdeel (during the night and periods of
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cloudy weather). Other reasons batteries are us€Visystems are to operate the PV
array near its maximum power point, to power eleatoads at stable voltages, and to
supply surge currents to electrical loads and tever In most cases, a battery charge
controller is used in these systems to protect Iadtery from overcharge and
overdischarge (Wichert, 1997).Figure 2 shows ardiagof a typical stand-alone PV

system powering DC and AC loads

PVATRY 1— ggﬁ{rgoﬁler | DC Load
A
Y

Battery > Inverter

Y

AC Load

Figure 3 Diagram of stand-alone PV system withdrgtstorage powering DC and AC
loads.

PV systems are like any other electrical power geimgy systems, though the equipment
used is different from that used for conventiorlaceomechanical generating systems.
However, the principles of operation and interfgoivith other electrical systems remain
the same, and are guided by a well-established bbdyectrical codes and standards.
Although a PV array produces power when exposedutdight, a number of other

components are required to properly conduct, cgntenvert, distribute, and store the
energy produced by the array. Depending on thetifuma and operational requirements
of the system, the specific components required imalyde major components such as a
DC-AC power inverter, battery bank, system anddpgticontroller, auxiliary energy

sources and sometimes the specified electrical (@apliances)

The performance of PV modules and arrays are géneawted according to their
maximum DC power output (Watts) under Standard Tamtditions (STC). Standard
Test Conditions are defined by a module (cell) apeg temperature of 258C (77 F),



and incident solar irradiance level of 1000 W/and under Air Mass 1.5 spectral
distribution. Since these conditions are not alwtgpscal of how PV modules and arrays
operate in the field, actual performance is usu@8yto 90 percent of the STC rating.
Photovoltaic modules are extremely safe and raigbbducts, with minimal failure rates
and projected service lifetimes of 20 to 30 yeaviast major manufacturers offer
warranties of 20 or more years for maintaining ghhpercentage of initial rated power
output. When selecting PV modules, one should fookhe product listing, qualification

testing and warranty information in the module nfaoturer’'s specifications (Wichert,

1997).

2.2.2.1 Merits and demerits of PV Systems

Photovoltaic systems have a number of unique adgast over conventional power-
generating technologies. PV systems can be desifpmea variety of applications and
operational requirements, and can be used for rettbetralized or distributed power
generation. PV systems have no moving parts, adulag easily expandable and even
transportable in some cases. Eneingyependence and environmental compatibility are
two attractive features of PV systems. The fuelnlfght) is free, and no noise or
pollution is created from operating PV systemsgémneral, PV systems that are well
designed and properly installed require minimal ntemance and have long service
lifetimes (Gabrovska et al, 2004).

2.2.3 Diesel Power System

Stand-alone diesel generator sets are relativebyp@nsive to purchase but expensive to
operate and maintain. Specific fuel consumptiorrattaristics of a typical diesel engine
show that a diesel generator must be operated adamertain minimum load level in
order to maintain efficiency and to reduce the foidy of premature failures. This is
shown in figure 4 which shows a typical curve fpedfic fuel consumption versus load

ratio.
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Figure 4 A typical curve for specific fuel consutiop versus load ratio.
The typical specific fuel consumption versus loadior curve generally shows that
specific fuel consumption increases as the lodd matreases. The relationship between

the two is such that low load ratios result in higal consumption.

The problem of selecting a diesel generator siz@ foewly emerging community, or one
which has not had continuous power previouslyjffecdlt while population fluctuations,
seasonal demand, increase in number and use tficeappliances are complex issues
for designers to assess. A generator should nevesplerated at its maximum power
output for more than 30 minutes. Rated power, erpibwer that a generator can produce
for long periods of time, is a more reliable measaf generator power (Beyer et al,
2003).

The conventional approach for a stand-alone diss& select the diesel generator set
according to the peak load. During periods of l@mads, the diesel generators will be
poorly loaded with the consequences of poor fudiciehcy, wet stacking, low
combustion and carbon deposits (glazing) on théndgt walls, causing premature
engine wear. Common practice is to install “dumadl which deliberately dissipate

energy when useful demand is low, to protect tlesaliengines.
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The same authors argue that several approachesbleaweconsidered to maximise the
economy of operating diesel generators. One systemploys a number of diesel
generators that need to operate parallel to aclgesk load supply, but can be shut down
systematically as load reduces. This system wijume automatic sequencing and
synchronisation controls A two-diesel system-onalsrset and the other larger with
manual change over switch- is used to meet the tegdirements .The small set is
operated during low-demand periods while the lasgris reserved for the high-demand
periods. This scheme is a relatively low-cost dng,offers little protection to the larger

generator with low demand and is not very convenien

Although diesel generators have a low initial captbst and there is support available on
how to operate and maintain them, experience hasvrsithat there are significant
limitations associated with this method of generatiGetting a maintenance crew on
time in such isolated area is a problem. Transportaf fuel is another problem. Diesel
gensets have problems with short durability, whechue to the fact that they work very
inefficiently when running just at fractions of theated capacity. Frequent start-up and

shut-down procedures also decrease their lifetidaaipt and Haupt, 1998).

These diesel generators are very expensive tondmeintain and every litre of diesel
releases about 3 kg of CO2 gases (Lenzen, 1999).didsel generator remain in the
system to equalize the battery and to act as aulpagk&nerator for extended periods of
low renewable energy input or high load demand hSystems are usually installed in
locations where fuel supplies are expensive andliatte, or where strong incentives for

the use of renewable energy exist (Drouilet, 1997).

2.2.4 Hybrid Power Systems

Hybrid systems are one means of providing eledtpoaver in remote areas that are not

connected to a power grid. A hybrid remote powetesy integrates two or more power
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sources. Such systems eliminate problems assodcidttedhoth PV and diesel stand alone

systems.

PV Arra | Charge o
Y Controller DC Load

A

Y

Battery > Inverter

Alternator

Y

A

Y
Engine » AC Load

Figure 5 Diagram of photovoltaic hybrid system.

Such systems are inherently reliable due to meltgpbdwer sources and generally use
diesel generating set-capable of providing fuledapower on demand as the second
energy source (Behrendorff, 1999). They are indéeen of a large, centralized
electricity grid and incorporate more than one tgppower source. Isolated AC systems
include at least the following: conventional AC ské generators, an electrical
distribution system, and distributed AC loads. Abhg system could also include
additional power sources such as renewables (wirlaines, photovoltaic panels) and

storage.

There may be more than one diesel generator suygppower to the network. These are
normally connected to an AC bus in the power hausere the diesels are located. This
bus provides power to the distribution network. \Whhere is more than one diesel
generator, a control system must be employed tpeply allocate the power from the
diesels. These control systems may take a variefgrms especially as computerized
control systems become more widespread and oneecdproaches is to use one lead
diesel to set the grid frequency and to set therstko run at fixed throttle (Kaikhurst,
1998)
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2.3 Hybrid Power System Configurations

According to Wichert (1997), hybrid energy systewigh or without renewables, are

classified according to their configuration asegrswitched hybrid, or parallel hybrid.

2.3.1 Series hybrid system

In this system either the renewable energy sourcéh® diesel generator is used to
maintain charge in a large battery bank. Duringqolsr of low electricity demand the
diesel generator is switched off and the load carsimpplied from PV together with
stored energy. Power from the battery bank is cdedeto AC at mains voltage and
frequency by a converter and is then fed to thd.l&attery charging can be controlled
by controlling the excitation of the alternator @Nert, 1997). The charge controller
prevents overcharging of the battery bank from Rdhegator when the PV power
exceeds the load demand and the batteries arechudigged. The system can be operated
in manual or automatic mode, with the addition ppr@priate battery voltage sensing

and start/stop control of the engine-driven germerat

DIESEL || ALTERNATOR || BATTERY BATTTERY | |
ENGINE CHARGER BANK INVERTER LOAD

RENEWABLE
ENERGY SOURCE

Figure 6 Series hybrid system

Advantages of this configuration include that tngiae-driven generator can be sized to
be optimally loaded while supplying the load anérging the battery bank, until the
state of charge (SOC) of 70-80% is reached. Nockmty of AC power between the
different energy sources is required thus simpiiythe electrical output interface. Also
the power supplied to the load is not interruptdeemthe diesel generator is started and
the inverter can generate a sine-wave, modifiediggwaves, or square-wave, depending

on the application.
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Although the design principles of the series hylsigtems are relatively simple to
implement. Islam (1999) highlights its disadvantage include: low overall efficiency
due to the series configuration of system elemesubstantially larger battery capacity
than the maximum peak load demand resulting insystem being more expensive
component to the system; and with renewable inghtse is limited control of diesel
alternator because the system is based on lew#lavfie in the battery rather than the site
load.

A series hybrid system is characterizedidwy overall system efficiency since the diesel a@nn
supply power directly to the load; large invertadalue to the cycling profile large battery bank
is required to limit the depth of discharge; dimdited optimisation of diesel alternator and
renewable energy sourd&OPAC Miscellaneous Report 408)05). The battery bank is
cycled frequently, shortening its lifetime. If tireverter fails there is complete loss of power to
the load, unless the load can be supplied direftdyn the diesel generator for emergency

purposes.

2.3.2 Switched hybrid system

This system allows with either the engine-drivemegator or the inverter as the AC
source but no parallel operation of the main gdr@raource is possible (Islam, 1999).
Both the diesel generator and the PV array cangeh#re battery bank. The diesel
alternator meets the load during the day and egepgeak while the battery bank is
charged by the renewables and any excess powertfrerdiesel. Power is supplied to
the load by the battery through the inverter dutimglow load night period. The typical

layout of the system is as shown in figure 7.
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DIESEL L ALTERNATOR —/O—

ENGINE

ALTERNATOR |— 8 LOAD

RENEWABLE | BATTTERY | | BATTERY |
ENERGY SOURCE BANK CHARGER

Figure 7 Switched configuration

The main advantages of the system are quiet operatt night and partial improvements
in diesel consumptiorA switched hybrid system is also characterizedhgyfact thathe diesel

generator can supply the load directly, therefomeroving the system efficiency and reducing the
fuel consumption $OPAC Miscellaneous Report 408)05). As for the series system, the
diesel generator is switched off during perioddast electricity demand and the inverter can
generate a sine-wave, modified square-wave, or square-walepending on the

application. Switched hybrid energy systems canirbenanual mode, although the
increased complexity of the system makes it higidgirable to include an automatic
controller, which can be implemented with the additof appropriate battery voltage

sensing start/stop control of the engine-driven.

