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ABSTRACT

Power supply is one of the critical challenges oamiied by telecommunications operators in
deploying their networks. This challenge is readWercome in developed countries as a
result of up-to-date power infrastructure. In tleweloping world, where a national electricity
grid is unreliable, providing dedicated, reliald&tcost power supply for base station sites is
very challenging.

This dissertation focuses on the development oftaith energy system for the base stations
of Wananchi Group (k) Ltd (Zuku) in order to progidninterrupted power supply to satisfy
minimum requirements of Quality of Service (QoS)d aeduce the increasing cost of energy
per kWh. Various energy sources for telecommurocatihave been discussed in the report
which have been categorised as off grid sites andral sites , that includes wind power,
solar, fuel cells and a combination of either whilke advantages and disadvantages of each
source highlighted.

Real historical data was collected that includednthly kplc meter readings and bills,
generator operation and maintenance cost and nydfoill consumption from the submitted
delivery notes and invoices. Currently the probleinpoor electricity supply experienced is
being resolved by diesel generators. These gemsydiowever, are associated with many
problems, which include, among others, noise poltluemanating from the generators and
environmental pollution. Diesel generator exhausttains harmful hydrocarbons in the
atmosphere during operations. Operation and maintenis costly, and typically accounts
for 32 percent of the total cost of ownership (TCO)

Hybridizing diesel with renewable energy sourcedaispower) is one method of reducing
operational cost and improving the service in teahpowering base station sites. This will
allow Zuku to circumvent rising energy costs anckeree an excellent Return on Investment
(ROI), with a payback period of 1.8 years.

It will also make communications more accessillé seduce the environmental impact. A
hybrid power system is therefore proposed to sthese aforementioned problems. PVstyt
simulation software was used in the design, simaratechnical and financial analysis of the

proposed energy solution
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Head End- Location where all the signals originate from {@a/ideo & Voice)
Homes Passed No. of Homes through which the network traverses

MDU — Multi Dwelling Unit

SDU/SFU- Single Dwelling/Family Unit

RGU — Revenue Generating Unit

Master Node— Device that serves 8 smaller distribution noalils fiber

covering 1,502,000 homes

Distribution Node — Device converting fiber to coax serving 18I0 homes
Tap — Device that serves up to 8 homes via coaxidkcab

CPE — Customer Premise Equipment

STB — Set Top Box (aka Decoder) connects the coaxedalithe TV

Cable Modem- Device that connects the coax cable to the ctenpu

Isolation. The amount of solar radiation reaching a giveaar

Irradiance is a measurement of solar power and is definedeagate at which
solar energy falls onto a surface

Broadband is a wide bandwidth data transmission with afitglio simultaneously
transport multiple signals and traffic types

pay TV television broadcasting in which viewers pay blgssuiption to watch a
particular channel.

High definition. A high degree of detail in an image or screen






CHAPTER ONE

1.0 INTRODUCTION
Unreliable electrical grid supply is one of thedrgt challenges faced by the rapidly growing

telecommunication industry in Kenya and most of diegeloping world. Telecom operators
currently use grid power, diesel generators antebes to address the demand-supply gap.
The resulting energy costs alone account for adsiggrtion of the total network operating

costs, affecting the profitability of the operat{it

This chapter describes the background of the relgaoblem (based on Wananchi Group-
Zuku Network), the problem statement, research obbs, research questions and

justification for the research.

1.1  Wananchi Group -Zuku
Wananchi Group, formerly Wananchi Online, was dithbd in 2008 and was committed to

servicing the emerging African mass consumer matkeugh provision of high quality yet

affordable home Internet services as well as thparate communications market. Wananchi
Group which has the brand name Zuku is an East#irBrand established with the aim of
making quality home entertainment and communicaservices accessible to a rapidly

growing, choice conscious East African middle class

1.2 Zuku Network Architecture
The Zuku brand currently offers its digital sengaen two platforms, namely Zuku fiber and

Zuku satellite

1.2.1 Zuku Fiber

A cable network currently available only in Nairdomd Mombasa .This platform supports

broadband, pay-tv and telephony services througihgle cable into customers’ homes.

The diagram in Fig. 1.1 represents the Zuku fikwork architecture
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Figure 1.1 Zuku fiber network architecture
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1.2.2 Zuku satellite TV

A satellite-based platform and the fastest growptatform gives Zuku’s pay-TV service
nationwide availability across the region. The foiah has High Definition (HD) Channels
which have increased the channel capacity and viewgerience for the subscribers. Such

channels include Zuku Sports HD and Zuku Max HDielige TV services are currently in

Kenya, Uganda, Tanzania, Malawi and Zambia

The diagram below represents the Zuku satellitégphlmng Mombasa road Nairobi



Figure 1.2 Zuku satellite farm (dish farm)

1.3 Energy Challenges in Deployment of Zuku Serviee
Power supply is one of the critical challenges oamied by telecommunications operators in

deploying their networks. This challenge is readilyercome in developed countries as a
result of up-to-date power infrastructure [2]. Imetdeveloping world, where a national
electricity grid exists, it is always the energyluson of choice for powering Base
Transceiver Stations (BTSs). Unfortunately, it ist ralways reliable and has limited
coverage. This is even more complicated in devetpgountries like Kenya [3]. Providing
dedicated, reliable low-cost power supply for bsision sites of Zuku is very challenging,
as the electricity grid is not reliable. In orderrovide uninterrupted power supply to satisfy
minimum requirements of Quality of Service (QoS)avanchi group (Zuku) reports that
non-availability of regular grid power supply tdes across the country is responsible for
increasing life cycle cost per kWh. The companwyasv exploring opportunities for hybrid
energy solution.

Presently, the problem of poor electricity suppkperienced is being resolved by diesel
generators. These generators, however, are assbaeigh many problems. These include,

among others, noise pollution emanating from theegators and environmental pollution.

3



Diesel generator exhaust contains harmful hydrawestin the atmosphere during operations.
Operation and maintenance is costly, and typicatiyounts for 35 percent of the total cost of
ownership (TCO) [4]

Taking into consideration the excess cost of norapdration that the utilization of diesel
generating sets brings to the operators, it isiiable that consumers pay more for service.
Apart from high product cost that is blamed on hagferational cost, poor service is also
linked with use of diesel generating sets, due dwrdtimes because of maintenance and
breakdown thus, it is increasingly evident thasdlgpowered stations are becoming a much
less viable option for network operators. Hybridgidiesel with renewable energy sources
(solar and/or wind power) is one method of reducipgrational cost and improving the
service in terms of powering base station sitess Mill allow telecom companies to
circumvent rising energy costs and receive an &meReturn on Investment (ROI) [7]. It
will also make communications more accessible atlice the environmental impact. A

hybrid power system is therefore proposed to sthiese aforementioned problems.

1.4 Statement of the Problem
Currently, Zuku meets is power requirements viditytisupply, diesel generators and

uninterruptible power supplies (UPS) as shownguarie 1.3

JPhase Grid Power —Stabilizer

Critical loads

| UPS

LV Board

ATS

NON Crtical Loads

40 KVA genset

Fig 1.3 power setup for the zuku site



However, whenever there is an outage with utildypr, the company depends on expensive
diesel generator power. If the generator failsutp &JPSs are used which do not run for long,

yet 24/7 power availability is needed for the egugmt’s to run.

The company spends considerable amounts of monelyesel fuel and maintenance of the
diesel generators as shown in the table below

Table 1.1 Energy cost component for the existirngtEm

Per month Per year
Investment cost 1,484,500.00 148,4%0.0
KPLC bills (Ksh) 150,000.00 1,800,01D.
Fuel consumption 40,000.00 480,00
O&M (Ksh) 220,000.00
Total cost of ownership 2,648,450.00

Thus the need to incorporate a renewable energgsdn provide affordable electrical

power

The purpose of this research, therefore, is to ldpva cost effective hybrid energy solution
comprising of Grid power, diesel generator, solad datteries as power sources for the
telecom network of Zuku — that is, developing at@dfective hybrid electrical power

solution.

1.5 Research Objectives
The main research objective was to develop costfe hybrid energy solution that

incorporates the grid, diesel, and a renewableggrsmurce.

1.5.1 The specific objectives:
i. Determined the load characteristics of Zuku loaddlcurves)

ii.  Designed a cost-effective hybrid power solution.

iii.  Calculated the annual cost savings from the hybndrgy solution and scheduling

procedure.



1.6 Research Questions
I.  What are the load characteristics of Zuku loaddloarves)?

ii.  What would be the suitable renewable energy source?
iii.  What would be a cost-effective hybrid power sola#o

iv.  What would be the estimated annual cost savings the hybrid energy solution?

1.7 Justification
The hybrid solution provides all the benefits ofnewable energy while securing

uninterrupted power for telecommunication servidesaddition to a smaller carbon footprint
and lower operating costs, renewable energy alsviges other advantages. For instance,
alternative energy sources ensure reliable telesemwices also in areas where AC utility is

unreliable or not available at all.

1.8 Scope
The project covers Wananchi group three main hiBssd stations) within Nairobi

region. The hybrid model will be a combination eidgpower, diesel generator, solar pv
and storage batteries. Model simulation will be @osing PVsyst optimization software

and results validated using existing actual meakdata

wind power was not considered since the site lonais within estates with high

buildings that affect wind speed thus the siteotsangood candidates for wind.



CHAPTER TWO
2.0 LITERATURE REVIEW

2.1 Introduction
A reliable and continuous power supply arrangenisnén essential requirement to be

considered when powering telecom BTSs to ensutethieacustomers and operators do not
experience any service outages. Over the yearsenpoyvBTS sites has been done using
typical power supply solutions such as grid powlesel and petrol generators either alone or
together with renewable energy sources (e.g., dyPvi-diesel power supply systems with or
without energy storage). Such power supply solstiare particularly favorable in areas
where either extending the grid connection to paverBS site is not economically attractive
or the existing grid electricity is not uninterredty available to guarantee a continuous
power supply [10].

Following the emerging concept of green telecommation networks, the realization of
powering the BTS sites using sustainable soluti@ssstarted to receive significant attention.
Because of that, various studies and developmemte been done in order to help the
telecom operators to shift away from using dieszleggators as their primary power supply
solution for BTSs. It is being realized that by nmgv away from diesel generators, the
unreliability factors and the high O&M costs usyadissociated with this solution can be
avoided. In this section, various power supply anérgy storage solutions for are discussed.
2.2 Power Supply Solutions for telecommunication

2.2.1 Diesel Generators & Grid power.

Diesel generators were among the earliest techimsdagsed as backup or primary power
supply Solutions for BTSs in areas with poor oracoess to the main grid [18]. The sizing of

a diesel generator is usually done based on timeasd load. Hence, all sorts of loads such



as linear resistive, capacitive, inductive, noreéin and linear loads are taken into
consideration when sizing the diesel generator.

The key advantage of deploying diesel systemsaisthie system can be tailored according to
the load demand. However, the issue of reliablifs always been questionable, and the
most obvious factor for the diesel generator idatisire probability at power-up, particularly
in cold environments. The common failure figurettisaoften reported is 0.5%, or 5 out of
1000 start attempts fail [19]. This is enough to g extra set of diesel generators in place to
increase reliability, particularly for applicatiomtere 100% reliability is needed. Although
the reliability increases about 200 times by hawertya generators on standby, the additional
costs associated with this approach may still renlis configuration unfavorable for the
telecom operators from an economic point of vie®@][JAdditionally, the rollout of BTSs
using diesel generators can add a significant amou@HG emissions to the environment.
As reported by Webb [2] oEMART 2020: Enabling the low carbon economy in the
information age the comparison of projected GHG emissions in tdlecommunication
sector between 2002 and 2020 shows that an inctenoam about 150 Mt CO2e in 2002 to
350 Mt CO2e in 2020 is expected. Likewise, from Hzeme report, the mobile network
dominates the highest amount of GHG emissions @& Mit CO2e is estimated to be
released in the environment in 2020 if there iohbgatory action taken in order to achieve
green telecommunication networks.

