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Abstract

Telecommunications industries sometimes fail to deliver 24 hours per day service due to inadequate power
supply experienced in Nigeria. This study investigates the possibility of deploying a hybrid energy system
as an alternative to a diesel-only generator system to supply reliable and cost effective electricity to Base
Transceiver Sation (BTS) equipment. The study focused on simulation, optimization, and sensitivity
analysis of a PV/battery/generator hybrid energy systemfor a BTS station located in Lagos, Nigeria.

Air conditioning, used for cooling the equipment is the second highest energy consumer in BTS
equipment and therefore makes significant demands on the power supply system. HUAWEI BTS3900 BTS
equipment, which eliminates the use of air conditioning, was used in this study, hence reducing the amount
of power consumption. The solar radiation data used for system design was obtained from the National
Aeronautics and Space Administration (NASA) Surface Meteorology and Solar Energy database for a
location at 6°31.5°N latitude and 3°22°E longitude, with the average annual radiation found to be
4.74kKWh/m?/day. Hybrid Optimization of Multiple Energy Resources (HOMER) Pro software was used for
the proposed hybrid energy system design. A power dispatch strategy was developed to decide when
electricity generated by the PV or generator or that stored in the batteries would serve the load and the
savings associated with using hybrid energy system instead of diesel-only generator system were evaluated.
The paper will discuss results derived from this study, which has been analysed in terms of power
availability, total net present cost (NPC), energy yield, and CO2 emissions, and draw conclusions about the
contributions to knowledge made by the study and the method used.

Index Terms—Base Transceiver Station, GSM, HOMER,Hybrid energy system, Techno-economic.

In 2002, the amount of CG@mission from Information and
|. INTRODUCTION Communications Technology (ICT) industry was 151 MtCO

Lack of reliable and affordable electricity supply haé_/vith 43% due to the mobile sector; _this is _estimated to
become a major challenge to the telecommunications industhgrease to 3?9 MtCO by 2020 with mobile sector
in developing countries like Nigeria, where off-grid poWelcontrlbutlng 51%(Suarez et al., 2012).This presents more
systems are mostly used to supply electricity tghallenge on opgrators to meet the_ demand of both cost
telecommunication base transceiver stations (BTSjeduction and environmental conservation. _
Conventionally, off-grid systems depend mainly on diesel Nigéria has abundant solar energy resource to tap into
generators, but climate change and unsteady price of oil hiRhsidering its geographical location around the equatorial
made diesel-based generator unecogak@an et al. sun-belt(Ndudu, 2015).Recent studies have shown the
2015).However, combining traditional diesel generator witRotential of renewable energy sources combined with
renewable energy sources and energy storage systems ifijventional power generation systems to supply energy to
provide reliable and cost effective electricity supply. tglec_;(_)mmunlcatlons base station. Hybrld_ energy systems can

Base transceiver stationsB) are known to be the main Significantly reduce the cost of energy if properly designed
source of energy consumption in GSM networks, accountif@f'd implemented. It has been identified as one of tls¢ co
for about 57% of the total energy used(Alsharif et alSaving — renewable — energy  applications — in  the
2015).Hybrid energy systems (HES) equipped with reneavad€/ecommunications industry, but no significant steps ha\{e
energy sources such as photovoltaics (PV) panels will not orﬁ?e“ taken to take advantage of the system in