The diesel system and inverter are typically desigto meet the peak loads, which
reduces their efficiency at part load operation Hrete is no optimisation control on the
diesel as the source switching solution is basea simple time clock. Power to the load

is interrupted momentarily when the AC power sosii@ee transferred

2.3.3 Parallel hybrid System(Source/ Charger-
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Parallel Inverter/ Storage)

The parallel configuration shown in figure — alloals energy sources to supply the load
separately at low or medium demand, as well aslgugpquick load from combined
sources by synchronizing the inverter with the radér output wave form the bi-
directional inverter can charge the battery banknvaccess energy is available from the
engine driven generator, as well as act as DC-A@wexer In this case the renewables
and the diesel generator supply part of the loadadhel directly. The diesel generator and

the inverter run in parallel.

DIESEL L ALTERNATOR —(’O—

ENGINE

— LOAD

RENEWABLE — BATTTERY |— INVERTER —/O—

ENERGY SOURCE

SYNCHRONISED
CONTROL

Figure 8 Parallel configuration

Advantages of this configuration over other systnfigurations are that the system
load can be met in the most optimal way, diesdtieficy can be maximized, diesel
generator maintenance can be minimized and iBeaereduction in the capacities of
diesel, battery and renewable sources while loagkgeare being met. However,
automatic control is essential for the reliable ratien of the system and the system
operation is less transparent to the untrained afsére system. Also the inverter has to

be a true sign wave inverter with the ability tmslyronize with a secondary AC source.
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2.4 System Benefits

According to Wichert (1997), a key feature of hgbgystems is the fact that their
constituent system strengths complement one anoffi@s provides a number of
advantages, which are also determined in part bysttstem type: significantly greater
reliability in power supply due to the use of twmomore energy sources; more efficient
system solutions by virtue of a high degree ofibigity during the design phase and in
operation; lower overall maintenance costs duehto ghorter operating cycles of the
motor generator units; and longer service life tisheeomponents as a result of reduced
use. Karnavas and Papadopoulos (1999) also highlihghfollowing advantagesf solar
hybrid systems reduced operational cost due to less fuel consempnd low PV
maintenance; improved reliability through diversify power sources and continuous
power supply; increased operational life due &8s lgenset operating hours; improved
energy services and environmentally friendly dueréduced emissions and noise

pollution

The fuel savings in hybrid system without storage affected by two main effects. As
the diesel has to be operated in a mode that felldve effective load (load — PV
production), it may be forced to operate under paad conditions quite often. This
causes an increase of the fuel consumption per gtiuced. Second there is the need
to dump PV-power, when the possible PV-productgahkove the actual load. In view of
the lifetime of the diesel gen-set and the systeilgty it is not recommended to operate
the diesel below a certain effective load (e.g. X¥%ominal). This causes another share
of PV-energy that needs to be dumped . A hybrglesy that relies on photovoltaics for
the generation of most of the power during periad®n there is sunshine, and use
generator power when sunshine is not availableetsffsapital costs of photovoltaics and
operating costs of the diesel generator (LopezAandtin, 2004).

Table 1 Summary of merit and demerits of diffengomver supply systems

Power Supply System Advantages Disadvantages

Diesel /battery . Low initial capital cost . Noisy
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Generate power on demand

Short durability
Very expensive to run angd
maintain

Environmental pollution

PV Stand -alone

Safe, clean and quiet to operate;

Highly reliable;

Require virtually no maintenance;

Operate cost-effectively in remote areas and
many applications;

Flexible and can be expanded at any time
meet demand

Increased autonomy — independence from
grid or backup during outages.

for

the

Not well suited for highly
energy-intensive uses such ps

heating

PV/Diesel/Battery Hybrid

Reduced operational cost due to less fi
consumption and low PV maintenance
Improved reliability through diversifying
powersources and continuous power supply
Increased operational life due to less ger
operating hours

Improved energy services
Environmentally friendly due to reduce
emissions and noise pollution

Smooths out seasonal weather fluctuations
Reduced ‘deep-cycling’ of batteries
Extended battery life

Avoid noisy generator

uel

set

batteries and powey
electronics.
. Limited experience of

. Systems are generally mo

. Life-cycle economic analysis

Additional investment cost 0|

renewable energy sources,

customers and supply utilitie]

0

with renewable energy and
hybrid power system
technology.

0]

complex.

o

required — based on detailé

system simulation.

2.5 Battery Storage

The battery storage (bank) is used to store eb#gtriit enables the continuity of power

to the load in the event of power failure or fofasites in the event of cloudy weather

and at night. Both nickel cadmium and sealed — k@d batteries are usually used for

remote area power supply systems. The cyclic eneffygiency of a battery (usually

80% for a new lead-acid battery operated in themaph region) is also paramount, since

energy lost requires a larger input source to wEpli. Other important factors that

determine life-cycle costs (apart from capital f@se: the number of cycles delivered (at
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a certain depth of discharge — DOD), lifetime (Wlsud to 7 years in well-designed

systems), and how often it must be maintained (KwA and Islam, 2004).

2.5.1 Storage in hybrid power systems

In order to maximize renewable resource availall@/a to minimize use of backup
generator, batteries are incorporated in hybridesys (Lopez and Agustin, 2004). The
same author agues that batteries in such systepesience irregular patterns of charge
discharge cycles and that estimation of battery &dhd optimal sizing of batteries is
difficult since battery life depends on both deptid rate of discharge as well as on other

factors to include temperature and charging styateg

Important factors in battery life are battery agimlgich refers to processes that tend to
limit the physical integrity of the battery and #bility perform the intended task; and
battery wear which refers to processes that teidhibthe amount of electric energy that
can be stored or supplied (Behrendorff, 1999). atthor further highlights that while
aging is mostly accelerated by adverse environrheotanditions or improper
maintenance, which can be controlled, battery weaa function of battery’s charge-
discharge history. The designer or operator hagr@oover some factors that contribute
to useful battery life in a given application ligell temperature, charging regime, battery
maintenance procedures, dwell time at low and sigites of charge and amount and

frequency of overcharge but cannot control theldegtie of discharge.

The capacity of the battery is specified by mantfiges in Ah under a certain discharge rate and
cell temperature. If energy stored in a batterZis=100 Ah then it can provide a current of 4
Amps for 25 hours. Energy in Kilowatt Hours (kWh)dh x V / 1000, in which V is the battery
voltage Karnavas and Papadopoulos, 1P9@harging rates are specified by battery
manufacturers and depend on the battery capacitystate of charge. The depth of discharge
refers to the measure of how much of the totakbattapacity has been consumed and is usually
given in percent while State of Charge refers tmemsure of how much of the initial battery

capacity is available and is expressed in tern¥ of rated capacity.
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The maximum recommended depth of discharge is lysaidund 70% depending on the battery
manufacturer’s specifications. Batteries in hylpiver systems are deep cycle batteries that can
discharge more of their stored energy while stilaimaining long life. Karnavas and
Papadopoulos, (199%lso highlight that the operating voltage (12 \24 V / 48V) of the
battery cell is not constant due to factors suchhasinternal resistance of the cells and the
temperature. The argument is that rate of chemieattion is reduced when the battery
temperature is low, during cold periods and batwagacities are usually given at a reference
temperature of 25°C necessitating correction ahdrigor lower temperatures. Battery bank

capacity is usually sized to provide 3-7 days aomayto a depth of discharge of around 80%.

2.6 Solar Resource Characterization

Photovoltaic systems depend on the availability tbé solar resource which is
characterized by measured insolation data and aessnrelated to the site. The site
related parameters include geographic informatisite (latitude and longitude) and
temperature information (the nominal ambient terapge or a time series of ambient

temperature).

Ambient temperature is used in estimating thergu@tovoltaic cell panel temperature.

When such data is not available, a representaitigergean ambient temperature is used.
The value selected should be a daytime temperataneesponding to the times of

highest productivity from the panels. The sitetlate is used in solar angle calculations.
These calculations are done since solar data iallystaken on a horizontal surface

whereas photovoltaic panels are normally instalted a slope. The slope surface
generally face south in the northern hemispherenantth in the southern hemisphere.

Sometimes panels are installed on adjustable trgcotevices. Solar angle calculations
are also needed in those cases. The site longsudsed in solar angle calculations to
ensure that the data is converted to solar timielfsolar time is not properly accounted
for, errors in the results will appear. Solar ragselcalculations require knowledge of the

day during which the data was taken. Specificatibthe Julian day of the first data point
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allows the data to begin on any day of the yealarSasolation data is assumed to be

taken on the horizontal. Data is in Watts per sguaeter.

2.6.1 Average Hourly Incident Radiation on An Array

Radiation is normally given as daily data, thaassdaily global radiation on a horizontal
plane, H . To solve the global radiation into its beam adiffuse component

) . ) ) H
correlations of the ratlo'F‘nd/Hh with clearness indexK = H”

(o]

Many correlations have been identified in the &tare for different elements and
location by different authors e.g. Duffie & Bechamd991).

According to Hove and Gottscle (1999), for Zimbalamel the region.
% =1,0294 — 1, 14K for K 0,75 (1)

h

=0,175forK> 0,75

To resolve the daily value into hourly value fastgrand , of Liu and Jordan (1996) and

Collares Pereira and Rabl (1979) are used.