Another major issue associated with deploying tleseal generators for powering BTS sites
is that the performance capability of the dieselagators is very low and often inefficient, at
about 30% or less, while the rest of the energloss as heat [5]. This, in turn, greatly
contributes to the high O&M costs of the BSs powdrg these generators. In a specific case
of BTSs in remote Kenya, it takes more than 100kisuo supply enough fuel to the BS sites

and a lot of full-time technicians are requiredowercome the service outages, leading to
8



various economic disadvantages (e.g., additionakcessary labor, fuel, and transportation
costs) [5]. Another example shows that a telecoeratpr like Vodacom has to spend more
than $5 million per year for all of their 157 diepewered BS sites (about $32,000 per year
per BS) located in the Democratic Republic of CoD&C), mainly for O&M purposes
[5,20]. Additionally, it is noteworthy that thereeaalso other common issues related to the
deployment of diesel generators such as noise emjssil spillage, theft risk, and limited
shelf life [24].

2.2.2 Renewable Energy Solutions

Harvesting energy from renewable energy sources éolar and wind, in this case) to
generate electricity for powering BTSs is not a rfeasible option. These solutions have
been strong choices for powering BTSs due to @@imdant availability in a wide range of
geographical locations around the world. Additibpathe components in solar- and wind-
based systems are usually modular, which makesldbgn, expansion, and installation of
these types of systems for the BTS sites very paand feasible [5]. However, due to the
unpredictable and intermittent nature of wind aalds the systems running on these sources
typically need to be integrated with other meansresfewable or non-renewable power
supply and/or energy storage solutions in ordensure the continuity of power supply in a
BTS site [25].

In a study conducted by the GSMA, which is a molilade organization, 320,100
renewable-based off-grid BTS sites have already beléed out in 2014 in regions like South
Asia, Sub-Saharan Africa, Latin America, East Aie, Pacific, and the Caribbean [26]. This
number is expected to increase further in 2020 waitbut 389,800 sites [27]. Paudglal.
[28] highlighted that conducting a feasibility ass@ent is essential when designing
renewable energy systems. This is to mitigate aoylp designed power supply system that

is inefficient for powering a BTS site. As is oftdre case, the renewable energy systems are
9



usually over-sized, and this imposes high capitdl @&M costs to the telecom operators. In
the same study, Paudslal.[28] also claimed that 99.99% reliability can béiawed if solar
and wind are deployed concurrently as a power supplution and that the calculated,
levelized cost of electricity supplied over theetime of the system and for an optimum
design was reported to be just under $0.90 per kWh.

Another techno-economic study was conducted by Mwegémi et al. [22] based on a
HOMER (Hybrid Optimization of Multiple Energy Reswes) analysis study for a
standalone PV system supported by a battery erstogsige system. The result showed that
the optimal levelized cost of electricity for thevper supply system can be as low as $0.46
per kWh based on a PV contribution of more than%a0@ith excess energy after meeting
the load demand and a battery autonomy of 2.6 dkaysakana and Vermaak [5] discussed in
their study that a PV system showed the lowespregtent cost (NPC) which is $8,336 per
year compared to a wind system and a diesel systiémcosts of $11,420 per year and
$29,773 per year, respectively, when used to p@\B$% site in the Democratic Republic of
Congo. These NPC values were based on the totalo$wapital, replacement, and O&M
costs while considering the salvage value of thegssupply components. Furthermore, with
the existence of a new generation of small windihas that are lightweight and highly
efficient, the future of wind-powered BTSs looks m@romising than before. This is due to
the ability of the wind generators to supply povegrlower wind speeds (e.g., 2 m/s)
compared to the conventional models of wind gepesafe.g., wind speeds at 3—6 m/s)
[27,29]. Currently, the existing deployment of thew generation small wind turbines can be
found in remote locations like the Middle East #ifdca [27]. Based on a trial operation of
Zephyr’s Airdolphine PRO 48V DC wind turbine (geatng 260 W at 6 m/s) at a BS site in
Namibia, running a wind-battery system with a tgpitoad of 1.2 kW, the wind turbine

produced an average daily energy production ok [30]. On best day of operation, the
10



energy production went up to 10.1 kwWh, making tte bperation a success for the wind
turbine to complement the batteries since the agiptin of the PV system is not relevant to
that site. Moreover, using the same model of wurbbihe, Vodacom tested the wind turbine
at a low daily average of wind speeds, from 0.7-r/8, at a trial site in Tinana, South Africa
[30]. The result showed that an average of 0.9 kvdk achieved and, on the best day, 6 kwh
was produced.

2.2.3. Hybrid Power Supply Systems

The hybrid power supply system is designed tozgtih combination of two or more power
supply solutions (e.g., PVs and diesel generatoorder to achieve a more feasible, reliable,
and environmentally friendly power supply arrangamén particular, in terms of reliability,
the deployment of a hybrid power supply systenbige & reduce the intermittency of power
supply and, accordingly, the need for a larger sfzenergy storage solution (e.g., batteries or
hydrogen storage system) [10,31,32]. The seleaifom hybrid power supply solution for a
particular BS site is highly dependent on the amlity of resources at the location [33].
Presently, the most common arrangements of hylmwep supply systems that are used to
power BSs are PV-wind, PV-diesel-battery, PV-winesél, and PV-fuel cell systems.

2.2.3.1 PV-Wind Systems

A hybrid PV-wind system generates energy to meed ldemands through the good
complementary effect of wind speed and solar ramhdB4]. However, due to the stochastic
nature of solar and wind energy, the hybrid PV-waydtem (as shown in Figure 2.1) might
need some form of energy storage (e.g., batterg)ahat helps bridge the intermittency of
the wind and solar energy sources and thus substygsepplies power when the renewable

energy sources are unable to meet the load der3aipd |
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Controller

N

Wind turbine

Photovoltaic
panels

Energy Base station
storage

Figure 2.1 Typical configuration of a hybrid PV-wligystem in a base station site

Numerous literatures have discussed the applicatfom hybrid PV-wind system for Btss.
Hashimoto Et Al[36] conducted a research study on a BTS site inagani Island, Japan,
where they proposed an optimal sizing of a hybrM-vwind system and studied the
possibility of service outages in three scenariobattery capacity. The results showed that
the system required a three-day backup batteryderao maintain zero hours of service
outages. Furthermore, in a study conducted by Ydi @ran [37], the optimal sizing and
control strategy of a hybrid PV-wind system wasposed where the dual-closed loop
control method was used to track changes of wirgfggnin order to eliminate the wind
change impacts on the hybrid PV-wind system. Furtipémization was made by Ribeied

al. [38] to a hybrid PV-wind system used for powering @f-grid BTS site where multi-
input converters (comprised of a Cuk (current-\g@taurrent) and a buck converter (voltage-
current-voltage)) are connected to the PV and wgederator, respectively. Two fault
diagnosis techniques for the Cuk and the buck abeweere suggested and analyzed using
MATLAB/Simulink. As a result, the techniques all@am uninterruptible power supply for the

BTS by focusing on maximizing the usage of outpawer from the PVs and wind generator

12



based on the utilization of the PV maximum poweanptracking (MPPT) and port converter
properties. Moreover, due to the ability to onle w®ntrol variables to ensure a continuous
power supply to the BS, no additional sensors arpggent {.e., amplifiers) are needed to do
so.

2.2.3.2 PV-Diesel Systems

The hybrid PV-diesel system (typically with battegpergy storage) is a comprehensive
power supply system that works based on the congiaary roles of the key components of
the system; for instance, the high capital costhef PV is compensated by the low capital
cost of the diesel generator while the high O&Mtsad diesel are compensated by the low
O&M costs of PV. In most cases, the energy genérhiethe diesel generators is fairly
available during the absence or shortage of thes Pdiver output [39]. Additionally, while
the existence of diesel as a back-up power sumgaheases the reliability of the hybrid PV-
diesel systems, the overall capital and O&M cosis loe further decreased by employing a
much smaller size of PVs and batteries [39].

Husain and Sharma [40] conducted a HOMER studyafbgbrid PV-diesel system used to
power a substation in Nepal and found that baseanoNPC economic analysis approach of
an optimized hybrid PV-diesel system, the cost lettecity supplied by the system was
found to be $0.50/kWh. When compared with a diesdy- system, the cost of electricity
supplied by the system was found to be $0.70/kWidithonally, by adding an inverter to the
hybrid PV-diesel system, there was an improvememniergy delivery from the PV without
the need to discharge the battery as long as thexeough solar radiation onsite [40]. This
can help prolong the battery’s lifetime and previnat intermittency of the diesel generator,
making the combination of the hybrid PV-diesel ®&fbasible and practical when compared

to a diesel-only system [40].
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In another HOMER study by Moghavveeti al.[22], an optimized hybrid PV-diesel system
proposed to power an off-grid FM (frequency modalat transmitter located in Kuantan,
Malaysia, yielded the lowest cost of electricity,$8.26/kWh, when compared to a diesel-
only system and a PV-only system, at $0.36/kWh &0d46/kWh, respectively. This
optimization was done by considering the two keyapeeters of autonomy days and PV
contribution, suggesting half a day of autonomaooparation with a PV contribution of 110%
(meaning there was a 100% PV contribution and aiitiadal 10% of excess power from the
PV) in order to achieve the lowest electricity cok$0.26/kWh [22].

It is important to note that factors such as highssions from diesel usage, possible future
increased cost of diesel prices, and unrelialslitygested by the service outages (e.g., due to
poor supply of fuel or fuel theft) are some of limeitations that prevent the hybrid PV-diesel
system to be favorably deployed for powering of6e S sites [41-43]. Figure 2.2 shows a
typical set-up of the hybrid PV-diesel systems \ehide power is primarily supplied by the
PV system and the diesel generator acts as a comaptary power supply system to
overcome the intermittency of solar energy. Durppgyriods when the PVs are able to
generate excess energy, the energy storage isaustore the excess energy as a short-term
energy storage option. Nevertheless, due to theemmtence of reliable long-term energy
storage, the PV-diesel system is not reliable endogpower the off-grid BS sites with a

seasonal type of loading [43].
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Figure 2.2 Typical configuration of a hybrid PV-gét system in a base station site

2.2.3.3 PV-Wind-Diesel Systems

In hybrid PV-wind-diesel systems, electrical eneigysupplied primarily from solar and
wind energy while diesel is used as a secondabaokup power supply when the PVs and
wind generators are unable to produce enough pfoxeéhe BS [21,44]. Figure 4 shows the
typical configuration of a hybrid PV-wind-dieselstgm for powering a BS site. The study
conducted by Bitterlin [45] suggests that the hylAV-wind-diesel systems are ideal for
powering large-sized BSs of 4 kW or more. A simgardy has been conducted by Goel and
Ali [46] based on a hybrid PV-wind-diesel systenattlis located at the island village of
Barakolikhola in Odisha, India. The study showedt tilesirable outputs such as low
emissions, low operating costs, low net present (N®C), and levelized cost can be
achieved when deploying a hybrid PV-wind-diesekeysto the BS site rather than a diesel-
only power supply system. They also showed that#moyment of such a hybrid system is

more viable, both technically and economically, wheed for larger load demands.
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Figure 2.3 Typical configuration of a hybrid PV-whdiesel system in a base station site
Sharmaet al. [47] studied the optimization of a hybrid PV-wineéegel system based on a
HOMER analysis of an off-grid BS site located inaliga Bhanpur, India. The results
showed that the NPC of the hybrid PV-wind-diesedtemn is 10% and 15% lower than the
hybrid PV-diesel and wind-diesel systems, respebtivn addition, the cost of electricity per
kWh for the three hybrid systemise{ PV-wind-diesel, wind-diesel, and PV-diesel systems
was found to be $0.70/kWh, $0.77/kWh, and $0.76/k\Wdspectively. Another HOMER
study conducted by Olatomiwet al. [48] suggests that the hybrid PV-wind-diesel system
are used to replace diesel generators that wekeopsty deployed for off-grid BS sites in
Nigeria. This is because the hybrid PV-wind-diesadtem yield a lower cost of electricity at
$0.45/kwWh compared to hybrid PV-diesel and diesdldny systems, where both suggested a

unit of electricity of $0.66/kWh in this case studyoreover, the renewable fraction of the
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hybrid PV-wind-diesel system was found to be higlhet, above 82%) than just that for the
hybrid PV-diesel system.¢., at 19%), making the proposed hybrid power suggbktem to
be feasible and environmentally friendly comparem dther hybrid power supply

configurations.