reduce environmeat impact; they are also a reliable and cosi'9€ria(Anayochukwu and Onyeka, 2014is barrier may
effective means of powering base stations. be attributed to high initial capital investment to adopt the
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system. In most cases, hybrid energy systems are studied fré@, of 89,358kg/yr.
the perspective of standalone systems as they are ofteiKazem et al. (2013)proposed a method for optimizing the
installed in remote areas with no access to the power grid sige of a standalone PV system as well as tilt angle for remote
the extension of power supply to such areas may be difficualteas in Sohar, Oman. The size of the system’s energy source
due to economic and geographical constraints. and the tilt angle of the PV array were designed for optimal
The advent of Global System for Mobile Communicatioperformance and at a low cost of energy. The study
(GSM) in 2001 was embraced with great expectations bgplemented numerical methods using MATLAB, hourly
Nigerians, after waiting for years without GSMmeteorological data, and load demand profile for optimization
services(Okonji, 2012).Since its introduction in Nigeria, thef PV array size, PV module tilt angle, and battery storage
telecommunication industry, which is the fastest growingapacity. The result showed that the PV array tilt angle would
telecommunications industry in Africa, has made positivbe adjusted twice a year, and the energy produced by the PV
contributions to the social and economic growth of Nigerias a result of this adjustment practice increased by 20.6%,
through its GSM services.This has given mobile phone usewhile the cost of energy generated was US$0.196kWh
improved quality of life, improved access to information(£0.136kWh)
enabling businesses to operate with an increase inln India, optimal sizing of wind turbine generators (WTG),
productivity.lts penetration in the Nigerian market has givesolar photovoltaic (SPV) and diesel generator has been
rise to job opportunities which contribute to the economimvestigated for a GSM (2G) and Code Division Multiple
development. Despite its positive contributions to théccess (CDMA, 3G)(Nema et al., 2010, Rath et al., 2012).In
economy and satisfactory return on telecommunicatichis study, hourly wind speed and solar radiation
investment in Nigeria, existing and prospective investors stitheteorological data for Odisha, India was used for the optimal
have theinfrastructure and inadequate power supply issuesdésign of a PV/wind hybrid renewable energy system (HRES)
deal with in their effort to provide quality service. for GSM/CDMA telecommunications base station using
In addition to the lack of infrastructure to improveMATLAB software. The result of this study reveals that
thequality of service,Eze (2012)found that one of the maj&v/wind HRES was more cost effective and more
challenges telecommunications service providers are facingeisvironmentally friendly than conventional diesel-only
that of supplying power to the base stations, a situation whigenerator system.
necessitates telecommunications operators to deploy at leasfubodh et al. (2013xstudied the optimisation of different
one 20kVA capacity generating set to power a base statidybrid systems for a remote telecommunications base station
Industry studies confirms that, due to poor public powdn Nepal. The study presented a technical and economic
supply in the country, telecommunications network operatoessessment of diesel generator only system, generator/battery
spends amstimated cost of 822,440 per day on diesel to keep hybrid energy system, and PV/generator/battery as a backup
the generating set up and running for an average of 17 hoyswer supply to grid connected urban areas. PV/wind hybrid
N673,200 per month, and N8 million per annum to power a system with battery backup, PV only system with battery
base station(Eze, 2012yhich amounts to almost one-third ofbackup, and PV/fuel_cell/electrolyser/battery backup in the
the total operating cost(Africa Telecom & IT, 2013fudies rural areas was also studied. The results of the analysis
carried out by other organizations concerned about the pabrowed that the most feasible solution among the systems
quality of service experienced by GSM subscribers reveatsnsidered in the urban and rural areas was
similar results(Onwuegbuchi, 2015, PeoplesDaily, 2015).  PV/generator/battery and PV/fuel_cell/electrolyser/battery
Having waited for more than a decade for improvements mackup respectively.
the power sector since the inception of GSM industry in Kusakana and Vermaak (201®)vestigated the possibility
Nigeria, and considering the geographic location of Nigeriaf supplying power to BTS sites in Republic of Congo using
its solar energy potential and the negative impact ¢fybrid renewable energy system as the primary source of
inadequate power supply on the margins and profitability @ower. Three different locations not connected to the grid
the telecommunications industries, it has become necessanngmely Kamina, Kabinda, and Mbuji-Mayi with available
seek alternative and cost effective means of powering bassar and wind resources were selected as pilot sites to
stations. implement this study. Four different power systems including
In recent years, significant attention has been given to tR//the wind, diesel generator, PV, and the wind were
investigation of grid connected and standalone renewatdesigned, and their technical and economic performance, and
energy based hybrid system.Anayochukwu and Onyeleavironmental impact evaluated and compared. The
(2014) in their work, used Homer simulation software tosimulation was performed using HOMER to determine the
obtain optimal sizing of PV/diesel components for a badaitial capital cost, net present cost, the cost of energy, and a
station located in Ikwerre Local Government Area of Riversapacity shortage of different power supply option. The results
State of Nigeria. The result of their study showed that @f the simulation show that the hybrid system was the most
PV/diesel hybrid system has a total net present cost (NPC)emionomical and suitable solution than PV or wind or diesel
$19,451,848 and the amount of £€mission of 75,859kg/yr, generator system.
saving $3,314,186 and 13,499kg/yr when compared with aThis current study investigates the technical and economic
diesel-only system with NPC of $22,766,034 and amount &asibility of using a PV/battery/diesel hybrid system to power
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base stations in terms of Net Present Cost, energy yield, aeglenished by the natural process at a rate comparable or
CO, emission using Hybrid Optimisation of Multiple Energyfaster than its rate of consumption by humans. Nigeria
Resources (HOMER) Pro software. geographical location within the equatorial region, between
The rest of the study is organised into seven sectiodatitudes 4.32ON and 148N and longitude 2.72E and
Section |l discusses the state of Nigeria conventional enerfj¢.64PE(Shaaban and Petinrin, 2014)has abundant
and its renewable energy potential while Section Il brieflyenewable energy resources like hydropower, biomass, wind
describes the BTS subsystem. The methodology and systend solar to tap into(Adaramola and Oyewola, 2011)
constraints were discussed in sections IV and V respectivelyydropower has the highest renewable energy potential with
while the simulation configurations and HOMER Proabout 734MW for small hydropower and 10,000 MW for large
capabilities were discussed in section VI. The results obtainbgdropower. In Nigeria, it is the major source of electricity
from the simulation are presented and discussed in sectioecause the country is enriched with large rivers, waterfalls,
VII, while the concluding remarks are found in section VIIl. and dams. Hydropower is the only known commercial
renewable energy technology in the electric power mix in the
[I. STATE OF NIGERIA CONVENTIONAL ENERGY AND ITS country. Wind energy with an average generated wind speed
RENEWABLE ENERGY POTENTIAL of 2.0— 4.0 m/s has a potential 4.2XMW per year, biomass
A. Current state of conventional power in Nigeria at 1.7x16MW per year, and solar energy r_adia_ltion estimated
. . . . . at 3.5-7.0 kWh/n#(Akuru and Okoro, 2010Nigeria has more
Energy is an essential commodity which contrlbute{snan enough renewable energy resources to meets its present

significantly to the growth and development of a nation. It hag, ¢t re energy needs and at the same time contribute to its
been established that the rate of industrial growth is dependg%nomy which currently depends on oil (Shaaban and
on the amount of energy available and how it i?’etinrin 2014)