The factor , r =ﬁ (2)

Wherel is the hourly radiation and it is the daily radbati

| I
r,=—"and r, =—-
H

D H

Since r is a function of hour angteand day length  for diffuse radiation.

7T COSw— COS,

ry =——— COSw, (3)
24 sinw, — 7w,

r = (a +b cosn) rq

where a and b are correlation coefficients given by
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a=0,409 + 0, 5016 sim( — 60) 4)

b = 0,6609 — 0,4767 Sim(60) (5)

By adopting the Collares — Pereira and Rabl Sky &ll@ehd making some assumptions

the instantaneous radiation incident on the atrgyy can be estimated by

Iarray: (Ih'ld)COSH arraylcosg Z+|d/c (6)

Where |} is the global g arayis the angle of incidence of direct irradiancettom array, C
is the concentration ratio which is equal to urdy flat-plate array andylis the diffuse

irradiance.

Geometric factor R

This represents the ratio of beam radiation ontilterl surface to that on a horizontal
surface at any given time (Duffie & Bechaman, 1990)is factor is important in the

solar process design and performance calculatemst is vital to calculate the hourly
radiation on a tilted surface of a collector frogtimates of solar radiation on a horizontal

surface. The ratio, after some simplificationggiigen by

cos6
cosd,

Rb = (7)

where 8, is found in standard texts and is a function efdleclination angl&
Declination Angle,o

This refers to the angular position of the sunoérsnoon and is found by

360 }

0 =2345sin —(n+ 28 8
[365( 4 (8)

For the purpose of calculation in the model the thignaverage day is used as adopted
from Klein (1977).
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The angle of incidence as given in various textg [Buffie & Bechaman, 1991)] is as

follows:

€c0sf =sindsin® cosp —sind cosgsin S cosy + C0SO OS¢ COSS cosw + coso singsin 5cos
yCoSsw + cososin Ssinysinw

9)
This is the angle between the beam radiation amrface and the normal to that surface
(Hove and Gottsche, 1999).

Hour Angle () according to Hove and Gottsche (1999) is theukmgdisplacement of
the sun east or west of the local meridian duetation of the earth on its axis at’¥fer

hour, morning negative and afternoon positive.

The slope (3) refers to the angle between the plane at thaserin the practice when

installing solar arrays is to place them at an afgl= latitude of location.

2.7 Energy dispatch strategy

Dispatch strategy is the criteria the controlleesito decide when the genset of a hybrid
system is turned on, at what loading rate it ogs;aénd when it is turned ofB¢yeret

al, 2003).In small hybrid systems dispatch strategies arelginthe genset is usually
turned on automatically when a low voltage set pmimeached and runs until the battery
reaches a voltage set point, the battery is fullgrged or a preset minimum run time of
several hours has elapsed. Many controllers dsad the genset when the net load
exceed a certain level; sometimes it is left to @iser to start the generator manually

when this condition exists.

In most hybrid systems the genset runs at full laatd any power not required by the
load contributes to battery charging. Partial lnogdbf the genset occurs when the battery

is approaching full charge and cannot accept thlecturent of the genset. In some
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systems, however, the genset turns on only if dla€el is reasonably large and then runs
on the loading which supplies just enough powekdep the battery from discharging.

(i.e. it supplies power equivalent to the load poméus and power available from other

generators.)

In certain hybrid systems, the battery is used dalypuffer transients in demand and
therefore there is no real dispatch strategy. Téwset runs at all times supplying the
average of the difference between the load andptiver available from renewable
sources. In systems with multiple gensets where nthmber of genset on line is
determined by the loading level associated withaberage as oppose to the maximum,

when there is brief demand for more power, a sbaitiery makes up the shortfall.

Dispatch strategies are sometimes implemented apiénating set points that have been
selected by rules of thump (Beyer et al, 2003).@/ilese set points may work they
generally will not achieve least-cost operationh&f system. Methods exist that can help
select optimum strategies and set points but imigortant to note that most hybrid
system controllers currently available are suffithe sophisticated that they can
implement optimal dispatch strategies, the chakbesghe selection of the strategy not its

implementation.

An optimal dispatch is the one that minimize tlie-tiycle cost of the hybrid system and
dispatch strategies affect costs associated witisegefuel use, genset maintenance and
battery life but the influence is difficult to qu#g for the last two (Beyer et al, 2003).
should also be noted that the overall system padace depends on the dispatch
strategy.

2.8 System sizing

Major issues that arise when designing a systerudecthat the load placed on the
system is not constant, that the amount of enevgylable from the renewable energy
source is variable and that technology that begs$ site should be implemented (Hove,

24



2000). Therefore the design has to be iterativegusimulation models that can evaluate

instantaneous system performance.

Several software tools are available on the maakdtin research groups to optimize and
simulate hybrid energy systems, but it is sometiahiéfcult to assess the adequacy of
these tools to specific tasks. Also, more detaits available from the system when
performing  optimization than at the planning phaseAccording to
http://www.ecs.umass.edu/mie/labs/rerl/hy2/theatf/isers.pdf, use of such programs
require high expertise and financial resource hetiee development of simplified
computational methods that are less costly. Als® wser does not get an intuitive
understanding of the system since figures are fedt into the system, hence the
development of simpler home-made models. In thesldgwment of these homemade
models the user is able to include specific thithgd one needs to use. A system can be
designed with a smaller or larger solar array dtelog, or may make more use of the
diesel generator. The problem is to find a systeau provides an optimal combination of
solar array, battery and usage of the diesel engine

2.8.1 Estimation of Electrical Load

The electrical loads can be estimated if the pavsed by each appliance is known. The
total energy required will depend on this powerwdrand the operating time of the
appliance. Overall electrical loads can be deteschiny drawing up a list of all items,
their power use and their average operating timedag. The total will be used in

determining the size and type of system required.

2.8.2 Load Profiles
The load profile has been defined Karnavas and Papadopoulos (1928)the power

requirements for the demand-side converters (apgdialoads) over time. Once energy
conservation (demand side management) techniqeegsad to reduce the electrical load as far
as economically possible whilst still providing thequired service, the load profile should be
determined to decide the type of hybrid system eddad provide power. The load profile may

vary by the hour, day, week, month, season, or. yider peak demand spikes can be met from the
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batteries and the engine generator started anétegeat a steady load when the battery state-of-
charge drops below a pre-set level.

The most convenient method of determining the |jmadile of a system is by measuring

electricity demand using an energy (kilowatt / wildt-hour) meter, and logging the output
hourly, or more often, for at least a week, prdigra month or year (seasonal variations). This
can be done either manually if someone can readhéiter at regular intervals, or a data logger
can be used, in which case much more detailednrEbon is available. This will reveal the daily
and weekly profiles. If seasonal variations in loag suspected, longer-term (yearly) load

monitoring will be required to reveal the seasgmafile (Karnavas and Papadopoulos , 1999)

2.8.3 Photovoltaic Modules: Technician’s method
According toKlein (1977) to determine the actual required PV arratpat, divide the daily

energy requirement by the battery efficiency whichsually between 0.70 and 0.95 and depends
on the coulombic efficiency of the batteries intboharging and discharging. Generally 0.95 is
used for very efficient batteries installed in goodnditions and 0.7 for the least efficient
batteries.

The author highlights that to work out the outpuani the array, it is important to know under
what conditions the output will be determined, aeed to know what the inclination of the array
will be. This is measured in peak sun hours, whighdependent on latitude, season and
inclination of the array. The scenario generallpsan for solar / generator hybrid systems is the
yearly average peak sun hours. If tables of peak lsaurs are not available they can be
determined from the average of daily total glotsdiation. To convert daily global radiation
(MJ/me) to peak sun hours divide by 3.6. The output efriiodules will be average annual peak

sun hours times the module rating.

To determine the number of modules in the arrast firork out the number of modules in series
so that the operating voltage is sufficient fortéxgt charging. Divide the system voltage by the
nominal operating voltage of each module. To deiteenthe number of modules in parallel the
array output required (Ah) is divided by the outpfieach module (Ah). However this method
does not apply in this research as it does notitdkeaccount many things and in a hybrid system

energy flows need to be known from hour to hour.

2.8.4 Sizing The Charge Controller/ Battery Charger
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Generators in renewable systems are used to ptheebattery charger, particularly
during poor weather, or to supply heavy loads. Toay be automatically or manually
controlled. In most systems, either diesel, pairalas driven generators are used (Hove,
2000).

A batterychargerconverts the AC output to DC for the purpose ofdygitcharging. The battery
charger should be selected such that it conveet240 volt, 50 Hz AC to DC at the required bus
voltage of the battery storage bank. It should bke @0 provide a direct current up to the
maximum allowable charge rate of the batteries. Whe critical factors to consider when
selecting a battery charger are the system voltage the maximum rate of charge of the
batteries. There may not be a battery charger ajtctly the maximum current specified so a
charger with lower current would be chosen. Thetrhksly available charger would be 24 Volt
60 Amps.The size of the battery charger is determined leysilze of the battery bank
(Hove, 2000).

A charge controller should be sized to pass theeeep continuous current from the
array (or sub-array) into the battery, and showtdable to withstand temporary peak
currents due to sunnier than normal conditions.is Itritical that the controller be
adequately sized since the costs associated watledhtroller are much greater than the
cost of initially installing a slightly larger camtler. A module will normally have a
maximum current output which is its rated shortwir current (when battery voltage is
low). It is possible for irradiance levels to re@000 watts/mz2; the short circuit current
is normally rated for irradiance levels of 1000 twamz2. Charge controllers should be
sized therefore, to regulate 130% of a module’smab short circuit current. The size of
a controller can be calculated by multiplying theclirrent of a module by the number of
modules in parallel and the 1.3 safety factor. <idinwith the manufacturers to
determine if they have already build a safety faaito their rating value; oversizing by
130% may not be necessary if the controller isaalyedesigned to handle higher than

rated currents (Beyer, 2003).