2.2.3.4 PV-Fuel Cell Systems

Photovoltaic panels

... Base station

Controller
Fuel cell

Energy
storage

Figure 2.4 Typical configuration of a PV-fuel cslistem in a base station site

A hybrid PV-fuel cell system is a sustainable solut(if hydrogen is produced and supplied
sustainably) that can be used to power an off-B&dsite based on the attractive features of
the PV and fuel cell technologies, such as higitieficy, modularity, and fuel flexibility
[49]. Figure 5 shows the typical configuration ofhgbrid PV-fuel cell system used for
powering a BS site. Generally, the fuel cell systenused to back up the power supply

system by covering the intermittency of the PV egstparticularly when the energy storage
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of the system is unable to supply enough elecricitmeet the BTS demand. The preferred
fuel cell option for this purpose is Proton ExchaMdembrane Fuel Cell (PEMFC) due to its
low operating temperature (e.g., 60-100 °C), ragtadt-up, and rapid response to variable
loads [50]. The PEMFCs can run on pure hydrogen tha be supplied to the site or
generated onsite, for instance, through water relgsis or reforming methanol and natural
gas [51].

In a study conducted by Jiang [49], an unatten@stl dperation of a hybrid PV-fuel cell
system was conducted for a remote radio-telephepeater station. The results showed that
the power supply system operated without any faifar 3239 h (or over 229 days in service)
and completed 177 start-stop cycles and kept thterkes at an average of a 76% state of
charge (SOC). However, the test operation failedlomg after that due to overheating from
the fuel cell as the ambient temperature increaseldthe cooling system was left in an idle
state in order to reduce energy consumption oBBeThis highlights the importance of an
effective thermal management system for such powpply arrangements; this will be
further discussed in section 3.4 of “Thermal Mamaget of Base Stations”. Another case
study of a remote radio-telephone repeater statas conducted by Lehmaat al. [52] with

the aim of deploying a feasible power supply systerntihe repeater station. They found that
a PV-only system was not feasible as it requiréatge number of PVs, whereby the diesel-
only system required huge amounts of diesel tothnenrepeater station. Because of that, a
hybrid PV-fuel cell system was proposed and theltehowed that the PEMFC performed
flawlessly as a backup power supply to the hybystesn at 400 to 800 h of operating hours
per year. Moreover, a temperature switch was inited in order to overcome the
overheating issue that was previously experiengettid hybrid PV-fuel cell system.

A study by Rekiouat al. [33] added that a Power Management Unit (PMU) madag

successfully improve the power coordination betwdenPVs and the fuel cell. By adding
18



the PMU to the power supply system, the number\t§ Reeded in addition to the capital
cost of the hybrid PV-fuel cell system was furtiheduced. However, drawbacks like slow
dynamics in the fuel cell system and the high edmibst of the fuel cell somewhat inhibited
the deployment of the proposed hybrid PV-fuel sglitem for the remote telecommunication

applications that the system was designed for.

2.3  Components of a Hybrid energy system
2.3.1 Solar PV
photon

internal

~wry O“* ‘j(;\ {'}/ field

\../"v’\ o
P/N junction

Fig 2.5 solar panel principle of operation

Solar panels generate free power from the sun byesting sunlight to electricity with no
moving parts, zero emissions, and no maintenanah@sn in figure 2.5. The solar panel,
the first component of a electric solar power systes a collection of individual silicon cells
that generate electricity from sunlight. The phatdghght particles) produce an electrical
current as they strike the surface of the thircailiwafers as shown in the figure below.

A single solar cell produces only about 1/2 (.5)ofolt. However, a typical 12 volt panel
about 25 inches by 54 inches will contain 36 celiled in series to produce about 17 volts

peak output. Multiple solar panels can be wireganallel to increase current capacity (more
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power) and wired in series to increase voltage#yr48, or even higher voltage systems. The
advantage of using a higher voltage output at tfer panels is that smaller wire sizes can be
used to transfer the electric power from the splanel array to the charge controller &
batteries.

2.3.1.1 The 3 basic types of Solar Panels
i Mono-crystalline solar panels

The most efficient (15 — 20%) and expensive sokrefs are made with Mono-crystalline
cells. These solar cells use very pure silicon anblve a complicated crystal growth
process. Long silicon rods are produced which aténto slices of .2 to .4 mm thick discs or
wafers which are then processed into individualsctiat are wired together in the solar

panel.

il Polycrystalline solar panels

Often called Multi-crystalline, solar panels madghwPolycrystalline cells are a little less

expensive & slightly less efficient than Mono-cilihe cells because the cells are not grown
in single crystals but in a large block of manystays. This is what gives them that striking
shattered glass appearance. Like Mono-crystallatis,ahey are also then sliced into wafers

to producel? the individual cells that make upgbiar panel.

ii Amorphous solar panels

These are not really crystals, but a thin layesibéon deposited on a base material such as
metal or glass to create the solar panel. Theserpmoos solar panels are much cheaper, but
their energy efficiency is also much less so may@ase footage is required to produce the

same amount of power as the Mono-crystalline orydtgstalline type of solar panel.
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Amorphous solar panels can even be made into loagts of roofing material to cover large

areas of a south facing roof surface.

Advantages of Mon crystalline solar cells

Mono crystalline solar panels have the highestieificy rates since they are made
out of the highest-grade silicon. The efficienctesaof mono crystalline solar panels
are typically 15-20%.

Mon crystalline silicon solar panels are spacecidfit. Since these solar panels yield
the highest power outputs, they also require thstlamount of space compared to
any other types.

Mon crystalline solar panels produce up to fouresiithe amount of electricity as

thin-film solar panels.

Mon crystalline solar panels live the longest. Madar panel manufacturers put a 25-
year warranty on their mono crystalline solar panel

Tend to perform better than similarly rated polgtayline solar panels at low-light

conditions.

Disadvantages

Mono crystalline solar panels are the most expensiv

If the solar panel is partially covered with shadet or snow, the entire circuit can
break down.

Mon crystalline solar panels tend to be more edfitin warm weather. Performance
suffers as temperature goes up, but less so thgarpstalline solar panels. For most

homeowners temperature is not a concern.
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Advantages of Polycrystalline Silicon Solar Cells

The process used to make polycrystalline silicosingpler and cost less. The amount
of waste silicon is less compared to mono crystalli

Polycrystalline solar panels tend to have slightiwer heat tolerance than mono
crystalline solar panels. This technically mears they perform slightly worse than

mono crystalline solar panels in high temperatudest can affect the performance of
solar panels and shorten their lifespans. Howetles, effect is minor, and most

homeowners do not need to take it into account.

Disadvantages

The efficiency of polycrystalline-based solar panisl typically 13-16%. Because of
lower silicon purity, polycrystalline solar panedse not quite as efficient as mono
crystalline solar panels.

Lower space-efficiency. You generally need to coadarger surface to output the
same electrical power as you would with a solarepanade of mono crystalline

silicon. However, this does not mean every monctetine solar panel performs
better than those based on polycrystalline silicon.

Mono crystalline and thin-film solar panels tendlde more aesthetically pleasing
since they have a more uniform look compared to gheckled blue color of

polycrystalline silicon.

2.3.2 The Power Inverter
Majority of the load run on 240 volts AC, the Poweverter will be the heart of the Solar

Energy System. It converts the low voltage DC ® 240 volts AC that runs the load. It can
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also charge the batteries if connected to thetyugiiid or a AC Generator as in the case of a

totally independent stand-alone solar power sysiédra.following are the types of inverters

i. Square Wave power inverters

This is the least expensive and least desirable. fJbe square wave it produces is inefficient
and is hard on many types of equipment. These tengeare usually fairly inexpensive, 500

watts or less.

il. Modified Sine Wave power inverter

This is probably the most popular and economigaé tyf power inverter. It produces an AC
waveform somewhere between a square wave and aspwavave. Modified Sine Wave
inverters, sometimes called Quasi-Sine Wave inkedee not real expensive and work well
in all but the most demanding applications and ewwst computers work well with a
Modified Sine Wave inverter. However, there areepgtions. Some appliances that use motor
speed controls or that use timers may not workeqtight with a Modified Sine Wave
inverter. And since more and more consumer prodaigsusing speed controls & timers, |

would only recommend this type of inverter for si@mainstallations such as a camping cabin.

iii. True Sine Wave power inverter

A True Sine Wave power inverter produces the closes pure sine wave of all power
inverters and in many cases produces cleaner paerthe utility company itself. It will run
practically any type of AC equipment and is alse thost expensive. Many True Sine Wave
power inverters are computer controlled and willbauatically turn on and off as AC loads

ask for service. | believe they are well worth #xéra cost.

iv Grid Tie Power Inverter
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If you are connected to normal Utility company powaed just want to add some Free Sun
Power electricity to reduce your electric bill agdu do not need a totally independent
system, it is possible that a Grid Tie power inemvill suit your needs. With a Grid Tie
power inverter, whatever electricity that your sgb@anels produce will reduce the amount
supplied by the utility company, in effect loweriggur bill. And, if you are producing more
power than you are using, you can actually selletktea power back to the utility company!
For this type of setup a much smaller battery beank be installed just to cover short term
outages from a few minutes to an hour or two. b, fd you don't have frequent long term
power outages and don't need back-up power, thenvilbnot need any batteries at all.

2.4. System Sizing and Optimization

Proper sizing and optimization of the power suppygtems used for powering BTSs can
have positive impacts toward the systems' relighias well as toward the costs associated
with their installation, operation, and maintenaft@5]. Various studies have been carried
out by other researchers to design for the sizimg) @ptimization of the standalone power
supply systems, and these the studies mainly fdcosesuitable hybrid components and
configurations of the system at the lowest possiblet while meeting the load demands of
the BSs at all conditions [106].

Generally, the sizing and the design of the powspl/ systems are dependent on the
location and environmental conditions of the sitbere the availability of the site’s weather
data determines the appropriate sizing methodsthait be used to carry out the design and
sizing of the systems [107]. Using the existencewafather data, conventional sizing
approaches are applied based on the concept ajyebalance and the reliability of supply
[107]. For instance, to size a PV system, long-tenmeteorological data is needed. As
discussed by Marsaet al.[92], sizing of the PV system can be done by logkahthe month

with the minimum energy production. The value @& ttominal peak power of the PV system
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is then matched with the energy requirement ofBM& on average [92]. Additionally, the
daily average load demand together with the dairage available energy from the sun are
balanced in order to obtained the number of PVyarraquired by the system [107]. Being
the simplest technique in sizing the power supplygonents, the energy balance takes into
consideration the path losses and efficienciehefenergy sourcesd. renewable energy),
converters, and controllers, while the reliabilifiythe supply approach estimates the loss of
load probability by calculating the ratio of allexgy deficits to the load demand at a certain
period of time [34,108,109]. Likewise, other simitaoncepts for the reliability of the supply
approach are loss of power probability (LOPP), lafsgower supply probability (LPSP), and
load coverage rate (LCR) [107].