utilized(Shaaban and Petinrin, 2014Africa’s electricity
consumption grew on the average by 3.1% from 1980 to 2003 Solar energy in Nigeria
Its electricity demand per capita declined when compared withSolar energy is the most promising renewable energy
the Middle East and North America; making Africa the regioresource in Nigeria due to its abundance(llenikhena and
with the least per capita consumption of electricity in th&zemonye, 2010)it is the energy contained in sunlight and
world(Nwulu and Agboola, 2011). can be converted into heat, chemical energy, and electricity.
According to Okoro et al. (2008)igeria has a considerable About 3.8 x 16%W of energy is radiated from the sun, which
amount of energy resources which includes over 187 trilliag equivalent to 1.082 million ton of oil per day(Sambo, 2005)
ft3 of gas, 4 billion metric tons of coal and lignite and 36rhis is about 4,000 and 13,000 times the current daily crude
billion barrel of oil. However, oil has remained the majobil and natural gas production in Nigeria respectively, based
source for electric energy production. Oil alone contributegn standard energy unit(ldigbe and Onohaebi, 2008g
57% to Nigeria’s electricity supply in 2005, followed by 36% direct conversion of solar energy into electricity using
of natural gas and hydroelectricity which contributedemiconductor based devices is known as
79%(Oyedepo, 2012).Energy is a vital ingredient for economighotovoltaics.Ohunakin et al. (2014uggests that the yearly
growth, to keep existing industries running, to establish nedaily average of total solar radiation ranges from about
ones, and to bring about a higher standard of living. Nigeri2.6MJ/nt/day (3.5 kWh/ri/day) in the coastal region to
with its abundant energy resources generated only 2000Mddout 25.2MJ/fiday (7.0 kWh/rday) in the far north,
of electricity in 2009, while South Africa with one-third themaking it the region with the highest amount of solar radiation
population of Nigeria generated 43,000MW in the samgroughout the year. The total amount of solar energy
year(Muhammad, 2012)The current daily average powerradiation falling on its 923,768 Khiand area is estimated at
generated is about 3,809MW with a generation capacity of million MJ/day (17.439 TJ/day). The total energy demand
5,988MW; which is about 30% of the peak electricity demangf Nigeria could be met if only 0.1% of the total energy
forecast of 12,390MW(Nigeria Power Reform, 2Q18%) radiant on its land mass is converted at an efficiency of
Nigeria, access to grid-connected electric power has fallen du#(Bugaje, 2006)Provided there is an estimated average of
to variation in the availability and maintenance of production8.9 MJ/n¥/day (5.3 kWh/ri¥day) over a period of one year,
sources that regularly lead to a deficiency in supply. A receah average of 1.8x¥0Wh/year of solar energy radiation is
survey carried out by the Manufacturers Association afstimated to fall on the entire land area(Ohunakin et al., 2014)
Nigeria (MAN), reveals that the cost of electricity constituteThe average solar radiation is about 6.5 h/day; the cosntry
about 30% to 40% of production cost in Nigeria, unlike ilyearly solar energy value is about 27 times its total fossil fuel
most countries like China where the cost of electricityesources in energy units and is over 115,000 times the
accounts for 5% to 10% of production cost. This high cost wasectricity produced(Augustine and Nnabuchi,090 This
attributed to the fact on the average, about 60% of the toiglplies that about 3.7% of the country’s land mass would be
energy required by the manufacturing industries was beingquired to receive the amount of solar energy that is
generated using diesel generator(Adaramola et al., 2014)  equivalent to the Nigeria’s conventional  energy

B. Nigeriarenewable energy potential reserves(Shaaban and Petinrin, 2014).

Renewable energy sources are energy sources that are
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Ill. BASE TRANSCEIVER STATION SUBSYSTEM system needs to meet, and also a measured environmental data
A base station is a set of equipment centrally located tg ascertain the contribution of the solar PV towards the total

communicate with mobile units and the backhaul network. ROwer supply.The size of the load and the insolation
consists of multiple transceivers (TRXs), each serving on@riability of the seasons at the site are the two major
transmit antenna element. A transceiver is made up of a poveglicators that work together to enable the designer to decide
amplifier (PA), a radio frequency (RF) feeder, a BADC thepossible hybrid application. The power consumption of a
power supply, a baseband (BB), a cooling system, and an TS depends on whether it is in operational or non-
— DC unit for connection to the generator/electrical powesperational mode, with more power consumed in the
grid(Alsharif et al., 2015). operational mode. The maximum power consumption of
Several solutions have been suggested to improve the powgfawei BTS3900 considered in this study is 1.087 While
efficiency of the internal components of a BTS(Faruk et althe climate and auxiliary equipment together consume 300W
2012) The power amplifier has attracted more attention if electricity. It is important to note that the BTS, climate, and
previous studies since it consumes more energy than the othggiliary equipment will not be loaded to full capacity at all
components(Alsharif et al., 2014)However, this work {ime due to the variability in operating hour of the equipment

employed Huawei BTS3900A system which eliminates thgnich often dependson the level of usage by the mobile
use of air conditioner, the second largest energy consumer ig scribers.

base station. BTS3900A is an outdoor macro base station, an

it is applicable to the outdoor centralized installation scenari€.Photovoltaic system model