2.8.5 Inverter Power
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The inverter converts DC power from the batterykband/or PV array to AC whenever
power from diesel generator sets is not availdblehanges DC energy stored within the
batteries to AC energy, suitable for the standagiance operating voltage of 240V. An
inverter can generally only supply loads up tokitewatt rating, although all inverters
have a surge rating for electrical peaks. Thiswaldor motor starting, or other brief
overloads (http://www.energymatters.com.au/reneg+ainlergy/solar-power/stand-alone-

power-systems/).

The output power (wattage) of an inverter indicatesv much power the inverter can
supply during standard operation. It is importanthoose an inverter, which will satisfy
a system’s peak load requirements. Most invertexsable to exceed their rated wattage
for limited periods of time. This is necessary sirappliances may require many times
their rated wattage during start up and the mininsumge requirement may be calculated
by multiplying the required wattage by three. Someerters have the added advantage
that they have a built-in battery charger so thiagnvthe batteries need charging from an
AC source (generator), the current can be fedtimeoinverter, changed to DC, and then
used to charge the batteries (Behrendorff, 1999)
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CHAPTER 3
RESEARCH METHODOLOGY

3.1 Introduction

This section looks at the energy demand analysimathd matrix, demand profile and the
methods used to determine the sizes of the dieseérgtor and minimum battery
capacity for an autonomous system to operate uthdermorst case when the weather
conditions are not favorable. With solar, the achadtery size for instance is determined

by simulation from a table, hence the design ofntleelel is described.

3.2 Energy Demand Analysis

The first step was to carry out an energy demaradyais which was done as shown in
Table 2 load data gives detailed information albibet appliances or equipment to be
powered: their number, nominal power, and the nurabhours of operation on a typical

day. The first column shows the code number ofaihy@iance followed by the appliance
and the number of appliances. The power ratingatisnis shown in the next column the
last column shows the total power obtained by mlyitng the appliance number by the
power rating of each appliance and can be treateahaV, *1 matrix where N is the

number of appliances.

Table 2 Load Data

Code Power

Number |Appliance Number Rating (W) [Total Power (W)
1 Drug refrigerator 1 300 300
2 Clinic lights 15 20 300
3 Computer 1 150 150
4 Water pump 1 800 800
5 House lights 18 20 360
6 Washing machine [1 1100 1100
7 Fridge 3 300 900
3 Pressing Iron 3 500 1500
9 TV 3 150 450




3.3 Appliance Usage Matrix

Table 3 shows an appliance usage matrix, which m&wa method convenient for the
computation of the above data. It shows the timthefday and the appliance in use for
each hour. This represents a 24% Mhatrix which when multiplied by the N1 matrix

give a 1*24 matrix that represents the load as shiowable 4.

Table 3 Appliance Usage Matrix

Appliance
in Use
Time |[1 2 3 4 5 6 7 8 9
1:00 |1 1 0 0 0 0 1 0 0
2:.00 |1 1 0 0 0 0 1 0 0
3:00 |1 1 0 0 0 0 1 0 0
4:00 |1 1 0 0 0 0 1 0 0
5:00 |1 1 0 0 0 0 1 0 1
6:00 |1 1 0 0 0 0 1 0 1
7:00 |1 0 0 0 0 0 1 0 1
8:00 |1 0 1 0 0 0 1 0 0
9:00 |1 0 1 1 0 1 1 0 0
10:00 |1 0 1 1 0 1 1 0 0
11:00 |1 0 1 1 0 0 1 0 0
12:00 |1 0 1 1 0 0 1 0 0
13:00 |1 0 1 1 0 0 1 0 0
14:00 |1 0 1 1 0 0 1 0 0
15:00 |1 0 1 1 0 0 1 0 0
16:00 |1 0 1 1 0 0 1 0 0
17:00 |1 0 1 0 0 0 1 0 1
18:00 |1 1 0 0 1 0 1 0 1
19:00 |1 1 0 0 1 0 1 1 1
20:00 |1 1 0 0 1 0 1 0 1
21:00 |1 1 0 0 1 0 1 0 1
22:00 |1 1 0 0 1 0 1 0 1
23:00 |1 0 1 0 0 0 1 0 0
0:00 |1 0 1 0 0 0 1 0 0
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3.4 Load Profile

Table 4 Load Profile

Time Load (kW)
0 0

1 1.5
2 1.5
3 1.5
4 1.5
5 1.5
6 1.95
7 1.95
8 1.65
9 1.35
10 3.25
11 3.25
12 2.15
13 2.15
14 2.15
15 2.15
16 2.15
17 2.15
18 1.8
19 2.31
20 3.81
21 2.31
22 2.31
23 2.31
24 1.35
Total 50

3.4 Load demand profile

The resulting load demand profile as depictedgnrie 9 was obtained by plotting power
against time.

31



2.5

Power(kW)
N
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Time(hrs from mid-night)

Figure 9 Load Demand Profile For a Typical Rurah(cl

3.5 Sizing of System Components

The system is supposed to operate with solar, Idieserator and battery, and should be
able to supply power even during cloudy periodsrdfore the diesel generator and the
battery should be able to cater for that. Thetbesefore a minimum battery size to cater
for the worst case when environmental conditiorsrant favorable and in the following

section sizing of the battery and the generatorssgbne. The assumption here is that the

diesel generator operates for 20 hours per day.
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Table 5 Battery and Diesel generator sizing

TIME [ LOAD(KW) [ NORMALISED | CUMMULATIVE | NORMALISED | CUMMULATIVE DIESEL | DISCREPANCY
LOAD NORMALISED | DIESEL POWER SUPPLY
LOAD

0 0 0 0 0 0
1 1.5 0.0300 0.0300 0.0500 0.050 -0.02
2 1.5 0.0300 0.0600 0.0500 0.100 -0.04
3 1.5 0.0300 0.0900 0.0500 0.150 -0.06

4 1.5 0.0300 0.1200 0.0500 0.200 -0.08
5 1.5 0.0300 0.1500 0.0500 0.250 -0.1
6 1.95 0.0390 0.1890 0.0500 0.300 -0.111
7 1.95 0.0390 0.2280 0.0500 0.350 -0.122
8 1.65 0.0330 0.2610 0.0500 0.400 -0.139
9 1.35 0.0270 0.2880 0.0500 0.450 -0.162
10 3.25 0.0650 0.3530 0.0000 0.450 -0.097
11 3.25 0.0650 0.4180 0.0000 0.450 -0.032
12 2.15 0.0430 0.4610 0.0000 0.450 0.011
13 2.15 0.0430 0.5040 0.0000 0.450 0.054
14 2.15 0.0430 0.5470 0.0500 0.500 0.047
15 2.15 0.0430 0.5900 0.0500 0.550 0.04

16 2.15 0.0430 0.6330 0.0500 0.600 0.033
17 2.15 0.0430 0.6760 0.0500 0.650 0.026
18 1.8 0.0360 0.7120 0.0500 0.700 0.012
19 2.31 0.0462 0.7582 0.0500 0.750 0.0082
20 3.81 0.0762 0.8344 0.0500 0.800 0.0344
21 2.31 0.0462 0.8806 0.0500 0.850 0.0306

The first column in table 5 shows time for the dalyile the next one shows the load
which is taken from table 4. This load can be ndized by dividing the hourly load by
the total daily load to get the next column. Thiofeing column is obtained by finding

the cumulative normalized load.

Diesel power was normalised on an hourly basiswe the next column by diving by the
product of the number of hours of operation. Thenalative diesel power was done
using the same principle as for cumulative loadyitee the next column and the last
column shows the discrepancies between the cumelawpply and the cumulative
demand.

To size the diesel generator, the diesel poweriredis found by dividing the total daily

load by the product of the number of hours of op@naand the battery efficiency. Thus
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the power is normalized to get 50/20 = 2.5kW. Tgosver has to be divided by a factor
of 0.85 to cater for battery inefficiency and thias normalised.
Required power = 2.5/0.85 = 3kW

After considering such factors as temperature geyatf 30%, Altitude derating of 10%
and a power factor of 95% then the required powelivided by the product of 0.7, 0.9
and 0.9 to give the rated power of 4.9. The nezd of generator was then taken as 5kVA
The rest time for the diesel generator is during day to enable maintenance of the

system to take place during day time.

Battery storage is required to smoother the hightdlation of the discrepancy between
the supply and demand. In this strategy, which eated the Night Strategy in this
research, the worst case was considered whereidbel djenerator was meeting all the
power demand. In order to size the storage battapacity, graphs of cumulative
normalized diesel power against time and cumulatmenalized load against time were
plotted and superimposed to get maximum deficitmagimum surplus power as shown

in figure 10.
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Figure 10 Cumulative normalized load and dieselgroagainst time

The total of the maximum deficit and surplus gites storage, which has to be divided
by the allowable depth of discharge, which is ®M3his research. The result is further
divided by the battery discharging efficiency andltiplied by the daily load to give the
minimum battery storage of 50*0.5 = 25 kWh.

3.6 The Study Model For The PV-Diesel-Battery Power Syply System
Performance Simulation

The model used in this study, for simulating thefgrenance of the PV-Diesel-Battery
power supply system, is an improvement of an eariiedel by Hove (2000). The
improvements of the present model, over the eantiedel, include; ability to simulate
hourly diesel generator load ratio thus enabling ttalculation of specific fuel
consumption and generator maintenance schedulattary life model for estimating
battery life depending on charge-discharge histand flexibility on the choice of the
diesel generator dispatch strategy. The model makdsour-by-hour audit of the energy
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flows in the system, taking into account the valigbof the load; the environmental
driving forces (solar radiation and ambient tempeg); the battery state of charge; and
the diesel generator dispatch strategy. Differenirly performance characteristics of the
power supply system can be calculated by the madeh as the PV generator energy
output; the hourly battery energy gain (charge isclthrge); the hourly solar or diesel
contribution to the load; the hourly diesel genardbad ratio and fuel consumption; the
fraction of the battery charge life spent in thaihon question; and other performance
characteristics. The salient features of the madebutlined in the following sections.