However, in most casesd., particularly in off-grid BSs), the weather dasaaften absent
and more complex techniqueise( Artificial Intelligence (Al)) are needed [107].hiE is
when the Al generates results based on the predicti classification of input data (with an
appropriate degree of error) and presents it assetsvof data patterns of previous examples
and models [107]. The examples of the Al technighas are commonly used for the design
and sizing of the power supply systems are thdiéigl Neural Network (ANN) [110,111],
Fuzzy Logic [108,112], Genetic Algorithms (GA) [48,101,105,113], wavelet transforms
[114], and hybrid methods with multi-objectives ifdmnations of two or more Al
techniques) [115,116]. An example of PV systermgizising an Al technique of the ANN is
where the longitude and latitude of the BS sitealmn are considered as the inputs to the
ANN. The outputs are then estimated based on thH Atddel for sizing of the PV system.
As a result, the ANN technique is able to determimeenumber of PV arrays and the size of
the batteries with a relative error of less than[@%].

Often after the design and sizing of the power Buppstems, optimization of the system is

needed in order to further minimize the system @®l at the same time increase the
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reliability of the system [107]. This can be dong &ssessing appropriate performance
indicators in order to measure the level of fedisyband reliability of the power supply
components [115]. Some of the key performance atdrs used when carrying out the
optimization of the power supply systems are: leeel cost of energy (LCE), which is an
economic assessment of the energy generated bpaiver supply system based on the
calculated ratio of the total annualized cost ef slgstem to the annual electricity supplied by
the system [118,119]; the battery’s state of ch&&§2C), which measures the energy storage
capacity of the power supply system [43,120]; thesl of autonomy that assess the reliability
of the power supply system by calculating the foacof time in which the BS demands are
met [121-123]; the expected energy not suppliedN&E which measures the expected
energy that cannot be supplied by the power suppdfem [124]; the net present value
(NPV), which measures the economics of the powpgplsusystem by calculating the NPV of
the system based on the addition of present vafiegscomes and the subtraction of the
discounted present costs throughout the systefe@snie period [125]; and lastly, the
annualized cost of system (ACS), which is an ecaoammssessment of the power supply
system based on the calculation of the total amredhl capital cost, the annualized
replacement cost, and the annualized maintenarst§126|.

2.5 Performance Parameters for Grid-Connected PV $fems

The use of appropriate performance parameterstées the comparison of grid-connected
photovoltaic (PV) systems that may differ with respto design, technology, or geographic
location. Four performance parameters that defivee dverall system performance with
respect to the energy production, solar resouncg,caerall effect of system losses are the
following

1. Final PV system yield (¥

2. Reference yield (¥
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3. Performance ratio (PR)

4. PVUSA rating
Accurate and consistent evaluations of photovolteh) system performance are critical for
the continuing development of the PV industry. Eomponent manufacturers, performance
evaluations are benchmarks of quality for exisgimgducts. For research and development
teams, they are a key metric for helping to idgrititure needs. For systems integrators and
end customers, they are vital tools for evaluafirgducts and product quality to guide future
decision-making.
As the industry has grown, a clear need has afisegreater use of and education about
appropriate industry-standard performance parasmdter PV systems. These performance
parameters allow the detection of operational @il facilitate the comparison of systems
that may differ with respect to design, technology, geographic location; and validate
models for system performance estimation duringdesign phase. Industry-wide use of
standard performance parameters and system ratuipsassist investors in evaluating
different proposals and technologies, giving thamater confidence in their own ability to
procure and maintain reliable, high-quality systei@tandard methods of evaluation and
rating will also help to set appropriate expectadifor performance with educated customers,
ultimately leading to increased credibility for tR&/ industry and positioning it for further
growth.
Parameters describing energy quantities for thesi®tem and its components have been
established by the International Energy Agency (IlPAotovoltaic Power Systems Program
and are described in the IEC standard 61724 [23].
Three of the IEC standard 61724 performance pamsetay be used to define the overall

system performance with respect to the energy mtaahy solar resource, and overall effect
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of system losses. These parameters are the finakyR®t¥em vyield, reference vyield, and
performance ratio.

The final PV system yield ¥s the net energy output E divided by the nameplate power
P, of the installed PV array. It represents the nunabérours that the PV array would need to

operate at its rated power to provide the sameggndihe units are hours or kWh/kW, with
the latter preferred by the authors because itribesc the quantities used to derive the

parameter. The Ynormalizes the energy produced with respect to dhstem size;

consequently, it is a convenient way to compareedhergy produced by PV systems of
differing size:

Y, =E/Po in KWh/KW of hours (2.1)

The reference yield Yis the total in-plane irradiance H divided by th&'$>reference
irradiance G. It represents an equivalent numbenoafrs at the reference irradiance. If G

2 . L g . .
equals 1 kW/m then Y is the number of peak sun-hours or the solar radiah units of

kWh/mz. The Y defines the solar radiation resource for the P\esgslt is a function of the

location, orientation of the PV array, and monthytonth and year-to-year weather
variability:

Yr=H/G (hours) [24] (2.2)

The performance ratio PR is the divided by the Y. By normalizing with respect to
irradiance, it quantifies the overall effect of des on the rated output due to: inverter
inefficiency, and wiring, mismatch, and other lasséhen converting from d.c. to a.c. power;
PV module temperature; incomplete use of irradiamgeeflection from the module front

surface; soiling or snow; system down-time; and ponent failures:
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PR=Y,/Y, dimensionless (2:3)

PR values are typically reported on a monthly arlebasis. Values calculated for smaller
intervals, such as weekly or daily, may be useduliflentifying occurrences of component
failures. Because of losses due to PV module teatyer, PR values are greater in the winter
than in the summer and normally fall within thegarof 0.6 to 0.8. If PV module soiling is
seasonal, it may also impact differences in PR fewmmer to winter. Decreasing yearly

values may indicate a permanent loss in performance

The PVUSA rating method [25] uses a regression made system performance and
meteorological data to calculate power at PVUSAt Tasnditions (PTC), where PTC are
defined as 1000 W/fiplane-of-array irradiance, ZD ambient temperature, and 1 m/s wind
speed. PTC differs from standard test conditioAl¥C()Sn that its test conditions of ambient
temperature and wind speed will result in a cathgerature of about 50°C, instead of the
25°C for STC. This is for a rack-mounted PV modwith relatively good cooling on both

sides of the module. For PV modules mounted closkd roof or integrated into the building
with the airflow restricted, PTC will yield greaterell temperatures. Nordmann and
Clavadetscher [26] report that PV module tempeestuise above ambient for fielded system
ranging from 20°C to 52°C at 1000 Winwith the largest temperature rise for an intesgat

facade. The difference between the nameplate @welprating and the system PVUSA
rating is an indication of the total system lossssociated with converting d.c. module
energy to a.c. energy. As with decreasing PR valdesreasing PVUSA ratings over time

may indicate a permanent loss in performance.
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2.6 Economic analysis of a an Energy project

The main objective of conducting a project econoamalysis is to help not only assess the
sustainability of investment but also to inform tHesign and select projects that can
contribute to a sustainable improvement in the avelfof project beneficiaries, and the
country as a whole. Economic analysis is a meareljo bring about a better allocation of
resources that can lead to enhanced incomes fastment or consumption purposes.
Therefore, it is best undertaken at the early stagethe project cycle to enable decision
makers to make an informed decision on whethemttertake a particular investment given

various alternatives and their corresponding costs.

The tools of economic analysis can help answepuarguestions about the project’s overall
effect on society, on various stakeholders/beraies, its fiscal aspects and about the
project’s risks and sustainability. For examplepreamic analysis can help determine
whether the rationale for public sector interventis justified. It can help in estimating the

project’s fiscal impact and inform government/impknting agency accordingly; it can also
determine whether there is scope for cost recoaadthat arrangements are efficient and
equitable. In addition, it can help in assessing phoject’'s potential environmental impact

and contribution to poverty reduction.

While each sector has a different set of probleh& heeds to be addressed, the basic
principles of economic analysis can still be appli@he analytical approach and data
requirements would have to be adapted or tailooetthie specific project. The key here is to

select the appropriate level of analysis to inf@moject decision making.

The following publications are the tools that candmployed for project economic analysis
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2.6.1 Payback Period
The payback period of a project is defined as tlmalver of years it takes for the project to

recover its original investment.

Let’'s take a simple example to understand how palylpariod is calculated. Assume that a

company invests $5,000 in a project, which gensrtte following cash flow in the next 5

years.

Year Cash Flow
0 $-5,000.00
1 $2,000.00
2 $2,000.00
3 $2,000.00
4 $1,000.00
5 $1,000.00

The payback period will be equal to the time pendten the firm has generated back its

$5,000 investment.

In year 1, the firm generates $2000. In year Beiterates $2,000. By the end of the year 2,
the cumulative cash inflow is $4,000. In year 3yaherates $2,000. At the end of year 3, the
cumulative cash flow is $6,000, which is more tlam initial investment. That means the

payback period is somewhere between year 2 anddyear

By the end of year 2, we have recovered $4,000.ufinecovered amount is $1,000. In year

3, the total cash flow is $2,000.

With this information, the payback period can blewdated as follows.
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Payback period = 2 years + $1,000/$2000 = 2.5 years

The payback period is a measure of the firm’'s dgyi Generally, the shorter the payback
period is, the better it is for the firm. Howeveéhe method has some drawbacks. For
example, it does not consider time value of morwythe cash flows after the payback
period. Because of these drawbacks, the paybadakdperethod cannot be used as a measure

of profitability.

This method is generally used along with anothethogksuch as NPV or IRR while making
capital investment decisions.

2.6.2 Discounted Payback Period

One of the drawbacks of payback period is thab&sdnot consider time value of money. An

alternative is to use the discounted payback period

The discounted payback period is the number of syetatakes to recover the initial
investment in terms of the present value of thén dlmvs. The present value of each cash

flow is calculated and then added to arrive atdiseounted payback period.

2.6.3 Internal rate of return
Internal rate of return (IRR) is the interest ratevhich the net present value of all the cash

flows (both positive and negative) from a projectrwvestment equal zero.

Internal rate of return is used to evaluate theaetitveness of a project or investment. If the
IRR of a new project exceeds a company’s requiaéel of return, that project is desirable. If

IRR falls below the required rate of return, theject should be rejected.

How it works (Example):

The formula folRRis:
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0 =R+ P/(1+IRR) + B/(1+IRR), + PJ/(1+IRR); + . . . +R/(1+IRR), (2.4)

where B, P, . . . R equals the cash flows in periods 1, 2, . . . speetively; and

IRR equals the project's internal rate of return.
Let's look at an example to illustrate how to URR.

Assume Company XYZ must decide whether to purclaapeece of factory equipment for
$300,000. The equipment would only last three ydarsit is expected to generate $150,000
of additional annual profit during those years. @amy XYZ also thinks it can sell the
equipment for scrap afterward for about $10,000n¢y$RR, Company XYZ can determine
whether the equipment purchase is a better uses ghsh than its other investment options,

which should return about 10%.
Here is how the IRR equation looks in this scenario

0 = -$300,000 + ($150,000)/(1+.2431) + ($150,008)/2431) + ($150,000)/(1+.2433)+

$10,000/(1+.2431)

The investment's IRR is 24.31%, which is the rdiat tmakes the present value of the
investment's cash flows equal to zero. From a purelncial standpoint, Company XYZ
should purchase the equipment since this geneaa2ds31% return for the Company --much

higher than the 10% return available from otheestinents.