Detailed information about the system components can ke photovoltaic system model is made up of conversion of
found at(Alibaba.com, 2015, Huawei Technologies, 2082) golar radiation on a tilted PV array and a PV array energy
BTS3900A (Ver.C) cabinet which consists of an RF cabinghodel(Al-Shamma'a and Addoweesh, 2018V array is
and a power cabinet, or of an RF cabinet and a transmissi@Bde up of interconnection of PV modules which supplies the
cabinet houses the equipment outdoors since it uses a diiggbto-generated power required by the system. The power

ventilation system(Huawei Technologies, 2012). rating of the PV array was determined based on the load
requirements.The power (in kW) generated from the PV array
IV. POWER AND ECONOMIC MODELLNGOF SYSTEM with respect to solar radiation is given by the following
COMPONENTS equation
The proposed hybrid energy system consists of the PV Ppy = fry¥ G titted )
array, battery, converter and diesel generator. The battery, PV JPVEPV I vittea

charge controller, converter, distribution panels and the wiring

make up the balance of system (BOS).The main purpose oWhere fpy is the derating factor of PWpyis the PV array

good HRES system design is to ensure that the load demantgied capacity (kW), andls sireq (1 kW/n¥) is the standard

satisfied by providing a well-designed, cost effective, andmount of radiation used to rate the PV array

durable system with a life expectancy of about 25 years. THigpacity(Lambert et al., 2006Jhe rated or peak capacity is

is possible with sound design, specification and procuremehge amount of power a PV array is capable of producing under

of quality components, good engineering and installatiofandard conditions of 1 kW/mirradiance and a panel

practices, and an appropriate preventive maintenance prografinperature of 2&. HOMER specifies the size of PV array in
The design/sizing of off-grid hybrid energy system takes digrms of rated capacity, which accounts for both efficiency

: ; : .and area of the PV module. Hence those parameters do not
the components that the system is made of into consideratifh’ L .
The system considered in this study has the followingPP€ar explicitly in HOMER. HOMER uses the Hay-Davies-

: : lucher-Reindl (HDKR) modébDuffie and Beckman, 2013)to
important component, PV panels, diesel ger_merat(_)r, pqtte%lculate the global solar radiation incident on the PV array.
and converter. The key factors to be determined in sizing

tand-al PV/batterv/ tor hvbrid " “The derating factor accounts for effects of wire losses, dust on
stand-alone attery/generator nybrid power system are. panel, elevated temperature, and other factors that may

the load demand profile, (ii) solar resource, (iii) the size and, se the PV array output to deviate from that expected under
type of generator, and (iii) the battery size ideal conditions(Lambert et al., 2006).

A. Stelocation C. Battery model

The solar resource used for this study was for a site in Lagoghe modelling of the battery is based on the state of charge
Nigeria at the location of latitude’ 81.5” N and longitude 3°  (SOC) condition. The state of charge and discharge of the
22.8° E, with average annual solar radiation and averaggattery can be calculated using Eq. (2) and Eq. (3)
annual temperature of 4.74 kWifdey and 25.7% respectively(Subodh et al., 201B), is the round-trip
respectively. Solar radiation and temperature data for thi§ficiency of the battery in the charging proceBgis the total
region was obtained from the NASA Surface meteorology anpghwer supplied to the sitd?, is the power consumption of
Solar Energy database BTS load,V,4is the nominal voltage of individual battery,

B. Load profile andAtis the hourly time interval.

The model uses a realistic demand load profile that the
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Pg(t) — P.(t) applications where power availability requirements are near
S0C(t +1) = SOC(t) + Npar (T)“ (2) 100 percent(Sandia National Laboratories, 1995)diesel

“ generator (DG) is required to supply the load demand when
energy generated from PV and that stored in battery bank is

)At (3) not enough to meet the load. The DG is used only for the
backup purpose during worst-case conditions, typically in the
) . . raining season months. When the DG size is estimated, the
The relationship between the minimum state of chargfain consideration is operating efficiency. DGs operate most
(SOCpiy), maximum state of charg§@C,qx), and the depth efficiently when running close to their rated output power.
of discharge of the batteryDOD) is expressed in EQ. when operating at low loads, their efficiency can drop by 50%

Pg(t) — P(1)

S0C(t+1) = s0C() - nbat< v,
at

(4)(Subodh et al., 2013). or more, which may result in increased maintenance costs and
a shorter lifetime of DG(Sandia National Laboratories,
SOCpin = (1 —DOD)SOC, 44 (4)  1995).Hence, the generator is sized to provide the power

o needed to meet the demand load. The cost of fuel consumption
The battery bank is sized to meet the load demand whgfihe DG can be estimated using

energy from renewable resources cannot satisfy the [Reags

of autonomy represents the number of the day a fully charged 8760
battery can supply energy to the load without the contribution Cpe = Cr Z F(t) (7)
of the auxiliary power source. HOMER calculates the battery —

bank autonomy4,,.) by using Eqg. (5)(Lambert et al., 2006)

whereLg,g4is the average daily load (kWh) of the BTS site.  where F(t) (in I/h if the fuel is denominated in litre) is the

hourly fuel consumption and can be estimated as
S0Cnin

Npa * Viar * Cy (1 - 2522 (24h/day)
L,,,(1000Wh/kWh)

Apar = ®) F(t) = A* Ppg + B * Ppgratea (8)
, ) ) where Cr is the cost of fuel per litrePpgis the power
The battery floa_t I!fe (the maximum life regardless obenerated by the D@ pg areqis the rated power of the DA,
throughput) and lifetime throughput are two separate factolsy pare the fuel curve coefficients in IKWh (Lambert et al.,

that may limit the lifetime of the battery bank, which has 006) The fuel consumption of the DG is influenced by the
direct impact on replacement cost. HOMER estimates the lifg;.4" 4nd generated power as shown in Eq. (8) above.

of the battery bank based on these two factors as given in FOMER assumes that all the fuel energy isconverted into
(6)(Lambert et al., 2006). either electricity or waste heat by the generator.

N 0 HOMER calculates the generator’s fixed cost of energy using

Rpye = min( bat llfetlme’ Rbat,f) (6) the following equation
chrpt

= o Crewne g p 9)
where Quisetimes Qenrpe @nd Ryq sare the lifetime throughput €P6fixed = CompG DG ratedCfueleff
of a single battery (kWh), annual battery throughput
(kWh/year) and the battery float life (year) respectively. Wherecom,pg, Crep,ne: Rog @andcyyeiprare the operation and
D. Power converter r_nai_ntenance (O&M) cost, the replacem_ent cost, the generator
lifetime in hours, and the effective price of fuel
spectively(Lambert et al., 2006).