3.6.1 Photovoltaic Generator Output

The hourly energy output from the PV generatorieég areaA, is given by:
Qpv =npvAs lpy (10)

In Equation (1)npyv is the efficiency of the PV generator, which candxpressed as a
function of the hourly solar irradiation incident the PV array|py (KWh/nf), and the
ambient temperaturd,,, as well as the test parameters of the PV geneaatStandard
and Nominal Cell Operating Temperature (NOCT) cbads. The expression fafpy
derived by Hove (2000) was used:

Mev= N [1 = 0.B(pv/ Ipv nocT)(Te,nocT Tanoc) —B(Ta— Th)l (11)

nr is the PV generator efficiency measured at referesell temperature,,,Ti.e. under
Standard test conditions (5. p is a temperature coefficient for cell efficiency
(typically 0.004 to 0.005C), Ipv nocT is the averaged hourly solar irradiation incident
the array at Nominal Operating Cell Temperature QN(®test conditions (0.8 kWh/y
Tenoer (typically 45°C), Tanoct (20°C), are respectively, the cell and ambient
temperatures at NOCT test conditions.

The hourly solar irradiation incident on the PVagrris a function of time of day,
expressed by the hour angle; the day of the ykartilt and azimuth of the PV array; the
location of the PV array site as expressed by atieute; as well as the hourly global
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solar irradiation and its diffuse fraction. Thewaltexpression depends on the so-called
sky model (a mathematical representation of thiiligion of diffuse radiation over the
sky dome) preferred. In the study, the simplifiedtiopic diffuse formula suggested by
Collares-Pereira and Rabl (1979) was used becausa ibe applied with a simple data

set that is easily obtainable in Zimbabwe.

lpv = (In-lg)Ro + Ig (12)

In Equation (3),l, and l4 are, respectively, the hourly global and diffusadiation in
kWh/n?. R, is geometric factor representing the ratio of beéaadiance incident on a
tited plane to that incident on horizontal plarie.was calculated using a standard
formula from solar geometry literature (Hove andtSche, 1999)

Monthly average hourly meteorological data, gloleddiation, diffuse irradiation and
ambient temperature were used as inputs in evau&quations (10), (12) and (13) of
the performance simulation model. The evaluatiors warformed at the mid-point of

each hour of the day, on the “average day” of eachth defined by Klein (1977).

3.6.2 Battery Energy

The battery is charged by the PV generator andforthe diesel generator and is
discharged to make good supply deficit by the PY dresel generators. The hourly
battery charge or discharge depends on the sizkeeohourly loadL,, relative to PV-

generated@py) plus diesel-generate@g) power, as well as the battery state of charge.
The battery dischargeslif > (Qpv + Qp) and the battery is not empty.

The amount of battery dischargBgain is limited, by the charge regulator, to the
maximum allowable rate of discharge. Hourly battdrgcharge satisfying the above

conditions is written:

Bgain(-ve)= -min|L, - (Qpv + Qp); BcapTnin; Blevel-(1-DODnaBcag (14)
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Bcap= Battery capacity [kWh]

Blevel= Battery energy level at beginning of hour in sfien [KWh]

Tmin = Minimum time the battery is allowed to dischafgem full capacity to empty
[hours]

DODnax = maximum allowable depth of discharge

The battery charges lf, < (Qpy + Qp) and the battery is not full. The corresponding
hourly battery charge gain is:

Bgain(+ve)= min[(Qpv + Qp)- Lo, BcapTmin; Bcap-Blevel (15)

In addition the battery energy due exclusively h® tPV generatorBgain-P\, is

calculated using equations similar to (4) and (Bh\appropriately set conditions.

3.6.3 Solar Fraction

The hourly solar fraction- the fraction of the higuoad contributed by solar energy- is
calculated as follows:

The hourly energy contributed to the load by selargy,Ls, is the sum of the PV hourly
output and the battery discharge attributable tarsenergy,Bgain-PV\ It is limited by
the diesel generator supply defidit; Qp.

Ls = min{Qpy + Bgain-P\(-ve); L,-Qp) if Lo>Qpv+ Qo
=Qpv - Bgain-P\(+ve) otherwise (16)

The daily solar contribution to the load is the safithe hourly contributions, and the
daily solar fraction is the ratio of the daily soleontribution to the daily load. The
monthly solar fraction is equal to the daily soleaction for the average day, and the
annual solar fraction is the weighted average (alicg to number of days in each

month) of the monthly solar fractions.
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3.6.4 Battery Life Estimation Model

The model is also able to estimate the lifespathefbattery based on manufacturer’'s
data on battery life cycles for varying depth fdliarge and variation of battery capacity

with time to discharge (discharge current).

In the battery model used, the ratio of the effectlischargedes) of the battery, for any
discharge event, to the actual observed dischakge.j depends on:
1) the ratio of the average depth of discharge oflatery during the discharge
event Dp), to the manufacturer’s rated discharbg)( Da/Dr.
2) the ratio of the rate of discharge during the disghk event to the manufacturer’s

rated discharge ratgy/Ir.
The relationship is:
eff / dactual = FL(DA/DR) X f2(1a/1R) a7
where the functions f1 and f2 are obtained fromveufitting equations of the
relations between manufacturer’'s battery life-cyedgsus depth of discharge, and
that on amp-hour capacity versus time to discharge.
The battery life, in units of the discharge eveuntation (1 hour in the present case), is

the rated charge life (amp-hours) divided by thieative discharge in each discharge

event.

3.6.5 Diesel Generator Dispatch Strategy and Loadd®o

The criteria employed for turning on/off the diegeinerator set (the dispatch strategy)
was made a variable in the model. It affects tharlgcenergy flow pattern in the power

supply system; the variation of battery state @frgk; the amount of usable PV energy at
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any given time; the hourly load ratio of the diegeherator; etc. In this study two diesel

generator dispatch strategies were considered:

1) the diesel generator is turned on at night Wfen the incident solar irradiance is
low (below a certain threshold, sk < 0.08 kWh/rf)

i.e.Qp = rated diesel power if als(> ws ORIpy < 0.08 KWh/M
=0 otherwise,
whereQp is the hourly diesel energy output,is the hour angle angs is the sunset

hour angle.

2) the diesel generator energy dispatch is load-fotigwit is turned on when the
load exceeds a certain prescribed value (8.5.0.8Lpo;) AND it is greater than

the PV power outpul (> Qpy)

i.e.Qp = rated diesel power f, > 0.8Lpar AND Lo> Qpy
=0 otherwise,

whereLp, is the average hourly load.

3.6.5.1 Load Ratio

The model relates load ratio with specific fuel soamption therefore it can calculate the
fuel consumption for any load ratio.

3.6.5 Input Data Required by the Model

Electricity is be generated either by photovol@iay or by diesel generators or both. A
battery bank is used to store excess electricimfrthe PV array and the diesel
generators. In order to determine the size of MeaPay and other variables there was
then need to design a model that could simulat®wsioperations. The major constraint
is that solar radiation is not constant, thus rtiael is designed to be able to simulate
variations in solar radiation. Simulation can ba&e&dor every day of the year requiring
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too much data so monthly averages of hourly ramtliatire used in this approach. For
diffuse and global radiation either use data derifrem model for calculation of daily

average values from various texts or we use readifjilable statistical data from the
meteorological center. Radiation on a tilted swfeccalculated for each hour of the day

for the average day of the month .

Various conditions were created in order to comewih an operational model. The
average meteorological data are assumed to occKtenm's average day (Klein, 1977).
Solar radiation data shown in table, global anfudé radiation shown in table as well
as the ambient temperature shown in table for \Bay@ were obtained from

meteorological department as statistical data.
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Table 6 Monthly Average Hourly Solar Radiation OBedawayo For The Year 1999