A general rule of thumb is that the IRR value canm® derived analytically. Instead, IRR
must be found by using mathematical trial-and-etooderive the appropriate rate. However,

most business calculators and spreadsheet progvalnasitomatically perform this function.

IRR allows managers to rank projects by their oVeedes of return rather than their net

present values, and the investment with the higheR is usually preferred. Ease of
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comparison makes IRR attractive, but there aretdirto its usefulness. For example, IRR
works only for investments that have an initiallcasitflow (the purchase of the investment)

followed by one or more cash inflows.

Also, IRR does not measure the absolute size ohthestment or the return. This means that
IRR can favor investments with high rates of retewen if the dollar amount of the return is
very small. For example, a $1 investment returr3gwill have a higher IRR than a $1
million investment returning $2 million. Another aft-coming is that IRR can’t be used if
the investment generates interim cash flows. RIN#RR does not consider cost of capital

and can’t compare projects with different durations

IRR is best-suited for analyzing venture capitatl gorivate equity investments, which
typically entail multiple cash investments over life of the business, and a single cash
outflow at the end

2.6.4 Net Present Value - NPV

Net Present Value (NPV) is the difference betwdmnpresent value of cash inflows and the
present value of cash outflows. NPV is used intehpiudgeting to analyze the profitability

of a projected investment or project.
The following is the formula for calculating NPV:

T C
NPY = t _-C
E(Hr)‘ °

(2.5)

where

C; = net cash inflow during the period t

C, = total initial investment costs
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r = discount rate, and

t = number of time periods

A positive net present value indicates that thggoted earnings generated by a project or
investment exceed the anticipated costs. Genematlynvestment with a positive NPV will

be a profitable one and one with a negative NPV negult in a net loss. This concept is the
basis for the Net Present Value Rule, which distétat the only investments that should be

made are those with positive NPV values.

2.6.5 Equivalent annual cost
Equivalent annual cost(EAC) is the cost per year of owning and operatingsaetover its
entire lifespan. It is calculated by dividing th®W of a project by the "present value of

annuity factor

Alternatively, EAC can be obtained by multiplyingetNPV of the project by the "loan

repayment factor".

2.7  Software’s used for solar PV system design amahalysis
Simulation is the realization of the real world gees or system. It is a technique for

modeling and investigating the system or proces®peance. The simulation software’s are
basically categorized in simulation tool, econorai@luation tools, photovoltaic industry
related tools, analysis and planning tools, mompand control tools and solar radiation
maps

Evaluation parameters of these simulation softvgaae presented as per the below criteria.

P1 their commercial and educational availabilitgd anst
P2 their working platform

P3 their working capacities

P4 their scope and output

P5 their updatability

2.7.1 Photo voltaic systems (PVsyst)
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PVsyst is used to simulate grid connected, standeahnd pumping system. It is a PC based

software and can be installed in any version of 3 or any operating system.
P1 their commercial and educational availabilitysto

PVsyst available in two types one is PRO30 limiteed 30kW installation only and
PREMIUM all installation. Cost of PRO30 CHF 100G tme machine additional CHF 700
for second machine and additional CHF 500 for thinéchine respectively. Cost of
PREMIUM CHF1300 additional CHF 1000 for second maehand CHF 700 for third

machine respectively.

P2 their working platformWindows 8, Windows 7, Vista, XP (older versionsVéindows
NT, 98, 95). 32-bits and 64-bits processors. MACX(See here) and Linux with a virtual
machine running Windows 32-bits (e.g., Virtual Bowjindows servers are not supported.

P3 their working capacitiesPVsyst provide multiple choices to user for projdesign like
preliminary design, project design, data base aontst Preliminary design is the pre-sizing

step of a project. It is aimed to quickly define theneral features of a planned PV system.

P4 their scope and outpuPVsyst provide a very good platform for all type reded to
analysis project more effectively for this variqu®vision given in PVsyst 6.19. The mainly
two function given in PVsyst front window like datse and tools, database provide detail
regarding Geographical sites, synthetic hourly dgtaeration, meteo tables and graphs,
import meteo data, import ASCII meteo data in congr database it provide details like PV
modules, grid inverter, batteries, regulators fand-alone, generators, pumps, regulators for

pumps, and many more details regarding manufactaredt retailers.
P5 their updatability: latest version (PVsyst6.6égased on February 11, 2014
2.7.2 Renewable Energy Technologies Screen (RETSeng

Renewable energy technology screen is develope@amadian Government, industry and
academia. It is free of cost tool for all industacademia and researcher in the field of
renewable energy. It has two separate program ®iEITScreen 4 and RETScreen plus.
RETScreen 4 is excel based renewable energy seftiwal that can be used to technical as

well as financial visibility of renewable potentiaénergy efficiency and cogeneration
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projects. RETScreen plus is a window based enem@yagement software tool that provide

details regarding energy performance of ongoingeptdo owners.
P1 their commercial and educational availabilitydaoost:Free of cost

P2 their working platformThe program requires the use of Microsoft Excel3260 higher
version; Microsoft Windows XP or higher windows ftbteim; and Microsoft .NET
Framework 4 or higher (note that the Full Profikersion must be installed, not just the
Microsoft .NET Framework 4 Client Profile Versiorit)can also work on Apple Macintosh
computers using Parallels or VirtualBox for Mac. R¥ereen Plus is Windows-based and

independent of Microsoft Excel.

P3 their working capacitiesthis soft is available more than 36 languagesrtiesdn its cover

almost 2/3rd population of word. This provide vasoproject facility like energy efficiency
measure, power, heating, cooling, combined hedimmgoling, combined cooling & power
many more. Technology can be used are photovolta@procating engine, solar thermal

power, steam engine, steam turbine, tidal powevewwer.

P4 their scope and outpuRETScreen provide detail regarding proposed poweeration,
emission analysis, and financial analysis. RETScpdes provide a power full tool it provide
option to select climate data from vast meteo degab

P5 their updatability:An updated version of RETScreen 4 and RETScreenwés released
on September 25, 2012.

2.7.3 Hybrid Optimization Model for Electric renewables (HOMER)

HOMER is a computer based simplified model for gesig of distributed generation (DG)
systems both on and off-grid. HOMER's optimizatamd sensitivity analysis algorithms
allow user interface to evaluate the economic @atirtical feasibility of a large number of
technology options and to account for variationggohnology costs and energy resource

availability.

P1 their commercial and educational availabilitycanost: HOMER 2 is $99.99 for as on
date and with 6-month license. The 6-month licepriee will increase to $150 from April 1,
2014.
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P2 their working platformHOMER can be installed on all versions of Microsefiidows

and Windows emulators.as parallels for Macintosh.

P3 their working capacitiedHOMER basically performs three functions namely sf@rity
analysis, optimization and simulation in distriblitgeneration system. It helps to design
micro power systems. It contains a very powerfuhpatation engine as well as a logical unit
and true interface between the system and usett’'sThvy it can perform or simulate
thousands of system constellations in a trice gotdnize for life cycle costs. It provides
three functions model for both conventional andewvesble energy technologies: power
source i.e solar photovoltaic, wind turbine, rumrieér hydro power electric utility grid micro
turbine, fuel cell, and generator: diesel, gasolibmgas, alternative and custom fuels.
Storage: battery bank, hydrogen, flow batteriegwlileels. Loads: daily profiles with
seasonal variation, deferrable (water pumping,gefation), thermal (space heating, crop
drying), efficiency measures

P5 their updatability:Latest version 2.81 of HOMER 2 was released on Nier 8, 2010
and the first version (original) was released obrtary 14, 2000.

2.7.4 TRaNsient Systems Simulation (TRNSYS)

TRNSYS is an extremely flexible graphic based saftwenvironment that is used to
simulate the behavior of the transient system maihile the other majority of simulations

software is focused on assessing the performantteedhermal and electrical energy system.
This was evolved in 1975 by international collabiora of the United States, France and

Germany initially. It is available for both commaeicas well educational applications.

P1 their commercial and educational availabilitydacost:Latest version is TRNSYS 17 that
is available for $4740 for single user and $ 77@0five users. For educational purpose it is
available for $2370 for ten users and $3850 fougérs.

P2 their working platform:Only windows operating system (XP/Vista/Window &ncbe
used to run TRNSYS. If someone wants to create theh TRNSYS components to use

their simulation then FORTRAN compiler required.

P3 their working capacitiesSTRNSYS is available in different suit like TRANSYB3llow

user to draw multi-zone building and import the metry including self-shading,

38



TRNBUILD allow user for creating and editing all thfe non-geometry information required,
TRNEDIT is a full-featured text editor for writingnd viewing TRNSYS input and output
files and for upcoming parametric and TRNSED alleser to create customized graphic for
specific application and then distribute those &jagibn to non-TRNSYS users.

P4 their scope and outpufhe TRNSYS is robust, intuitive, graphical frontdefor the
simulation, making the user's job of assembling afetailed system in a simple endeavor.
The output of one component is graphically conret¢tethe inputs of another. Users can
watch the value of ANY system variable on an onlptet as the simulation progresses.
Output devices also allow the user great flexiilih integrating, and reporting any

component output value.

P5 their updatability:Yes. Latest version of TRNSYS is available in markBNSYS 17.1

was released in June 2012.
2.7.5 INtegarted Simulation Environment Language (NSEL)

INSEL is graphical programming language for comnadajective in integrated simulation
environment by INSEL we can solve any of computetugation problem for photovoltaic

systems.

It provides functional block diagram for the sintida of meteorological data, thermal
energy and electrical constituents which is a gfnoght answer for the simulation problems.
It works basically as a modular simulation envir@minfor understand, plan, monitor and

visualize energy systems.

P1 their commercial and educational availabilitydanost:Cost of INSEL for single user is
$2023 and $ 6069 for five-user license. Cost feeaech and education institutes is $ 1011

for single user and 3034 for five-user. Studensiger is available only for $101.

P2 their working platformWindows XP, Windows Vista or Windows 7 computershma?2
or 64 bit.

P3 their working capacitiesiUsing the graphical tool of INSEL, we can develapl f
visualization and monitoring of your energy pla®imulation model can be made easily with

graphic editor with some mouse click. It works wiltabase for photovoltaic modules,
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inverters, thermal collectors and meteorologicahditbton. INSEL offers a programing

interface for the extension of block library.

P4 their scope and outpulNSEL contains a variety of application like gragddi and
numerical output either user defined or built ih.cbvers solar irradiance simulation,
photovoltaic, and solar thermal applications. Wi see 1-axis tracking, 2-axis tracking and

losses for tilted fixed angles.
P5 their updatability:Yes. Latest version 8.1 is available.
2.7.6 Photovoltaic F-Chart (PV F-Chart)

PV F-chart is a photovoltaic system for design andlysis that include almost all aspect of
system analysis. PV F-chart is an implementatiothote developed at the University of
Wisconsin Solar Energy Laboratory to estimate lterga average performance of utility
interface systems, battery storage systems andmsysith no interface or battery storage i.e
battery storage system.

P1 their commercial and educational availability dacost: Single user license $400 and
academic $600.

P2 their working platformPV F-chart can be run on all version Windows.