DG

The power converter is a power conditioning unit essential
the proposed hybrid energy system since it comprises of bot
AC_ and DC §ystems. The size o_f the converter_is a decision V. SYSTEMCONSTRAINTSMODEL
variable, which refers to the inverter capacity. Inverter

capacity is the maximum AC power that the device caf. Systemreliability model

produce by inverting DC power, while the rectifier capacity The issue of dispatch strategy arises when one or more
refers to the maximum DC power that the device can genergi¢iewable resources are supplemented with both diesel
by rectifying AC power, as a percentage of the invert§jenerator and houo-hour energy storage (batteriespf
capacity. HOMER assumes that the device can withstafid icyjar interest and controversy is the possibility of
inverter and _ rectifier capacities for as long a harging the batteries using energy generated from the diesel
necessary(Lambert et al., 2006). generator (cycle-charging).The advantages of cycle-charging
E. Diesd generator model include (i) maximizing efficiency of diesel generator by
A hybrid power system consists of more than one type @pPerating it at full rated capacity, and (ii) minimizing the
generator, usually a diesel or gasoline powered engifiéquency of diesel starts. Disadvantages include (i) battery
generator and a renewable energy source such as wind, PWegar (shortening of battery life), (i) lost opportunity for
hydro-power system. A hybrid system is mostly used for gtoring energy from renewable source in the battery, and (jii)
larger application such as residential systems where generaglectrical losses in power conversion and in the battery
already exist, village power, and in telecommunicatiofdepending on the arrangement of the AC/DC bus)(Barley et
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al., 1995) The inclusion of a diesel generator to the systemtilizes total net present codiyp) as the economic figure of
serves as a backup solution, which provides redundancy andrit, and can be calculated using the following Eq. (12)
possibly increases overall reliability if the hybrid system is
properly controlled and maintained. Con = Canntot

This study expressed power system reliability in terms of NPC™ CRF(i, Ryroj)
loss of power supply probability (LPSR¥hich is defined as
the probability that energy deficiency occurs when the HREBhereC gpy ¢, iand R, jare the total annualized cost, annual
cannot supply the loadand can be calculated using Eq. (X8}l interest rate (the discount rate) and project lifetime
(Yang et al., 2007). respectively, and’RFis the capital recovery factor, which is

given by Eg. (1B (Lambert et al., 2006), wher&is the
>I_,power failure time (PFT) (10) number of years.
T

12

LPSP =
. i1+ v
The power failure timeRFT) is defined as the time that the CRF(i,N) = A+)" -1 13
load demand is not met when the energy sources cannot

generate sufficient energy and the battery is exhausted.  HOMER uses total NPC as its main economic figure of merit
The method can be summarized as follows: rather than the levelized cost of energy (LCE) which is often a
1) If demand load R.(¢)) is less than the energy convenient metric, because the definition of LCE is arguable
generated by PVPy (¢)), then excess energy is usedp g way that the definition of total NPC is not. HOMER uses

to charge battery via AC/DC and charge controllefine amount of load that the system really satisfies in
Excess energy is dissipated when the battery capacif¥yeloping the formula for LCE instead of the total electrical

(Cpar) attANS(SOC 4y level. demand, which may be different if some unmet load is

2) It P, (1) is greater tharPp, (f), the battery will ajlowed by the user. This makes the definition of levelized
supply the deficient energy if the state of charge Qipst of energy somewhat arbitrary. Since NPC does not suffer

the battery (SOC (1)) is higher th&@C,p from such ambiguity definition, it is used as the primary
3) If P, (t) is greater than the total PV generated energy.onomic figure of merit (Lambert et al., 2006).

and if the SOC(t) is equal ®0C,,,;,, DG will supply
the load as TOIIOWS: (0) If_ the energy deficit is less,, SIMULATION CONFIGURATION AND FEATURES OFHOMER
than the minimum operating point of D@ g min),

: ) - : PRO HYBRID POWER SYSTEM MODELLING SOFTWARE
the DG will be operated at its minimum capacity and o ) ]
the excess will be dumped. (i) However, if thel he project's lifetime is 25 years, which corresponds to the

lifetime of the PV panel(SolarShop, 201R) terms of capital

cost, the solar cells are the most expensive(Alsharif et al.,

- ..2015) Hence, the hybrid system will be used to supply energy
supply the energy deficit. DG only operates at 't%o another BTS in the future.A SolarWorld 285 model
rated capacity Rpratea) t0 meet maximum load monocrystalline module was considered in this study and the
demand (when all the electrical appliances are 'Bv sizes were added ink8V increments in the HOMER Pro
use), when PV generated energy and that stored dBftware search space window. 0 kW was also added as a size
the battery bank cannot meet the demand. in the search space window to compare the econoofics

B. Renewable fraction model system with and without PV. An FG Wilson Perkins generator

Renewable energy fraction (REF) is the fraction of the energ L Trojan  IND17-6V Industrial Line Flooded_ Lead
supplied to the load that comes from renewable sources, and f/dBattery, and Sukam converter were used in system

can be estimated using(Al-Shamma’a and Addoweesh, 201 esign. All the components used in the system are available in
' igerian market (Jumia, 2016, konga.com, 2016, SolarShop,