Month  [Time 06:00 [07:00 | 08:00(09:00{1000 |1100 (1200 |1300 |1400 (1500 [1600 |1700 |1800 |1900 |Total
January |Global 0.03 [0.42 [1.00 |[1.61 [2.06 |2.44 [2.8 2.61 |2.25 1.94 161 |11 0.55 [0.08 |20.51
Diffuse [0.03 |0.26 |0.54 |0.79 |1.03 [1.24 [1.31 |1.21 |1.06 0.87 |0.71 |0.48 |0.28 |0.06 |9.87
February [Global |0.01 |0.29 |0.88 |1.41 [2.05 |2.43 |2.68 |2.74 [2.45 225 |1.77 [1.10 [0.40 |0.08 |[20.48
Diffuse |0.01 [0.19 [0.50 |0.74 [1.02 [1.20 ]1.33 [1.24 |0.99 0.78 |0.64 |0.41 |0.18 |0.02 [9.25
March Global ]0.01 |0.27 [0.87 |1.56 [2.15 [2.59 |2.58 [2.56 [2.60 206 [1.44 |0.75 ]0.19 |0.00 [19.63
Diffuse [0.01 |0.20 |0.54 |0.78 |1.03 |[1.13 |1.15 |1.16 |0.99 0.76 |0.55 |0.30 |0.09 |0.00 |8.69
April Global [0.00 |0.15 |0.79 [1.56 |2.27 |2.64 |2.87 |2.80 |2.51 2.13 |1.48 [0.76 [0.12 ]0.00 [20.08
Diffuse |0.00 [0.07 [0.26 |0.41 |0.45 |0.53 ]0.61 [0.71 |0.67 0.58 |0.43 |0.24 |0.07 |0.00 |5.03
May Global |0.00 |0.11 [0.69 |1.39 [2.07 [2.51 |2.69 [2.60 [2.28 1.84 [1.22 |0.51 |0.03 [0.00 [17.94
Diffuse |0.00 |0.04 |0.18 |0.28 |0.33 |0.36 ]0.38 |0.35 |0.35 0.34 |0.25 |0.15 |0.02 |0.00 |3.03
June Global [0.00 |0.02 |0.44 [1.13 |1.76 |2.23 [2.36 |2.36 |2.13 1.68 |1.13 |0.50 [0.03 |0.00 [15.77
Diffuse [0.00 [0.02 |0.14 |0.25 |0.32 |0.36 |0.4 0.42 10.38 0.35 |0.27 |0.14 |0.01 |0.00 |3.06
July Global |0.00 |0.03 [0.41 |1.01 [1.65 |2.13 |2.27 [2.30 [1.99 1.63 [1.07 |0.47 |0.04 |0.00 [15.00
Diffuse [0.00 |0.02 |0.17 |0.37 |0.53 |0.61 |0.66 |0.59 |0.56 0.47 10.32 |0.17 |0.02 |0.00 }4.49
August  |Global |0.00 |0.13 |0.67 |1.40 [2.05 |2.53 [2.71 |2.66 [2.34 1.88 |1.26 [0.63 [0.08 |0.00 [18.34
Diffuse |[0.00 [0.04 [0.19 |0.33 |0.42 |0.46 ]0.52 |0.55 |0.54 0.43 |0.32 |0.19 [0.04 |0.00 }4.03
Septemb
er Global [0.00 |0.19 |0.85 [1.58 |2.23 |2.69 [3.01 |2.98 |2.73 221 151 [0.78 [0.15 ]0.00 [20.91
Diffuse |0.00 [0.10 [0.31 |0.46 |0.54 |0.62 ]0.62 |[0.60 |0.62 0.53 |0.43 |0.28 [0.08 |0.00 |5.19
October |Global [0.01 |0.38 [1.08 |1.89 [2.58 |3.08 [3.26 [3.17 [2.79 232 [1.61 |0.98 |0.28 |0.00 |23.43
Diffuse [0.01 |0.19 |0.40 |0.59 |0.73 |0.78 |0.79 ]0.80 |0.75 0.62 |0.52 |0.36 |0.14 |0.00 |6.68
Novembe
r Global |0.04 |0.46 [1.18 |1.85 [2.44 [2.88 |3.00 [2.99 [2.61 2.28 [1.67 |1.00 |0.36 [0.02 |22.78
Diffuse [0.03 |0.23 |0.41 |0.59 |0.63 |0.68 |0.86 |0.77 |0.68 0.58 |0.51 [0.35 |0.16 [0.02 |6.50
Decembe
r Global ]0.07 |0.42 |[1.1 1.81 |2.41 2.9 3.01 |2.77 |2.56 226 [1.66 |1.02 |0.48 [0.06 |22.53
Diffuse [0.03 |0.20 |0.44 |0.60 |0.72 |0.79 ]0.92 ]0.95 |0.85 0.85 0.66 [0.42 |0.22 |0.04 |7.69
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Table 7 Mean hourly ambient temperature for Bulawfy the period 1975 - 1990

Time|July |August|Septembe(OctoberNovembefDecemberJanuary [February|March |April [May [June
1:00 |7.0 |9.1 125 15.8 16.5 16.7 16.7 16.5 152 518.7 |7.2
2:00 |6.6 |8.8 12.1 15.2 16.1 16.4 16.4 16.2 149 1185 |6.9
3:00 6.3 |84 11.6 14.8 15.8 16.1 16.1 15.9 14.0 9192.2 |6.7
4:00 [6.1 |8.2 11.2 145 15.6 15.9 15.9 15.7 14.4 719.0 |6.5
5:00 |6.1 |6.1 11.2 14.4 15.5 15.9 15.8 15.7 143 719.0 |64
6:00 |6.0 | 8.0 11.1 14.8 16.2 16.4 16.0 15.6 142 6189 |6.4
7:00 |64 |9.2 13.7 17.6 18.2 18.1 17.8 17.1 15.7 0120.0|7.0
8:00 |10.8|134 | 17.1 20.0 20.0 19.7 19.4 18.9 14..9 113.9| 11.0
9:00 |13.8|16.0 | 19.3 22.0 21.6 21.0 20.8 20.4 19.P.1 116.5| 13.9
10:00(15.7 |[17.9 | 21.3 23.9 22.9 22.2 22.0 21.7 212 20883 115.7
11:00(17.0 [19.4 | 22.8 25.2 24.0 23.2 23.0 22.8 22{3 22906 117.1
12:00|18.1 |[20.6 | 24.0 26.3 24.7 23.9 23.7 23.6 23(2 2205 218.1
13:00(18.9 |[214 | 22.8 27.1 25.2 24.3 24.3 24.2 23|18 23152 218.8
14:00(19.3 [21.9 | 25.3 275 25.2 24.5 24.5 24.5 24{1 23195 219.2
15:00(19.4 |22.4 | 254 275 25.1 24.3 24.5 24.4 24{1 23195 219.3
16:00(19.1 |[21.8 | 25.0 27.0 24.7 23.9 24.2 24.1 23|18 23152 218.9
17:00|18.0 [20.8 | 24.0 25.9 23.8 23.3 23.6 23.5 230 2299 117.6
18:00(14.4 |175 | 21.1 23.7 224 22.2 22.5 22.3 214 19681 113.6
19:00(11.0 [13.9 | 175 20.8 20.3 20.4 20.6 20.3 18|19 1732 110.8
20:0019.6 |12.4 |16.0 19.3 19.0 19.0 19.2 18.8 17{6 15.70 12.0
21:00/8.9 |116 |15.1 18.5 18.4 18.3 18.4 18.1 16{9 15.14 18.8
22:0018.3 |10.9 | 145 17.8 17.8 17.9 17.9 17.7 16{4 14.69 18.4
23:00|7.8 |10.3 |13.8 17.1 17.4 17.4 17.5 17.2 159 14.24 19.9
0:00 [7.3 |9.7 13.1 16.4 16.9 17.1 17.1 16.9 156 9130.1|7.5
Mean [11.7 |[14.2 | 17.6 20.5 20.1 19.9 19.9 19.7 18(7 17463 111.8

3.6.6 PV Array Parameters

Input parameters for the PV array are as showahtet8.The latitude for the site, in this
case for Bulawayo is —20.2s it is in the southern hemisphere and the afgliét was
chosen to be equal to the latitude while the azmmarngle in this case is zero (north
facing) for maximizing the year — round radiatioltome as stated in various texts. The
reference efficiency of the state of art PV arragsvell as the temperature coefficient is
as shown in the same table. The area A is obtdgadputting the standard area (AJA
which is found by dividing the area by, Avhich refers to the array area that would be
required to satisfy the daily load if the arrayideted a constant power throughout the
day at reference efficiency and reference radiatmmditions.
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Table 8 PV Array Parameters

Parameter Value
Tilt (deg) 20.2
Azimuth (deg) 0
Latitude (deg) -20.2
Standard Area, A/A 1.5
Area (nf) 26
Reference Efficiency 0.12
Temperature CoeffiefiC 0.005

The tilt angle in degrees represents array tifefrom the horizontal while the angle of
latitude refers to the location of the site; pe®itNorth and negative South. Another

parameter is the efficiency of the array at refeeeconditions; radiation 1000 W#rand

the temperature coefficient for efficien&c[™].

3.6.7 Battery Parameters

Table 9 Battery Parameters

Parameter Value
Bcap/Lday 2
Capacity (kwh) 100
Allowable DOD 0.5

Dr 0.2
CR20(A-H) 100
Battery efficiency 0.85
Battery voltage 24

Battery parameters are as shown in table 8 .Batteltage for the system is 24. The
effective battery capacity is normalized by diddgy the daily load to give the standard
battery capacity, BJLqay . The allowable depth of discharge (DOD) giverthe table

limits the amount of battery dischargegdin.

3.6.8 Diesel Generator set Parameters
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Table 10 Diesel Generator set Parameters

Parameter Value
Rated Power (kVA) 5
Power factor /efficiency 0.55
Specific  fuel Consumption2
(KWhI)

Low radiation cut-in (kWh/rf) | 0.08

Table 10 shows the diesel generator set paramasettsey are used in the model. The
power factor is inputted to come up with the rgbedver of the generator while 80W is
the radiation level at which the generator startegerate in the load following strategy.
The efficiency of the power conditioning equipmespecifically the PV controller is

taken as 90%.
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CHAPTER 4

Results and Analysis

4.1 Introduction

This section looks at the outputs from the model deir analysis. Comparisons of the
outputs from the two energy dispatch strategiesraade in order to determine the most

suitable strategy for the location and the giveadlprofile.

4.2 Load Sharing

The following Figures 11 — 14 generally show how tbad is shared in the PV-Diesel-
Battery Hybrid System. The load share is plottedirag} time for cases where the load is
partially met and where the load is satisfied catedy for both the Night and the Load-
Following Strategiesin figure 11 where the load is not satisfied 10086tbe Night
Strategy, a typical day output shape is depictedtwshows the fractions of the load met
directly by the PV array, the battery and the digemerator. For this case, where the
area of the PV array is small there is little orwastage of PV array energy, as evidenced
by the neat shape of the PV energy supply curviagltihe day when diesel genset is off.
The situation is different with the Load Followi&grategy in which the diesel generator
comes into operation at any time to complement itieifficient energy. There is
therefore more PV energy wastage as the dieseraenenterferes with energy supply
once the load is above 80% of the load and the i/gy is less than the load. This is

shown in figure 12.

4.2.1 Load Sharing for unsatisfied load
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Figure 11 Unsatisfied Load for the Night Strategy
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Figure 12 Unsatisfied Load for the Load FollowiBigategy

4.2.2 Load Sharing for 100%lLoad Satisfaction
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Figure 13 Load Sharing for the for the Night Stcpt
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Figure 14 Load Sharing for Load following Strategy

As the PV array is increased adequately, the laad ke completely satisfied by the
power supply. For the Night Strategy the load islgapicture is shown in figure 13

where the battery comes in to share the load wighPV array. Figure 14 shows that for

the Load Following Strategy the diesel comes in aime depending on the loading
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conditions to share the load. However in both casés energy is wasted hence the solar

energy output picture is not seen.