P3 their working capacitief?V F-chart has a good collection of data over 2@ation data

are stored in PV F-chart and more location cambkided at user level. Using this software
we can model utility system battery system anddstone photovoltaic systems. The main
feature of PV F-chart includes fast execution, holgad profiles for each month, buy/sell

coat difference and statistical load variation

P4 their scope and output: PV F-chart shows theggnproduction and saving, system
performance results, solar fraction, efficiencyectiicity sold, electricity bought, life cycle
saving, life cycle cost, greenhouse gases emigsituction for various energy efficient and
renewable technologies and finally financial vidapibnd risk for central-grid, isolated-grid

and off-grid.
P5 their updatability:Yes

2.7.7 National Renewable Energy Laboratory Solar Adisor Model (NREL SAM)
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It is designed for performance and economic analysrenewable energy projects; it is best
suit to the people involved in renewable energystdes. NREL SAM is best suitable to the

project managers and engineers, policy analysientdogy developers and researchers.

SAM predicts the performance and cost of the ptagbased on installation and operating
cost of the project.

P1 their commercial and educational availabilitycdacost:Free of cost
P2 their working platformWindows 7/8/Vista or Operating system X 10.6 Iatelater.

P3 their working capacitiesNREL SAM is a System-Driven Approach and solar gger
technologies program technology. System-Driven Apph is very useful for effective
resource allocation. Performance model of SAM ideluthe following technologies:
Photovoltaic system, parabolic trough concentrasiolgr power, power tower concentrating
solar power, Fresnel concentrating solar powerh-gigling concentrating solar power,
conventional thermal, solar water heating for restal or commercial buildings, large and

small wind power, etc.

P4 their scope and outpuBAM displays modeling result in tabular form, gragmnd metrics
that shows levelized cost of electricity, operatoast, capital cost and maintenance costs
rather than cost it also shows the peak and arsysaém efficiency, system energy output

and hourly system production.
P5 their updatability:Yes, latest version is SAM 2014.1.14, updated oddrbary, 2014
2.7.8 Solar Design Tool

Solar Design Tool in online tool for designing sokystem online, that provide user a

comfortable platform to design and configure selactric power system and panel layout.

It has many features like string configuration firing and distributed MPPT inverter
systems, branch configuration for micro invertesteyn, automatic optimal panel layout

generation and an embedded drawing tool to quisk&tch or modifying installation areas.

P1 their commercial and educational availabilitycaoost Free version is available for trial

but further we have to pay for it. It is availaltethree mode Lite, Professional and small-
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medium business, professional is available in $5mpachine for a month validity, $22.67

per machine for quarter and $20 per machine foualn

P2 their working platform:lt is internet based platform can be used on Go&ijleome,
Firefox 3.5 or above, Internet Explorer 7/8, andpkpSafari. It do not support Internet
Explorer 6.

P3 their working capacitiestt can be used to generate system designs, stzimgsand

system comparison and array layout design

P4 their scope and outpult provides a list of all system output for the pligd inputs and

provide output in comparative form is a summaryorepf the system. The major output in
summary report include record of low temperaturel average high temperature of
installation site, STC DC output, of array, PTC DGtput of array, CEC output of array,
number, model name sand specification, area of aneximum AC output current and basic

schematics of the roof.
P5 their updatabilityNo, not required
2.7.9 Environmental System Performance-renewable &P-r)

ESP-r is an integrated renewable energy modelbngfor simulation of the visual, acoustic
and thermal performance of building and the energg and gaseous emissions along with

associated environmental control system.

It equipped to model heat, air, moisture and dlmdtrpower flows at user determined
resolution. It was developed by the University afaghclyde; it is primarily used in research
or as a teaching tool.

P1 their commercial and educational availability dacost: Free of cost available for all

users.
P2 their working platformWindows NT/2000/XP or newer, Linux.

P3 their working capacitieslt has state of art standard simulation featurtebas powerful
capability to simulate many innovative technologiesluding daylight utilization, natural

ventilation, contaminant distribution, combined thead electrical power generation and
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photovoltaic exterior of the building, adaptive 3i@mputational fluid dynamics, multi-

gridding in 2D/3D environment and control systems.

P4 their scope and output is an interactive tool that provides differeméws of simulation
results, variety of performance analysis and imttgoa between session between assessment
domains. Many tools provided to enable the constmcof an integrated performance
analysis over a range of relevant criteria as p®er uwchoice. Analysis is essentially

unrestricted and data can be exported to anotlaysas and graphics.
P5 their updatability:Yes, latest version is ESP11.11 released on Juriz029
2.7.10 Solar Pro

Solar Pro is sophisticated simulation softwaregbotovoltaic system; it is able to simulate
electricity generation under different conditiorsatt is varied by each system, so that it
allows system design based on precise data, simeecalculated data come out with
persuasive and graphical look. It can be utilized gresentation and education related to

photovoltaic system generation.
P1 their commercial and educational availabilitycdaoost:Free of cost/ open for all purpose
P2 their working platformlt supports Windows XP/Vista/7 with 32 bit procegsi

P3 their working capacitiesSolar Pro contains many features basically; it BBsCAD
which is used to simulate shadow influence by tireosinding building and objects, so the
user can set optimal setting before the instaltatibpanel. IV cure that is calculated based

on module electrical characteristics of each martufas accurately and quickly.

It also calculate the amount of power generatedhftiie system based on the latitude,
longitude and the weather conditions of the ingtalh site, this provide precise simulation

results.

P4 their scope and outpuBolar Pro output in many forms electrical poweregation, I-V

curve, shadow effect and life cycle analysis.
P5 their updatability:Yes, latest version is Solar Pro Ver. 4.1 and ¥&t.coming soon.

2.7.11 Photovoltaic Design Program-Grid connected/stem (PV DesignPro-G)
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It designed to simulate photovoltaic energy systg@ration for one year on an hourly basis.
The simulation result is based on climate and patanselected by the user. PV DesignPro is
available in three version PV DesignPro-S for stdmoe systems, PV DesignPro-G for grid

connected systems and PV DesignPro-P for water mgngystems.

P1 their commercial and educational availabilitydagost: Available in package of $249

solar design Studio.
P2 their working platformlt supports window XP / Vista/ 7 / 8 / 32&64 bivdlac OS

P3 their working capacitiesPV DesignPro is best suitable to professional a6 age for

research purpose. The main objective behind theldpment of this software is that it
provide accurate and depth information on likelgteyn power output and load consumption,
backup during the system operation as well as @ii@himpact of the installing the proposed
system. Six type of panel tracking is incorporatet the program fixed slope and axis,
tracking on horizontal north-south axis, tracking lmorizontal east-west axis, tracking on
north-south axis parallel to the earth axis, tragkon vertical axis with fixed slope and

continuous tracking on two axis. Panel shadingrmétion also can be entered into the syste.

P4 their scope and outpu@utput of PV DesignPro is very user friendlily;sthows solar

fraction charts by month, storage states of thegehdoy month, annual performance of
energy produced, necessary backup and state-ajehHralso provide the detail analysis
regarding cash flow of purchased and sold energstems cost, cost of backup energy,

prices of sold energy, maintenance and replacenustiand estimated life of the system.
P5 their updatability:Yes, latest version 6.0 is released on 19 Decer2béf)
2.7.12 PhotoVoltaic Solar Expert (PV*SOL Expert)

PV*SOL Expert is solar project analysis and plagniools that is used to represent the real
word the shading effect from the surrounding olgjeso this software is used to takes

shading into analytically as much possible.

We can also visualize all roof-integrated or modrggstem; even we can calculate shading
on the basis of 3D object. It is a multiproductewf software for the design, simulation and
project financial analysis of the photovoltaic €8s ranging from small off-grid to large

grid connected system and utility scale.
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P1 their commercial and educational availabilitydaoost:Cost for single user Euro 1228.00
PV*SOL Expert Set and Euro 998.00 PV*SOL gridcon.

P2 their working platformlt supports Windows XP/SP3/Vista/7/8 operating siyst

P3 their working capacitiesThe PV*SOL contains two types simulation softwak&$OL

expert and PV*SOL gridcon, PV*SOL gridcon contaBtsvisualization of PV systems with
shade calculation based on 3D shading or objectimiyation can be done by user first
select modules and then modules are configured thighinverters. User can optimize the
allocation of the module based on the shading ipositThen software configures the

individual strings.

P4 their scope and outpult provide 3D visualization of yearly radiation wedion for each
point of the PV area as well as optimized PV moduolerage and the configuration depends
on the corresponding to the shading position. ¢t imanual as well as automatic PV module
roof coverage and accounts restricted area alsoul&iion results intervals 10 minute
module yield accounts precise shading ration faheaodule. Animated 3D visualization

can be done of the shade and can be obtained &naay
P5 their updatability:Yes, PV*SOL 6.0 available for end user.

In conclusion here is an apparent extent of simanasoftware for simulation, economic
evaluation, photovoltaic industry related, analysisl planning, monitoring and control, solar
radiation map and online simulation software. Alsadissed simulation software’s are
available for commercial and educational purposejesare free of charge and for some a fee
is required is charged to use them. All these satr software’s are updated, user friendly
and experimental validation. These software’s asghed with different goals in mind, they

have some limitation to solve certain problemswamsmarised in table 2.2

Summary

Most HES designed are mostly for off grid sitest Wwith the government initiative through
Rural Electrification Authority (REA), most of théenyan parts will be grid connected, as a
result the utilization of renewable energy sourcesld slow down. Also HES designed for

off grid tend to have large battery banks which@stly and have to be replaced every 4- 5
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years depending on the operating conditions. Sumofahe solar pv software’s is as shown

in table 2.2

Table 2.2 pv software comparisons.

T | Photo Voltaic systems (PVsyst) | Any version of Wmdow or any operatmg system. '

2 Free of cost MS excel and wmdows
Renewable Energy Technologies Screen
(RETScreen) by Canadian government

3 %9TSD All versions of Microsoft wmdows and Wamdows ||
Hybrid Optimization Mode! for Electric emulators.as parallels for Macmtosh.
rengwables (HOMER)

- 4740USD Only wmdows operatmg system
TRalNsient Systems Somulation (TRNSIS)

3 | INtegarted Somulation Environment Language 2023 USD Wmdows XP, Wmdows Vista of Wmdows ]
(INSEL) computers n:ith 32 or 64 bit.

6 400USD All version Wmdows
Photovoltaic F-Chart (PV F-Chart)

1 Free Wmdows 7/8/Vista or Operatmg system X 10.6
National Renewable Energy Laboratory Solar Inte] of later.
Advisor Model (NREL SAM)

8 | Solar Design Tool Free Itis mtemet based platform

9 Free 'mdows NT/2000XP or newer, Lmux.
Environmental System Performance-renewable
(ESP-r)

10 Free Wamdows XP/Vista'] with 32 bit processmg.
Solar Pro

11 249USD wmdow XP/ Vista/ 7/8/ 32&64 bit / Mac OS
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CHAPTER THREE
3.0 METHODOLOGY

The following were the research objectives heneatiethodology steps

i.  Determining the load characteristics of Zuku loaadq curves)
ii.  Designing a cost-effective hybrid power solution.

iii.  Estimating the annual cost savings from the hyeneérgy solution and scheduling

procedure.

3.1 Load curves and load profile

In determining the load curves and load profile, fitllowing instruments were used.

The Analyzer setup was checked to meet the chaistate of the system under test and the
accessories that are used. These included

1. wiring configuration

2. nominal frequency

3. nominal voltage

4. limits used for power quality monitor and eventeddion

5. properties of voltage leads and current clamps

3.2 Analyzer Input Connections
The Analyzer has 4 BNC inputs for current clampd &rbanana-inputs for voltages. These clamps

have a plastic BNC connector. The use of insulaB®C connectors is necessary for safe

measurements.