E, pc 2015) XE currency converter was used in the conversion of
REF = (1 - 7> * 100 (1) currency from Nigerian Nair@¥) to US dollar ($) (Xe, 2016)
Lserved In this study, the Central bank discount rate of Nigeria used
) o was 4.286 (Macro Economy Meter, 2016More technical
where E, pg is the load satisfied by the D@EF of 100% ang economic parameters of the hybrid system are shown in
and 0% corresponds to a pure renewable system and a pefle 1 below. Sensitivity analysis, also known as
diesel system respectively. Hence, values within thesghatifanalysis was carried out on the diesel price to
boundaries correspond to HRES. understand how changes in the price of diesel would affect the
choice of least cost system.
The system was designed such that the PV would supply
Economics play an important role both in the simulation  power to both the load and backup power system each hour.
process of HOMER; wherein the system is operated so as toBased on the constraint from the chosen dispatch strategy in
reduce total net present cost, and in its optimization processihe simulation and a set-point of 80%, HOMER makes a
wherein it looks for the SyStem CompOSition with the lowest decision in each t|me step to Satisfy the power needs at the
total net present cost (NPC) (Lambert et al., 2006). HOMER |owest cost. HOMER uses load-following and cycle-charging

energy deficit is greater than ttRyg .., and less
than the rated power of D@ f¢ rqteq), the DG will

C. System economics model
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dispatch strategies. In load-following, the diesel generatoainking them by net present cost (NPC).During simulation,
does not charge the battery bank but produces enough enddfyMER searches for the optimum system configuration that
to meet the load. While in cycle charging, the generatsatisfies the load demand at the lowest NPC. HOMER
operates at maximum rated capacity to serve the load aswlitches from the design view to the result view at the end of
charges the battery bank with the excess energy(Lamberttte# simulation. In the result view, the optimization cases table
al., 2006). presents the results of all the system considered for each
HOMER Pro is a rapid assessment tool for least cosénsitivity case. The simulation analysis produces five
solutions for clean and reliable power. It compares thousanaistimization cases (energy systems) for each discount rate and
of possible combinations of solar, the wind, storage, loatlesel price considered in the sensitivity cases. The energy
management and conventional generators, including combinggstem configurations which makes up the five optimization
heat and power systems as either stand-alone or grihses are (i) generator only, (i) PV/generator, (iii)
connected systems in basically only a few minutes. generator/battery, (iv) PV/battery system, and (v)
The main capability of HOMER is the simulating operatiofPV/generator/battery system. The average annual solar
of a micro-power system over a long period of timeradiation for Odenike Street, Lagos Nigeria, the chosen
Optimization and sensitivity analysis, which are the highdocation for this study is 4.74 kWh?Aday. Results of
capabilities depend on the simulation capabilities. Theptimized energy system for adiscount rate of 4.25% and
simulation process determines how the configuration of diesel price of $0.5(%180) is shown in Table 2. It shows that
particular system, a combination of specific sizes of systesystem (v) which comprises of PV/battery/generator is
components, and an operating condition that controls haeonomically the most suitable solution while system (i) with
those components work together, would perform in a definexhly diesel generator is the least feasible solution. Discount
setting over a long period of time (Lambert et al., 2006). rate of 4.25% and diesel price of $0.50 (180) has been chosen
HOMER does not consider changes over time, such bhecause they represent the current discount rate and diesel
declining of battery performance with aging, changes in tharice in Nigeria
interest rate or increase in demand load. Instead, it simulafidse results of the optimum configuration are discussed in the
the yearly operation of a system and assumes that the msibsections below.
simulation outcome for the year (such as excess pow€he optimal hybrid energy system comprises of 10kW PV,
production, battery throughput, and changes fuel priceSKW generator, 15 batteries and 5kW converter. The net
represents every other year in the lifetime of the projeqtresent cost (NPC) of the system is $47,014, with an initial
However, these assumptions do not represent real liapital cost of $31,678, annual operation cost of £805, and
situation. For instance, the price of oil has been falling ilevelized cost of energy of $0.217/kWh.
recent time, but there has been no significant change in tRe Power and En il analvsi
price of other system components. - 0 er_a rayy i _an y3Is
HOMER allows users to sort feasible system from a randehe details of electricity generated by energy system
of variables, and HOMER optimization can consider intere§ensidered are presented in Table 3. The result shows that
rates, tariffs, sell back rates, emission goals, renewabfeelectricity generated by each of the system combination
resources goals, fuel prices, equipment prices and performag@éisfies the load requirement. Fréror! Reference source
(HOMER Energy, 2015b). not found., the total electricity production of the
The HOMER software has a unique paradigm whichk V/battery/generator hybrid energy system is 15,215kWh/yr,
embedded a production cost simulation engine within atith PV contributing 13,980kW (89.2%) while the generator
optimization algorithm and packaged in the decision analytontributed 1,235kW (10.80%) per ydamor! Reference
framework to identify sensitivities and robust solutions. Frorfource not found. also reveals that the system generated more
a programming perspective, it is a set of nested for loops. TRctricity than that required to meet the load
innermost loop dispatches generation and manages storagé@fand.Deferrable load or any other unexpected increase in
meet the load in every simulation time steps. These time stéf§nand load can be taken care of by the excess electricity.
are typically hours, but can be as short as one minute. It doedt€newable energy conversion system produces about 75 to
that for a period of one year to calculate fuel consumptioi9% of the total electricity generated by hybrid energy
runtimes, maintenance requirements and operating costsS¥gtems (Alliance for Rural Electrification, 2011). However,
then optimizes the design by simulating hundreds or thousarifi$ high contribution from renewable energy sometimes
of different design configurations, ranking them by net preseftakes it difficult to control the hybrid system, and at the same
costs or other criteria, and identifying what is best for Hme maintaining a stable voltage and frequency (Shaahid et
particular scenario. In HOMER, these scenarios are known @ls 2007).
sensitivity cases, which represents the results of individudfield suggests that the contribution from a renewable source
optimizations. Sensitivity analysis is sets of optimizations th4t hybrid energy systems may sometimes be limited to about
HOMER will perform in a single run during the calculations?5% of the total electricity generated (Infield, 1999). On the