4.3 Effect of Normalised Area on Annual Solar Fraagbn and Diesel

Consumption
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Figure 15 Effect of Normalized Area On Annual Sdteaction

In figure 15 the annual solar fraction was ploteeghinst the normalised area A/for
both the Night and Load Following Strategies, whirie the PV array area and, fefers
to the array area that would be required to satistydaily load if the array delivered a
constant power throughout the day at referencecieffcy and reference radiation
conditions. It is given by the equation:

A0 = Lgay/(N*Gref*24)

Where l4ay is the daily load and nr is the efficiency of dneay at reference conditions

and Ges is the reference solar radiation, 1000 &/m
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The curves for solar fraction against normalizeshdor both strategies show in general
that solar fraction increases with increase in redized area. The marginal increase of
solar fraction with normalized area however dintieis as normalized area increases,
resulting in an elbow shaped curve. For valuesoofalized area to the left of the elbow
the marginal increase in solar fraction is reldyivenuch higher than for values of

normalized area to the right of the elbow.

Comparing the solar fraction against normalizec anarves for Load Following and the
Night Strategies, it is clear that the load follagiicurve lower lies generally above the
corresponding Night Strategy curve which is abdweltoad Following Strategy for low
values of A/A but the dominance switches over as the normabzed is increased. The
Night Strategy curve reaches the saturation pamthe elbow at a much lower AJA
value than for the Load Following curve resultinghe Load Following Strategy having
a greater solar fraction for large normalized are@ptimal normalized area for the Load
Following Strategy is therefore larger than for thight Strategy. The Load Following

Strategy favours a bigger solar array, which meaore use of solar energy.

50



—e— Load Following Strategy —e— Night Strategy

10000

9000 -

8000 -

7000 +

6000 -

5000 - — -

4000 -

Diesel Consumption (Litres/yr)

3000 -

2000 ‘ \ \ \

Normalized Area (m?)

Figure 16 Diesel consumption against NormalizedbAre

Figure 16, shows the diesel consumption againstmalzed area curves for both
strategies and these depict that diesel consumg@éoreases as the PV area increases and
this should be expected as a larger area impli@gar solar fraction and reduction of the

fraction of the load, which is taken by the diesel.

4.4 Relationship Between Normalised Area and Battde

From the graphs shown in figure 17 it is clearlgrséhat battery life generally increases
with area. However, for the same areas the batteryis much less for the Load
Following Strategy compared to the Night Strategy.
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Figure 17 Relationship between Normalized AreaBaitery Life

The reason for this can be easily explained byrégud 8 and 19.
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Da/Dr vs time
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Figure 18 Actual Depth of Discharge of the battevgr the Rated Depth of Discharge

Figure 18 shows for atypical day, the variationtlod ratio [ /Dr ( actual depth of
discharge of the battery over the rated depth sdtdirge) with time. It is clear that for
the Load-Following strategy the depth of dischasygenerally higher than that for the
night strategy (battery is more severely discharged
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Figure 19 Actual Rate of Discharge over Rated Ratef discharge against Time

The curves shown in figure 19 shows that althoughed rate of discharge is less than
the rated discharge rate for both strategies, dayelr areas it is higher for most of the
time for the Load Following Strategy implying thhe battery is discharged more than
for the Night one. The explanation given above gahe reflect that battery life depends
mostly on the depth of discharge and the ratesiffdirge.

4.5 Relationship between Battery Capacity and Battg Life
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Figure 20 Relationship Between Battery Capacity ah Battery Life for the Night
Strategy

The graphs shown in figure 20 indicate an incraasbattery capacity results in an
increase in battery life for any given area. Anr@ase in battery capacity also means an
increase in the initial cost but since the lifecaimcreases, it means there is less
replacement and cost. The overall cost depends comoenic parameters such as
discounting rate and life cycle costs. The areadsided on by the elbow while an
increase in battery life is expected because tlieryas charged frequently by a bigger
area so that the depth of discharge is always fmwa chosen area the increase is due to
fact that as the battery capacity increases théhdepdischarge decreases. Also the ratio
the ratio of the rate of discharge during the disgh event) to the manufacturer’s rated

discharge rate, {lIr), is less for a large battery than for a smalbdtdry.
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Figure 21 Relationship Between Battery Capacity andattery Life for the Load
Following Strategy

For the Load Following Strategy, the graphs showfigure 21 also depict that battery
life increases as the capacity is increased bitigncase this is less dependent on area.
This increase is again expected because the @iti#¥IR are less for larger areas than

for smaller areas.

4.6 Effect of Solar Fraction on Diesel Consumption
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Figure 22 Effect of Solar Fraction on Diesel Consuption

The graphs shown depict that diesel consumptioredses as solar fraction increases but
consumption is higher on the Night than on the L&atlowing Strategy implying that
generally the Load Following Strategy is more faebnomical to employ than the Night
Strategy. This can be explained by the graphs shovigure 22, which show the load

ratio against time for each hour of the day witheotthings being the same.
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Figure 23 Variation of Load Ratio with Time

In figure 23, it is shown that the load ratios gemerally high for most of the times for
the Load Following Strategy implying less fuel comgption while for the Night Strategy
it is less than one which implies that the spediiel consumption is less hence more
diesel is consumed because of the low load rafibss is expected as it follows the

behavior of the typical specific fuel consumptia@rsus load ratio.

4.6 Variation of Nominal and Effective diesel runnirg hours with
Normalized Area

Effective diesel running hours refers to the nundddrours when the diesel generator set
is run at part load and then the model penalizessystem by increasing the running
hours. This is achieved using the equation:

Nest = Nu*4"(1-LR)
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where N¢ refers to the effective running hoursyN\refers to the number of hours the

generator set is run at full load and LR is loatbra
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Figure 24 Variation of Nominal and Effective diesefunning hours with Normalized
Area

Figure 24 shows that for the load following strgtegminal diesel running hours are not
constant, they vary because the diesel engineitst®d on depending on the switching
conditions. The effective diesel running hours sregeneral more than the nominal
running hours and they decrease as the solar extegases; this strategy uses more fuel
for lower solar array areas. For the night stratéfige nominal running hours are constant
which is expected. The effective running hourseshepon the load ratio and they vary
for the night strategy as the normalized area as®s. The load ratio is lower implying

more fuel consumption.
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4.7 Discussion on Findings

The outputs of the model showed that the optimakiRda for the Night Strategy smaller
area than the Load Following strategy but it alsostimes more fuel. This was shown
by curves for solar fraction and diesel consumptiersus normalized area. It was found
that the solar fraction increased with normalizeshavith a decreasing marginal increase
such that the solar fraction versus normalized aveae showed a distinct elbow, which
formed a basis for sizing of the PV array. Thiplies that it is not beneficial in terms of
solar fraction to continue increasing the sizetfag PV array beyond the value of area

represented by the elbow value.

The Load Following Strategy was found to be mdfieient than the Night Strategy at
higher solar fractions and areas with relativelgslduel consumption. The Diesel
Consumption against normalized area curves for lstthtegies showed that diesel
consumption decreases as the PV area increasdbiarghould be expected as a larger
area implies a larger solar fraction and reductbrithe fraction of the load, which is

taken by the diesel.

Another observation was that the effective diggahing hours are more for the Night
than for the Load Following Strategy and this hastiect on the maintenance costs of
the diesel generator. Since the diesel engine aasdfto consume more fuel and run for
more hours, it follows that the Night Strategy irecunore maintenance costs than the
Load Following Strategy and is not environmentadrfdly in terms of emissions into the

atmosphere.

Another observation was that for the battery maas#d, battery life increased with
increase in battery capacity and this was duedaaed depth of discharge of the battery.
This should be expected since the ratio of the oditdischarge during the discharge
event) to the manufacturer’s rated discharge tatks, is less for a large battery than for

a smaller battery.
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Battery life was also found to increase with areaintly because the battery was not
allowed to deeply discharge at larger areas. Thieryabank and array sizes were larger
for the Load Following Strategy than for the Ni@itrategy and this has got some cost
implications that need to be evaluated by an ecanamalysis. This also implies that it is

difficult to determine the better of the two enedjgpatch strategies without carrying out

an economic analysis which is beyond the scopbisfésearch.

4.8 Conclusion

This chapter mainly focused on the presentation aralysis of the model outputs, the
next section will look at the optimal sizing of thenerator components for a typical load

profile and whether conditions.
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CHAPTER 5

OPTIMAL SIZING OF THE PV/DIESEL/BATTERY
HYBRID SYSTEM

5.1 Introduction

In this section some of the results from the satioh model are used in the final design
of the PV/Diesel/Battery hybrid system. The oplim&es of the PV array, battery,
battery charger and inverter are thus going todierchined.

5.2 Sizing the PV array

Figurel6, which shows solar fraction and dieselsoomption against normalized area
was used as the design chart for sizing the P\W.aAs explained earlier on, for values
of normalized area to the left of the elbow the giaal increase in solar fraction is
relatively much higher than for values to the rigiitthe elbow. It is therefore not
beneficial in terms of increasing the solar fractio continue increasing the PV array
size beyond the “elbow value”. After the elbowthe right the marginal increase is very
small therefore it is no longer beneficial to irase the solar fraction and this is
analogous with the law of diminishing returns iramics. In other words the value at

the elbow can be taken as the optimal normalized.ar
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Figure 25Design Chart for PV array size

Using the curves for solar fraction against norgediarea and considering that the most
cost effective points are found around the elbowhefgraph , the most appropriate point
chosen is where there is a solar fraction of 55% r@ormalized area of 4 on the Load
Following Strategy as it is the one that gives tm®st solar fraction and a
correspondingly lower diesel consumption. On thghWiStrategy the chosen point is

where there is a solar fraction of 44% and standesd of 2.