First put the current clamps around the conduatérphase A (L1), B (L2), C (L3), and

neutral. The clamps are marked with an arrow irtdigathe correct signal polarity.
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Next the voltage connections were made: startirth @round and then in succession N, A
(L1), B (L2), and C (L3). The connection was doublecked and made sure the current
clamps were secured and completely closed arownddhductors as shown in the diagram

below

A (L1)
B (L2)
C (L3)
N
GND

Fig 3.1 diagram showing analyzer connections

3.3 Hybrid energy system design
The system was designed using the PVsyst softwisyst is designed to be used by

architects, engineer, and researchers. It is alsoveay useful educative tool.

It includes a detailed contextual Help menu thatl@xs the procedures and models that are
used, and offers a user-friendly approach with gua develop a project. PVsyst is able to
import meteo data from many different sources, ali as personal data. PVsyst presents
results in the form of a full report, specific ghapand tables, and data can be exported for use

in other software, whose main page is as show below
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@ Files Preferences Language Licence Help

Choose a section Content

Full-featured study and analysis of a
project.

-Accurate system yield computed
using detailed hourly simulations,
-Different simulation variants can be
performed and compared,

-Horizon shadings, and 3D tool for
near shadings effects study,
-Detailed losses analysis,

- Economic evaluation performed with
real componentprices.

Preliminary design

Project design

Databases

Tools

Fig 3.2 diagram showing the main page of the PVsg&tvare

3.4  General features of the Grid-connected system

Management of the project

For a given project (a defined site and meteo),garuconstruct several variations for your
system (“calculation versions”).

49



Fig 3.3 diagram showing PVsyst startup of projexgign
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3.5  System design board

Grid system definition, Variant “First simulation® =)
Global System configuration Global system summary
[17 = Number of kinds of sub-aiays Nb. of modues 135 Nominal PV Powet 14.8 kWp
= Modude area 121 m Masimum PV Power 135 kwide
l’ 2swsm I Nb. of inverters 3 Nommnal AC Power 126 kKWac
Homogeneous System I
Presizing Help
¢ NoSizng Enterplannedpower © [153  kWp,  ..oravalsblearea © 15 m? 2|
Select the PV module
IAlmodlM ;] Soet modules & Power " Technology
| Generic w| [110Wo23v  Sipok  Pok110Wp 72cels  Since2010  Typical ~| B Open |
Masmum nb. of modules 139 Siang vokages: Vmpp (60°C) 29.3 V
Voc (10°C) 48.7V
Se.lact the inverter ¥ 50Hz
At inverters | Sotivetersby: " Power " Vokage (max)  B0Hz
| Genenic | [a2kw 125.500V TL  SO/B0Hz 4.2 KkWacinverter Snce2012 ~| B Open|
Nb. of investers |3 j r Opertating Vorage: 125-500 ¥ Global Inverter's power 12.6 kWac
Input masimum vokage: 700 v "String"” inverter with 2 inputs
Design the anay
Number of modules and strings : : The Asray maxinum powes is greates than the
l] Operating condiions speciied Inverter maximum power.
should be 3 Vmpp(60'C) 263V (Info, not significant)
Mod inseres [3 = I between5and 14 Vmpp (20°C) 313V
j Voo (10°C) 438V
Nbeestings [15 == ¥ between13and 15 | [ 0o 000 e € Maxindsta G SIC
Overdoadloss 0.2% Impp (STC) 474 A Max. operating power 13.1 kW
P 1.18 Isc (STC)  516A at 1000 W/n# and 50°C)
Nb. modules 135 Area 121 of lsc(atSTC) 5104 Array nom. Power (STC) 14.8 Kwp
X Cancel  OK

Fig 3.4 Diagram showing how to input solar paramsete PVsyst software

The system design is based on a quick and simptedure:

1. Specify the desired power or available area

2. Choose the PV module from the internal database
3. Choose the inverter from the internal database

... and PVsyst will propose an array/system configona that allows you to conduct a

preliminary simulation.
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3.6

System sizing: Visual tool

A specific tool gathers all constraints for thersigof the system:

For the number of modules in a series: the upjagram shows the 1/V curve of the PV
array, together with the MPPT range, voltage, poaed current limits of the inverter.

Array / Inverter Sizing Conditions @M‘
Array Voltage Sizing
60 r T T T r r T
i v, Pmdx DC ' ]
S0 \! -
sk V% . ~Power Sizing Characteristics
= &l & ~_ &
= »k 3 5 . = PV Array, Pnom (STC) 14.8 Kwp
E B s L I PV Aray, Pmax 135 Kwide
° 20 7 1S, - T~ Inverters, Pnom [AC) 126 kWac
10k - =201 - Overload loss 36.2 kWh
1 i | Y vaeca0tg) | (power limitation) 0.2 %
o l— . oty . . . .
0 100 200 300 400 500 600 700 800 AT L
Voltage [V]
Power sizing: Inverter output distribution
1000 —rrr 7
~— Array Energy at MPP
sook T Array Energy with power limitation ]
Z 600} -
§ Inverter
E Pnom DC
a8 400} g
Ayray
PhomsTC
200 -
\
0 1 1
0 2 < o Po8wer KW 10 12 14 16
Histogram
" lirad. as hours " lmad. as kwWh/mé (¢ AC Energy as kWh
A

Fig 3.5 Diagram showing inverter design on PVsgéiwgare

For the inverter sizing: the second graph disptagsannual distribution of the array power,
with the array and inverter nominal power
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The optimal sizing of the inverter is based ondbeeptable overload loss throughout the
year. It usually leads to over-size the power réimay nominal power by respect to the
inverter nom. AC power), by a factor of 1.25.

After a good system sizing, you can define difféteases like far and near shadings using a
full 3D editor for the definition of the environmiahand near shading conditions.

Specialized tools are also provided for the evadnatf the wiring losses (and other losses
like the module quality), the mismatch between meslusoiling, thermal behavior according
to the mechanical mounting, system unavailabiétg,

3.7 Simulation and results report

The simulation calculates the distribution of emesghroughout the year.

Main results:

1. The total energy production [MWhly] is essahtor the evaluation of the PV system's
profitability.

2. The Performance Ratio (PR [%]) describes thadity of the system itself.

3. The specific energy [kWh/kWp] is an indicabdproduction based on the available
irradiation (location and orientation).
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CHAPTER FOUR
4.0 RESULTS AND ANALYSIS

4.1 Introduction

This chapter presents the results obtained duhegdata analysis, design and sizing of the
solar PV system for the site. The results alsounhel system simulation results using a
renewable energy design and sizing software (PYsysting the load data collected and
solar insolation data, the hybrid energy system desgned that would adequately supply
power to the site. The designed system will powerdite using solar power during the day
and kplc/ grid power at night; At at any time iflaoand kplc power fails, a 8 KVA generator

would power the site

4.2 Existing Energy system Layout

The existing energy system serving the network isbo$ three phase kplc power and a 40
KVA diesel generator as shown in the diagram below

—_—
3 Phase kplc power ATS m ll“‘Jl

3 phase PDB

- Reg)
S 1

40 KVA‘ generator

Fig 4.1 diagram showing the existing power layout
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4.3 Load Data

The load data was collected and recorded usingdher analyzer during weekdays and
weekend both day and night and the result recardable 4.1

Table 4.1 Load current measured

Day 1 2 3 4 5
L1 (A) 7.1 6.8 6.8 6.5 6.6
L2(A) 5.2 5.3 5 5.2 5.3
L3(A) 6.3 5.8 6 5.8 5.6
Average line current 6.2| 5966667 | 5933333 | 5.833333| 5.833333

5
4 .
M Average line current
3 mL3(A)
L2(A)
2 HL1l(A)

Fig 4.2 Graph showing the current load profile atle phase

4.3.2 Monthly kplc bills and meter readings
From the kplc records, the average kplc bills anbedito KSH 171,757.48 and results for the

units consumed and amount charged recorded in4able

Table 4.2 Monthly kplc bills and units consumed

Month 31-Dec| Jan-14 Feb-16 Mar-16 Apr-16 May-16 -16n Jul-16| Aug-16 Sep-16
Units

(KWh) 9445 1714 9121 2100 8603 4682 5005 4533 5748 5716

Amount | 221,236 | 35,316 | 201,242.| 46,566. | 236,101. | 121,82 | 130,180.7 | 160,514. | 151,679.| 151,284.
(Ksh) 71 .30 77 54 03 0.74 3 30 52 05
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4.3.3 Generator run hours
Table 4.3 generator run hours

‘Generator operation LOG

Month Oct-16

Dam= 6 13 17
start 710 11:00 1650
stop 910 13350 17:10
Duration 200 250 020

Total nm hour 30:45:00

18
9:10
17:50
840

26
13:20
13:50

0:30

Comments Night power power outages only ocured for 6 hours

3 9 13
413 10:19 1650
5116 1030 17:10
1:03 011 020
Total nm hour 2635:00

EH?[

14
845
10:14
120

17
o110
1735
825

Comments Night power outages only occwrrad for 1 hour

Aung-16
2 - 13
710 11:00 17:03
9:10 13:50 24:00:00
Duration (muim 200 250 6:5700
Total nm hour 63:27:00

33?[

14

0:00
24:00:00
24:00:00

Comments ‘We had kplc breakdown for 2 days.

Month Jul-16

Dam= 2 4 7
start 920 12:05 735
stop 1740 12:55 925
Duration (mim 820 050 150

Total nm hour 21:40:00
Comments Epic shmt down was 1 day

Month Jun-16

Dam= 5 6 7
start 213 11:00 15:14
stop 12:58 11:25 17:05
Duration (nxim 345 025 151

Total nm hour 34:44.00
Comments 4 hours black ourt at mght

Month May-16
Da= 1 2 7
cm 613 1313 920
stop 11:30 1355 1655
Duration (muim 517 042 735

Total nm hour 40:46:00

10
10:02
17:15

713

925
1430
5:05

8
10:00
10:30

030

15

0:00
24:00:00
24:00:00

11
12
10:01
040

15:20
16:00
040

11
710
11:01
3:51

Comments All power black out ocowrred during day tme

Month Apr-16
Da= 1 2 3
start 817 11:10 10:09
stop 11:00 1540 1042

Duration (mim 243 430 033
Total nm hour 23:08:00
Comments 5 hours of blackout at might

Month Mar-16

Damw= 4 5 11
start ©12 10:00 9:40
stop 1655 1030 16:01

Duration (mim 743 030 621
Total nm hour 4037:00
Comments 3 hours of black out at nighs

Month Feb-16

Dam= 1 7 8
start 1405 10:02 841
stop 1617 1745 927

Duration (mim 212 743 0:46
Total nm hour 37:58:00
Comments 2 hours of black out at nighs

Month Jan-16

Daw= 18 19 20
start 10:10 835 13:18
stop 11:00 843 1322

Duration (mim 050 008 004
Total nm hour 10:00:00
Comments

13
17:00
1840

1:40

12
8:50
o024
034

10
18:00
1904

104

26
1401
1511

1:10

14
842
o0
o2

10:02
1311
3:00

11
10:54
11:30

036

20
8:57

653

20
6:10
9:50
340

24
915
18:00
845

19
6:10
9:50
340

23
1355
1633

238

14
920
1101
141

15
10:00
1430

440

17
920
1300
340

20
843
1740
857

14
915
1652
737

29
905
920
015

56

13:35
23:00
925

25
10:17
14:52

435

17
19:25
2340

415

16
16:10
1635

025

18
9:00
921
021

21
10:00
10:30

030

15
830
9:05
035

31
9:20
10:00
040

31
735
10:55
3:20
26 28
1450 22:14
15:33 23:18
043 104
18 26
935 940
11:00 16:20
1:25 640
20 30
9:33 10:00
18:02 10:45
820 045
23 24
1:01 845
5:590 13:.06
458 21
27 28
830 900
16:14 931
T4 031
16 18
2:10 850
3:07 1135
057 245

27
845
11:00
215

31
9:20
17:52
832

2
21:02
2142

040

18
15215
17:02

147

30
1020
1702
642
30 31
1102 035
1225 310
123 235
18 19
1942 912
20:10 1324
028 412

14:55
1635
1:40

21 2
643 908
8:20 13:07
1:37 350

23
23:02
2349

047



Table 4.3 indicates the time and duration thatgeaeerator ran for the year 2016. From The
table most power blackouts are experienced duragtiine thus with the proposed hybrid

system, these times the load will be powered wthrghus saving on fuel consumption.