(HOMER Energy, 2015a). other hand, high electricity contribution from renewable
sources can minimize the dependence of hybrid energy
VIl. RESULTSAND DISCUSSION systems on the price of diesel and reduces operation and

HOMER perf q hourlv ch logical simulati ¢ al aintenance cost as well as fuel costs, since the generator will
performed an hourly chronological simulation of allq 1y for  short period of time. Hence, 85.35% contribution
the systems described by the search space for one year,
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from the PV to the total electricity generated by th&able 1. Technical and economic setup of components of thelhyt
PV/battery/diesel hybrid energy system is a good trade-gifstem
from an economic point of view. The generator only system

will not be a suitable solution both from the economic andSystem Parameters Value
environmental point of view due to the operation andComponents :
maintenance costs, the cost of diesel, and greenhouse gagntrol Discount rate 4.25%
emission (GHG). The generator/battery system may be Rarameters Project lifetime 25 years
suitable solution due to the inclusion of battery to the Dispatch strategy  Cycle charging
system.The generator operates at full rated capacity to satisfy Apply set-point state 80%
the load and charges the battery to its maximum state of of charge
charge. The generator stops running to enable the battery &V Sizes considered 0, 5, 10, 15, 20,
carry out the responsibility of supplying electricity to meet the 25, 30kw
demand load. This reduces operation and maintenance costs, Operational lifetime 25 years
fuel consumption, and environmental impact. The Derating factor 80%
PV/generator hybrid energy system produced the largest Ground reflectance  20%
amount of electricity. However, only about 50% of the total Capital cost £0.9/w
electricitygenerated is being used to meet the load demand. O&M cost per year  £0.01/w
This is due to the absence of a storage system (battery) to stoggttery Number of batteries 0, 5, 10, 15, 20
the excess energy generated. considered and 25
Roundtrip efficiency 81%
Nominal voltage 6V
Maximum capacity 1231 Ah/100
hour rate
Float time 20 years

Lifetime throughput 9300 kWh
Maximum charge 155 A

current

Maximum charge 1.0 A/Ah
rate

Maximum discharge 208 A
current

Capital cost $1206

Replacement cost  $1206
O&M cost per year $10
Min. state of charge 20%

Converter Sizes considered 0, 5, 10, 15, 20,
25 kW
Operational lifetime 15 years
Efficiency 90%
Capital cost 0.2/W

Replacement cost  0.2/W
O&M cost per year  0.004/W
Diesel generator Sizes considered 0, 5, 10, 15, 20,

25 kw
Rating 16 kVA (12.8
kw)
Speed 1500 rpm
Fuel tank capacity 65 litre
Cost of fuel 0.5,0.6,0.7 %

Table 2 Energy system optimization cases for an interest rate of
4.25% and diesel price of $0.50. (i) generator only (ii) PV/generator
(iif) generator/battery (iv) PV/battery (v) PV/battery/generator

Sys PV Gen Bat Conv Op NPC Ini
(kW) (kW)  (unit) (%) (%) capt
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(kW) %) hybrid energy system to meet the demand load. System

i 5 5 3,408 69,100 4,137 availability is the percentage of time that a power system is
ii 10 5 5 2,531 61,822 13,588 able to meet the load requirement(Sandia National
iii 5 5 5 3,523 77,322 10,167 Laboratories, 1995)Failures and maintenance time are the

iv 20 15 5 818 54,018 38,433 Mmajor contributors to decreasing system availability for any
v 10 5 15 5 805 47,014 31,677 energy system. However, availability takes on added

uncertainty for PV systems due to the variability of the

Table 3. Energy yield analysis for (i) generator only (ii) PV/generatgfystem’s fuel source. An estimate of the average amount of
(iii) generator/battery (iv) PV/battery (v) PV/battery/generator systersolar radiation available is required for the design of PV

system. Using the average solar radiation value implies that in

Sys  Production Consumption  Quantity a year with above average solar radiation, the system may not
(kWhyear) (kWhlyear) experience downtime.
PV Gen AC DC Excess Ren. ) ]
KWh/yr  Frac B. Economic analysis
i 12,986 2,300 9,084 O 0 The cost breakdown of PV/battery/diesel hybrid energy
ii 13,980 8,900 2,300 9,084 10,540 21.8 System based on thediscount rate of 4.25% and a fuel price of
iii 12994 2300 9084 0 0 $0.50 as a case study, and within the project lifetime is

iv 27 960 2209 9082 14.825 100 presented in Table 4. The bulk of the total net present cost

v 13,980 1235 2.300 9,084 1872 89.2 (NPC) comes from thebattery for PV/battery/generator hybrid

energy system. The total initial capital cost which is paid at
the beginning of the project is $31,67@8.9m), as

telecommunications operators in Nigeria have the capacity to
make this initial investment. The cost of PV accounts for

Table 4 Economic analysis of PV/battery/generator hybrid energy
system with discount rate of 4.25% and diesel price of $0.50

Comp. Capital Replace O&M Fuel Salvage NPC 29.84% of the initial capital cost of the system, while
' $) $) $) $) $) $) generator, battery, and converter account for 8.5%, 57%, and