From an engineering intuition the optimum size leé PV array occurs at the elbow of
the solar fraction versus normalized area curvelwbprovides the basis for sizing the PV
array in this study. Comparing the two energy digdpatrategies used in this study, the
elbow of the solar fraction versus normalized anaave for the Night Strategy occurs at
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lower values of normalized area than for the Loatlowing Strategy indicating that
more solar fraction and larger areas can be utilizg employing the Load Following
Strategy. Graphs for diesel consumption also indithat the Load Following Strategy
may be more economical since diesel consumptishasvn to decrease more as the area
increases. Therefore through economic analysisciwls not within the scope of this

research, a decision can be reached on the betergy to adopt for the site.

5.2.1 PV modules and Electrical Configuration
From obtained values of A/Asince area and power are interchangeable thewiol
formula is used to find the corresponding power:-
where A =(A/A)A,
P = no*Go*A
For the load Following Strategy
A = (69.4/4)*4 = 69.4 rh
P =0.12*1000%*69.4
= 8328W
From Kyocera Batteries a Kyocera KC200GT PV paveet chosen with the following
specification:-
Maximum power 200W
Maximum current 7.61A
Maximum voltage 26.3V
The number of modules is found by diving the t@@lver output by the power output of
the chosen PV module.
Number of modules at 200Wp = 8328/200
=42
Number of modules in series is found by dividing thystem voltage by the module
voltage at maximum power.
Number of modules in series = 24/26.3
=1
Number of modules in parallel is found by divinge ttotal number of modules by the

number of modules in series.
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Number of modules in parallel = 42/1 = 42

For the Night Strategy
A =(34.7/2)*2=34.7 h

P =0.12*1000*34.7
= 4164W
Number of modules at 200Wp = 4164/200 = 21
Number of modules in series = 24/26.3
=1

Number of modules in parallel =21/1
=21

5.3 Sizing the battery

Generally as battery size increases the initialitahjgost increases but the life also
increases therefore the battery is replaced |lespiéntly. For a smaller battery size the
initial capital costs are lower but the batteryaplaced more frequently therefore the size
can be best determined through economic analysishwie beyond the scope of this

research.
The graphs shown in figure 8a can be used to giveugh estimate of the size by

choosing the desired battery life. Considering thgbractice solar batteries last been 3

and 7 years depending on their use, battery life maited to six years in this research.
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Figure 26 Design Chart for Battery Capacity

This limit disqualifies areas greater than 2 inufg 26 giving a normalized battery
capacity of 0.65 which gives a battery capacity3@fskWh. For the Load Following
Strategy graphs shown in figure 27 give a normdlibattery capacity of 1.09 which
gives a battery capacity of 54.5kWh for any arrexe.sFrom the analyses of figures 26
and 27, it therefore follows that without knowingoeomic parameters like discounting
for the system, the size is determined by the mimibattery size which is 25kWh in
this case or by fixing the battery life to a numhdr years, say 6 years before

replacement.
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5.4 Specifications for the battery bank

To size the battery bank using the determined lyat&pacities for the two strategies if
the capacity of each battery at a 20 hour chargatgy is 625Ah, the following steps are
followed:
1. Convert the kWh to Ah capacity by dividing by thestem voltage
2. Divide the total battery capacity by the Ah ratiiog the batteries. This rounded
off to the nearest whole number gives the numbdatieries in parallel needed.
3. Divide the system voltage by the battery voltaggdbthe number of batteries in
series needed.
4. Multiply the number of batteries in parallel by thember of batteries in series to
get the total number of batteries required.

The above step were followed to size battery bémkihe two strategies.

5.4.1 Night Strategy

For Battery capacity/daily load of 0.65, a batteapacity of 32.5kWh is obtained from
the model.

1. 32500/24 = 1355Ah

2. 1355/625 = 3 batteries in parallel
3. 24/12 = 2 batteries in series
4. 3*2 = 6 batteries

5.4.2 Load Following Strategy

For Battery capacity/daily load of 1.09, a batteapacity of 54.5kWh is obtained from
the model.

1. 54500/24 = 2271 Ah

2. 2271/625 = 4 batteries in parallel
3. 24/12 = 2 batteries in series
4. 4*2 = 8 batteries

Batteries were selected from solar battery company.

5.5 Sizing the inverter
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The inverter is sized based on peak power andisncese the peak power is 3810 watts.
To find the power rating to match the inverter sfpeattions the peak power is multiplied
by a factor of 1.2 to account for inverter lossefidfore

Power Rating of inverter = 3810*1.2 = 4572 watts

An inverter with the following specifications walkasen:

Model ML5500-24, 24 Volt DC to 110 Volt AC inverte6500Watts continuous,
7000Watts peak

Inverters selected from Plamy Power Inverter Corgpan

5.6 Sizing the charge Controller

Critical factors when selecting a charge Controbee the system voltage and the
maximum rate of charge of the batteries. In thisecthe system voltage is 24. The
capacity at a 20-hour charging rate is 625Ah
For the charge controller the first step is to @hthe total KWh to Ah capacity by
dividing by the system voltage then divide by tlherent rating of the battery to get the
charge controller current rating. In this case tinges for
1. The Night Strategy

32500/(24*20) = 68A Therefore a 100A chargetaaler was chosen
2. The Load Following Strategy

54500/(24*20) = 114A. Therefore a 200A charge aulgr was chosen from Kyocera

Company.
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5.7 Sizing and Operating Parameters for the two dmatch
strategies

Table 11: Parameters for the two dispatch strategee

Parameter Night Load Following Strategy
Strategy

Sizing Parameters

PV Array size( A/Ao) 2 4

Battery size (Bcap/Lday) 0.65 1.09

Inverter (Wp) 4600 4600

Charge Controller (A) 100 200

Diesel Generator set (kVA) 5 5

Operation Parameters

Solar fraction 44% 55%

Diesel consumption (L/yr) 5346 4143

Battery life (yrs) 6 6

Effective Diesel Running Hours 14.7 10.3

Table shows the sizing and operation parametetheofwo dispatch strategies used in
this research. It shows that the PV array sizéHerNight Strategy is half of that for the
Load Following Strategy while the battery capat#y$5% less. The inverters are of the
same size since the inverter is sized based ongom&&r which is the same for the given
load profile. The charge controller rating is 50%refor the Load Following Strategy.

The relative sizes of the components have impbeation the capital costs of the two

energy dispatch strategies. The Load Followingt&giathus have more capital costs.

Considering the operation parameters it is cleaglgn that the effective diesel running
hours and fuel consumption are higher for the Nigginategy than for the Load Following

Strategy.. Effective diesel running hours have #@ceon the maintenance costs of the
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diesel generator set such that more running howannmore frequent maintenance. It
therefore follows that the Night Strategy requimesre maintenance than the Load
Following Strategy. Diesel consumption has an iogtion on the operation costs of the
systems which implies that the Load Following Sggtmay be desirable in developing
countries like Zimbabwe where capital is a probl&ine Night Strategy thus consumes
more diesel and requires more maintenance meahaigttmay be desirable if diesel is

cheap since most developing countries includingbébwe import fuel.

Capital costs are high for the load following stgt which may not be affordable but
they are more fuel savings. In the Zimbabweanednsince the capital items and fuel
are important, it is difficult to judge which of éhtwo strategies is better from an
economic point of view only but other factors cam donsidered such that the load
following strategy requires complex electronic @ntrols which might be difficult to

operate in rural areas with untrained manpowerenwthie night strategy can be operated

easily by untrained staff and is therefore morerayppate for rural areas.

From an environmental point of view the load follog strategy is advantageous over
the night one. It has low fuel consumption and lesning hours, which means less fuel

is burnt at higher efficiency resulting in lessegrbouse gas emissions.

5.8 Conclusion

This section mainly looked at the sizing of the iim@i components of the
PV/Diesel/Battery hybrid power supply system, thextnsection will focus on the

conclusions and recommendations.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1 Introduction
This section looks at the conclusions and recomiaorts that are made based on the

findings of the research.

6.2 Conclusions

The outputs of the model reflected that the designedel can make an hourly audit of
energy flows and after inputting things like saladiation data, temperature data, average
day of the month, tilt angle, normalized area amplacity among other inputs, can output
things like solar fraction, diesel fraction, loaatisfied, diesel running hours and battery
life among other outputs. The battery life verbattery capacity/daily load curve can be
used to choose the battery capacity by selectimipsared battery replacement time
(battery life), with a limit for the minimum battecapacity provided by the requirement
that it should be able to smoother hourly load tflations on a day with no solar

radiation.

Based on the findings, it can be concluded witlematnomics that the best strategy is the
Load Following Strategy since it has lower diesglnming hours and diesel consumption
when compared with the Night one. The lower runriiogrs imply lower costs in terms
of diesel generator maintenance and fuel costhiofih this strategy favours relatively
larger areas and bigger battery capacities implyigder initial costs, the solar fraction
utilized is also higher and battery life is incre@snaking it a better option in terms of the
payback period. However, because of the compl@xXitize controls involved, which may
need immediate attention by technical experts emdbent of a malfunction, the Night
Strategy was considered as the more approprisaéegyr in this research as it can be
operated manually by a non- technical operatarartalso be concluded that the
dispatch strategy is an important factor in de@gdime size of system and the economics.
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The decision on the better energy dispatch strat@fjydepend on various economic
parameters, for instance, on the fuel price redativthe capital cost of the battery, or the

PV array.

6.3 Recommendations
Basing on the above findings and conclusions,ntlmtherefore be recommended that:
» To size components of hybrid systems, simulationdei® are required to
simulate all combinations and avoid design of spbreal systems
= An economic analysis is required for both exactdsination of the generator
component size and the energy dispatch strategy.
= For a start a simple strategy that operate at n{ghght diesel generator
strategy), is recommended for developing countiies Zimbabwe since it can
be operated manually and does not require cometicglectronic controls.
= Further studies, should focus on the economicsmarke simple and efficient
energy dispatch strategies.
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