4.3.1 Load Data Analysis

From the data collected the load is fairly constdnt.2 KW.

4.4  Solar Isolation data for Roysambu Area

This was downloaded from the meteo data

Annual Average: 3.46(KWh/ffday

(Sourcehttp://www.synergyenviron.com/tools/solar_insolatesp?loc=nairobi%20kenya

The table below show monthly insolation data of oybu area

Table 4.4 Average monthly insolation data

Jan Feb | Mar| Apr| May| June July Au Sept Oc¢t Nov Dec
3.65 | 437 | 419| 397 336 258 239 256 3.88 3|7276 3 3.57

The graph below shows the monthly insolation dat&Roysambu are

Solar Insolation Data for Nairobi

3.5
3 —
| | | M Seriesl
Jan Feb Mar Ap n Jul Aug Sep Oct No

r May Ju

N
w

N

[
w
|

Solar radiation (KWh/M?/Day

(™
}

[=]
u
|

o

v Dec

Months

Fig 4.3 solar insolation data for Roysambu area
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4.5 Hybrid system sizing and simulation
PVsyst software was used in the design and sinonlati the result whose block diagram was

as shown in the figure below whose principle ofraien and system layout are s show in
figure 4.3 and 4.4 respectively. Solar energy pitesipower to the loads as first priority. If

solar energy is not sufficient to power all coneeéctoads, the loads will be powered by
utility power. If both solar and utility power iohpresent then the loads will be powered by

a stand by diesel generator as show in the flowt cleow

Flow chart showing the principle and sequence efaion of the system

Solar Grid Genset
present? present present

Intelligent

Inverter

Fig 4.4 System operation flow chart

Design parameters included

Load type. AC power 6 KW

Solar system to power the load for 8 hours daily
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Geographical Site Latitudel1.2°S and Longitude36.9°

Legal time zone GMT+3

Inverter
Solar panels

Load

Grid power -
ATS —
1|
Genset
Fig 4.5 diagram showing the hybrid energy solution
Results
PV Array Characteristics
The table below indicates the solar panel spetifina
Table 4.5 solar panel specification
PV module
make Si-mono
Model SAM66/6 300
manufacturer Sunage SA
Number of PV modules 20 in series 2 in parallel
Total number of PV modules 40
Unit nominal power 300Wp
Array global power 12KWp
Array rating 625V 17 A
Total Area 72.1M square
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Inverter characteristics
The table below indicates the inverter specifigatio

Table 4.6 inverter specifications

PV module

Model IPG 11T
manufacturer Conergy
Operating Voltage 400-800V
Unit nominal power 11KW

This is three-phase inverter for feeding grid-caee photovoltaic systems and available in
performance classes of 8, 11 and 15 kW. Have oulstg peak efficiency factors, patented
technology and high-quality workmanship make theraliable choice for permanently high

system yieldsThe inverter supplies the same output in all thplkeases and therefore avoid

unbalanced loads on the grid. This allows for tdiand simple planning and installation.

4.8 Result simulation

System Overall performance
The table below indicates the total energy produmgdhe system per hour in a day. The
system is able to meet the load demand of 48KWinper for 8 hours each day

Table 4.7 Energy produced by the system per hour

Roysambu2
Monthly Hourly sums for E_Grid [kWh]

OH | TH [ 2H | 3H | 4H | SH [ 6H | 7H | 8H | 9H [ 10H | 11H [ 12H | 13H | 14H | 15H | 16H | 17H | 18H | 19H | 20H | 21H | 22H | 23H
January 0 0 0 0 0 0 0 34 | 105 | 168 | 24 | 222 | 28 | 28 | 192 | 154 | 10 | 5 3 0 0 0 0 0
February 0 0 0 0 0 0 0 % | 92 | 154 | 193 [ 27 | a1 | 210 | 183 | 162 | 120 | 61 3 0 0 0 0 0
March 0 0 0 0 0 0 0 39 | M3 [ 169 | 209 | 25 | 27 | 28 | A6 | 179 | 1 | & 3 0 0 0 0 0
Apiil 0 0 0 0 0 0 0 43 | 105 | 148 | 183 | 198 | 202 | 202 | 178 | 147 | 101 | 46 0 0 0 0 0 0
May 0 0 0 0 0 0 0 50 | 10 | 157 | 188 | 184 | 183 | 182 | 170 [ 137 | ¥ | & 0 0 0 0 0 0
June 0 0 0 0 0 0 0 39 | 93 [ 132 167 | 169 | 174 | 164 | 180 | 128 | % | 4 0 0 0 0 0 0
July 0 0 0 0 0 0 0 3| 78 [ M9 | 150 | 159 | 166 | 160 | 148 | 121 | 88 | 4 0 0 0 0 0 0
August 0 0 0 0 0 0 0 34 | 8 [ 127 | 154 [ 161 | 163 | 161 | 147 [ 123 | 8 | & 0 0 0 0 0 0
September | 0 0 0 0 0 0 0 51| 111 [ 158 | 192 | 200 | 195 | 186 | 165 | 131 | 89 | 39 0 0 0 0 0 0
October 0 0 0 0 0 0 2 58 | 114 [ 154 | 196 | 204 | 213 | 204 | 183 [ 152 | M | B 0 0 0 0 0 0
November | 0 0 0 0 0 0 2 53 | 107 [ 150 | 178 | 189 | 194 | 183 | 168 | 133 | & | A8 0 0 0 0 0 0
December | 0 0 0 0 0 0 0 46 | 107 | 161 | 192 | 207 | 210 | 209 | 188 | 46 | %5 | ¥ 0 0 0 0 0 0
Year 0 0 0 0 0 0 4 | 505 | 1222 | 1798 | 2216 | 2325 | 2360 | 2297 | 2085 | 1712 | 188 | 537 | 10 0 0 0 0 0
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The system produces 18279 KWh per year at a peaiocenratio of 83.9%

The performance ratio is a measure of the qualitya ¢®V plant that is independent of
location and it therefore often described as aaityufactor. The performance ratio (PR) is
stated as percent and describes the relationstvpebe the actual and theoretical energy
outputs of the PV plant. It thus shows the proportof the energy that is actually available
for export to the grid after deduction of energydde.g. due to thermal losses and conduction

losses ) and of energy consumption for operation.

The closer the PR value determined for a PV plapt@aches 100 %, the more efficiently
the respective PV plant is operating. In real ldeyalue of 100 % cannot be achieved, as
unavoidable losses always arise with the operaifaine PV plant (e.g. thermal loss due to
heating of the PV modules). High-performance P\h{gdaan however reach a performance

ratio of up to 80 % [14]

The graph below indicates the performance ratiaih@isystem per month, indicating that the
systems monthly PR is above 80%

Performance Ratio PR
1.0

[l °R - Peformanct Ratio (117 Y1) - D.83% | . J T T T

Pakemuce Raso MR

Fig 4.6 system performance ratio
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The generator will provide power when both solat grid are not available. With an average

fuel consumption of 2.2 liters per hour

The 8 KVA is able to support the inrush currentssiby Aircons due to soft starting
enhanced by delayed start up with the help of aatimnwoltage switchers that are timed

differently

4.10 Financial Analysis

Existing Solution
The energy cost components consist of;

1. Monthly kplc bills,

2. Generator cost (KSH 1,484,500.00 as buying pridaghvis discounted annually at
the rate of 14% for 10 years

3. Annual generator operation and maintenance

4. Generator fuel which is delivered at KSH 80 paar|i600 liters per month

Table 4.8 energy cost component of existing sahutio

Annual amount
kplc bills, 1,688,558.13
40KVA Generator cost 276,591.63
Annual generator operation and maintenange 220,000.00
Generator fuel delivered (500L*80*12) 480,000.00
TCO 2,665,149.76

The energy cost ratio is as shown in figure 4.5h \wplc bills being highest with 63 % while
generator operation and maintenance is least With 8
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|

Energy cost ratios

® kplc bills,

m 40KVA Generator cost

» Annual generator
operation and
maintenance

® Generator fuel delivered
(500L*80*12)

Fig 4.7 Annual cost components

Proposed Hybrid solution

The site to be powered by solar power for 8 hoBEs days a year, thus for the remaining

time of the day, the site will be powered by gramer unless an outage occurs where the site

will run on a 8KVA generator with a rated fuel cangption of 2.5 liters per hour and Ksh

40,000.00 annually for operation and maintenanabler4.8 indicates the investment cost for

the proposed hybrid solution

Table 4.9 Investment cost for the proposed hyloidt®n

D

Annually
Amount (Discounted)
1 | Solar (25 years discounted 2,242,000.00 334,191.0(
8 KVA generator (10 years
2 | discounted) 240,000.00 45,586.6(
Total investment cost 2,482,000.00 379,777.6(

D

The site is supplied at Domestic consumer (DCjftatiich kplc charges an average of Ksh

26 per Kwh.



The energy cost components comprises of the fatigwi

1. Solar solution capital cost with a life cycle of g&ars as provided by the

manufacturer. This is to be discounted at the otiigl.4% for 25 years.

2. 8 KVA diesel generator cost with life cycle of 18ays that consumes 2.5 liters per

hour. This is to be discounted at the rate of 14{de4.0 years.

3. Generator operation and maintenance

4. Fuel cost

Table 4.10 Energy source system usage and producegergy

System

Units generated

Required (6KW*365days*24 hours)

52,560.00 KWh

Solar

18,279.00 KWh

Generator (Approx. 93 run hours*6 KW)

558.00 KWh

kplc

33,723.00 KWh

Table 4.11 Annual Savings realized

Annual Savings on energy cost components

Before After Savings
1| Investment 276,591.63 | 379,777.60 (103,185.97)
o | Kple bill reduction 1,688,558.13| 876,798.00 811,760.13
3 Generator operation and maintenancgzo’ooo_00 40.,000.00 180,000.00
4 | Generator fuel consumption 480,000.00 | 18,600.00 461,400.00
Total savings 1,349,974.16

Thus the payback period= investment / annual savirgy

2,482,000.00/ 1,349,974.16 = 1.8 years
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CHAPTER FIVE
5.0. CONCLUSIONS AND RECOMMENDATIONS

5.1  Conclusions
The simulation results of the solar / grid powetgldcom base station suggests that it is more

cost efficient to deploy solar grid tie solution the given load of 6 KW.

Results show that the estimate cost of productias found to be 50.39Ksh/KWh for the grid

system and diesel generator as primary back ievbat of power blackout.

The new hybrid solution gives the cost of produttas KSh15.83/KWh with a payback

period of 2 years.

Also the hybrid system gives reduced diesel fuahsomption, reduced operation and

maintenance cost hence reducing the carbon footprin

5.2 Recommendations

| highly recommend the government of Kenya to impat the net metering policy which

should include

A. Policy aspects

1 With further price drops being a certainty, Gditosld pave the way for net metering
to prepare the market within the very near future.

2 Currently PV is exempted from VAT (16%). We recaend maintaining the current
situation for at least 2 years until a net meternmagket is established.

B. General regulatory aspects

1 Allow all customer classes to do net metering
2 Allow all renewable energy sources to be tappeoligh net metering
3 Do not arbitrarily limit net metering as a percehthe utility’s peak demand.
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