0 :
PV 9.451  0.00 3738 0.00 0.00 13.189 4.55% respectively. The cost of the charge controller and cost

of wiring was not considered in this study. The bulk of the
Gen 2,695  0.00 25 4,064 1,297 5,487 replacement cost goes to the system component with short

Bat 18,090 12,028 2,860 0.00 6,957 26,021 operational lifetime (the batteries). The replacement cost of

Conv. 1441 1,039 120 0.00 278 2,322 the batteries aftel2 years of operation accounts for %92

Sys 31,677 13,067 6,743 4,064 8532 47,019 while that of the converter accounts for only 8%. Each system

component has a salvage value at the end of the project
Table 5 Comparison of greenhouse gas emissions for the enerlifetime.
systems considered in this study for discount rate of 4.25% and diesefThe operation and maintenance cost of each system
price of $0.50 component occur each year of the project lifetime. The annual

operation and maintenance cost of the system during the

Sys 82)?”““/ élé)g/years)oz NO U Part projects lifetime is $6,748¢1.9m)as shown in Table 4, with
hna art. the O&M of the PV and battery accounting for 55.44% and
ydr__ma 42.41% respectively. The O&M of the generator accounts for
Gen 15,316 37.81 30.76 337.35 4.19 2.85

only 0.37 % because 89.2% of the total electricity generated
Gen/Bat 15,312 37.79 30.75 337.24 4.19 285 .,neq from the PV. Hence, the generator runs for a short

PV/Gen 10,558 26.06 21.20 232.54 2.89 1.96 period of time (305 hours/year).
PV/Bat 0 0.00 0.00 0.00 0.00 0.00 The NPC of the system is the difference between the

PV/Bat/Gen 1,123 2.77 226 24.73 0.31 0.21 present value of all the costs that it incurs and the present

value of all the revenue that it earns over its lifetime(Alsharif
From the environmental perspective, PV/battery hybrid energy al., 2015) Costs include initial capital cost, replacement
SyStem would be a suitable solution since the eleCtriCi%st, and operation and maintenance cost while revenue
generated completely comes from a renewable sourgRludes salvage value. The sum of the discounted cash flows
(PV).However, designing a PV/battery system to be availabjg each year of the project life is equal to NPC. The battery
all the time would be expensive as large PV and battery bagkcounts for 55.34% of the total NPC. This is as a result of the
size would be required to meet demand load as days @hlacement cost of the battery affet years, which adds to

autonomy increases due to unpredictable weather conditionfe NPC. PV, generator, and converter account for 28.1%,
the size of PV/battery system is increased to lower the 67%, and 4.94% respectively.

downtime in raining season, more energy would be wasted o )
during the sunny, dry season when the PV array will produ&e Creenhouse gas (GHG) emission analysis
more than is required by the load. This increases the systdfe carbon dioxide and other pollutant emissions released by

cost while energy efficiency utilization is decreased. different hybrid energy systems are compared and presented in
System reliability is measured by the availability of thel@ble 5. Itis observed from this table, that the carbon dioxide
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and other pollutants emitted significantly dropped by using applications in Northern part of Nigeri&nergy for Sustainable

; Devel opment, 19, 72-82.
PV/battery/generator hybrid . ENET9Y \KURU, U. B. & OKORO, O. I. 2010. Renewable Energweéstment in
system.PV/battery/generator ~system Com”pUt?d 1,123kg Nigeria: A Review of the Renewable Energy Master P10
2.77kg, 2.26kg and 24.73kg of carbon dioxide, carbon IEEE International Energy Conference.

monoxide, sulphur dioxide and nitrogen dioxide of GHQ@\L-SHAMMAA, A. A. & ADDOWEESH, K. E. 2014. Techno-econoeni

feai ; ; optimization of hybrid power system using genetic atbm.
emission per year respectively. On the other hand, the diesel International Journal of Energy Research, 38, 1608-1623,

generator only system emitted 15,316kg, 37.81kg, 30.76kggaBa.COM. 2015. HUAWE! BTS3900 DRFU M900 Huawei GSM
and 337.35kg of carbon dioxide, carbon monoxide, sulphur WCDMA base station [Online]. Available:

dioxide and nitrogen oxide of GHG per year. Table 5 also https://www.alibaba.com/product-detail/HUAWEI-BTS3900

shows that the amount of unburn hydrocarbon and particulate ?uaiué(';"l%‘])o""“awei'es'\" 50029556637 htnflaccessed - 20th

matter  emitted from diesel generator only ang syariF, M., NORDIN, R. & ISMAIL, M. 2014. Classi6ation, Recent
generator/battery system is more are more than the amount Advances and Research Challenges in Energy Efficientil@el

emitted from the PV/battery/generator system. Networks.Wireless Personal Communications, 77, 1249-1269.

In addition, the emitted pollutants from hybrid energy systenfd&-SHARIF, M. H., NORDIN, R. & 'SMA!'—H. M. 2015-.dGra°’. W're'efss
ith batt ¢ bserved to be lower than those network optimisation strategies within smart grid esninents for

wit attery storage are observ W Long Term Evolution (LTE) cellular networks in Malaysia.

without battery storage. Therefore, the PV/battery/generator Renewable Energy, 85, 157-170.
hybrid energy system emitted the least greenhouse gases AMYOCHUKWU, A. V. & ONYEKA, A. E. 2014. Simulation ofSolar-

; i ; ; Photovoltaic Hybrid Power Generation System with er
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BTS site. Renewable Energy Research, 4.

AUGUSTINE, C. & NNABUCHI, M. N. 2009. Relationshipebveen global
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