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Techno-economic viability of off-grid standalone PV-powered LED street lighting system in
Lagos, Nigeria
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Department of Electrical/Electronic Engineering, University of Lagos, Lagos, Nigeria
*Corresponding author email: mobabatunde@unilag.edu.ng

The majority of the street lighting systems in Nigeria are predominantly composed of inefficient lighting fixtures powered
either by the grid or diesel generators. Due to the epileptic nature of the grid and the fluctuations in diesel fuel pump prices,
these methods for powering street lights are neither reliable nor sustainable. Use of energy-efficient lamps and photovoltaic
(PV) panels has the tendency to reduce energy consumption and emissions. This study therefore presents a techno-economic
analysis of deploying energy-efficient PV-powered street lighting systems using simple economic metrics. Environmental
benefits of the proposed systems were also assessed by analyzing the reduction in CO2 emission as well as the equivalent of
oil saved. Relative to the existing grid-powered metal halide system, installation of LED PV-powered street light reduced
energy consumption by at least 80%, while the grid-powered LED configuration reduced energy consumption by 80%.
Economic analysis shows that the simple payback period (SPP) for the LED PV-powered technology was less than
three years, while that of the grid-powered LED system was less than two years. The LED PV-powered technology had
the highest CO2 emission reduction of approximately 225 tonnes annually. Overall, street lighting using PV-powered
and grid-powered LED is economically viable considering the payback time, net present value (NPV) and lifetime.

Keywords: LED, energy savings, street lighting, CO2 emission, PV, energy efficiency

Introduction
Globally, lighting accounts for 10–38% of the total energy
consumption in buildings in major cities (New York City
Global Partners 2009). This lighting is either in residential
buildings, commercial buildings and industrial buildings
or public lighting such as street lighting. Street lighting
is an important part of urban and rural infrastructure.
Public street lighting is predominantly the responsibility
of public authorities in most cities worldwide, and it has
huge economic, social and security impacts on people
(Jeremy, Paire, and Miraoui 2009; Masoud 2015). Pro-
vision of street lighting is imperative in the reduction of
crime and road traffic related accidents in cities at night.
The expenses of powering thousands of street lights for
many hours of the night over the years add up and may
become a burden on the authorities responsible for the
payments. Though street light installation and operations
are reported to be expensive (New York City Global Part-
ners 2009), they have the advantage of making highways
safer for drivers at night. For example, since night visi-
bility decreases with an increase in human age (Owens,
Wood, and Owens 2007), a certain category of people
may not be able to drive comfortably at night without a
quality street lighting system. Hence, the benefits of
street lighting are evident.

Traditionally, utility companies apply a flat tariff rate
for the electricity used by street lights because many of
them are unmetered. However, with the emerging
clamour for dynamic energy supply and pricing, street
lights are now being metered. Consequently, the cost of
powering street lights is on the rise. To reduce or control
these costs, energy-efficient technologies are now being
applied. By replacing traditional inefficient lamps with
energy-efficient LED lamps, the operating costs can be
reduced by up to 60%, as well as providing a better illumi-
nation level (New York City Global Partners 2009). These

new lamps also last much longer than traditional bulbs,
reducing maintenance costs significantly. Street light pro-
vision and maintenance is a large part of any municipal-
ity’s budget, and the introduction of LED technologies
can help free up funds for other programmes. Furthermore,
these technologies coupled with the use of photovoltaic
(PV) based power generation have the tendency to
reduce emission by the same percentage as the reduction
in energy consumed.

Street lighting models are usually simple if the pave-
ment is a single dual carriageway only a few meters
long. However, illumination becomes more complex to
manage as the size increases. With urbanization fast trans-
forming rural into urban communities, the number of
streets has increased, and this has led to an increase in
the number of street lights, energy consumption, CO2

released, and costs associated with them. This is worsened
by the use of an inefficient lighting system with a conven-
tional power source. Inefficient lighting is a major cause of
greenhouse gas emissions in many cities worldwide
(Humphreys 2008). It increases energy consumption
and, consequently, a significant financial resource is
wasted annually on electricity tariffs.

Though causes of road accidents in Nigeria have been
categorized broadly into factors which include vehicle
operators or driver factors, vehicle factors, road pavement
condition factors and environmental factors (Agbonkhese
et al. 2013), driving at night is reported to account for at
least 40% of fatal accidents and serious injuries in other
parts of the world (Ward et al. 2005). In the case of
Nigeria, there is still a lack of reliable data and information
concerning night driving related traffic accident. However,
it is believed that most night driving related traffic acci-
dents occur because drivers and pedestrians suffer from
reduced visibility caused by inefficient lighting (Murray
et al. 1998; Schreuder 1988; Ward et al. 2005; Willis,
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Powe, and Garrod 2003). For instance, in a survey con-
ducted in 2003 in the UK, it was found that road safety
is the major advantage of street lighting improvement
(Willis, Powe, and Garrod 2003). In the survey, 73% of
respondents agreed that ‘improved street lighting
systems would improve the safety of children’, while
63.8% agreed that ‘efficient street lightings would
reduce road accidents’. In Nigeria, many street lighting
projects are poorly designed and inadequately maintained.
For example, there are large numbers of burned-out lamps
as well as inefficient lamps which consume enormous
amounts of energy and financial resources with an increase
in the carbon footprint, while often failing to provide stan-
dard quality lighting. Consequently, road accidents at
night due to poor street lighting have been recorded in
some part of Nigeria (Premium Times 2016).

Street lighting systems in Nigeria are mostly inefficient
and usually powered by either the utility grid or captive
diesel generators. These systems of powering the generator
are usually unreliable due to the epileptic nature of the
utility supply, fluctuations in the pump price of diesel,
occasional scarcities of diesel fuel, and the emission of
GHGs. This frequently leads to poorly lit streets and black-
outs. Past studies have identified the technical and econ-
omic feasibility of adopting a solar PV system as an
alternative to conventional powered systems (Akinbulire,
Oluseyi, and Babatunde 2014; Akinyele and Rayudu
2016c; Akinyele, Rayudu, and Nair 2015). However, the
general belief that PV-powered systems are expensive has
limited their penetration (Monroy and Hernández 2008).
This study therefore evaluates the techno-economic viabi-
lity of deploying an energy-efficient street lighting system
powered using the off-grid PV-battery system. Apart from
supplying a constant power supply, it is believed that this
alternative system will be cost effective and reduce CO2

emissions. A road on the University of Lagos main
campus, Nigeria, was selected as a case study.

Energy-efficient street lighting
Inefficient lighting is mostly caused by the selection of
inefficient lamps, poor design and installation, inadequate
maintenance, poor operational practices, the inability to
sustain power source for lamps, non-compliance with
standards and codes, etc. On the other hand, an effective
energy-efficient street lighting system is one which incor-
porates efficient lamp technologies, optimal pole height
and placement, efficient light distribution, and aesthetics,
while using the minimum energy in satisfying require-
ments for visibility and suitable light levels (Masoud
2015; New York City Global Partners 2009). With evol-
ving technology, there are numerous opportunities to
improve lighting quality. Some of the methods include ret-
rofitting of inefficient lamps, improved operation and
maintenance practices, automation of systems, and the
use of renewable energy sources to power street lights.
All these methods can also be merged to obtain a good
lighting system. An efficient street lighting system must
be efficient in both the quantity of energy it uses and the
source of its energy. The addition of a renewable energy
source to power street lights could in all likelihood
enhance the system’s efficiency and reliability.

Retrofitting involves the process of changing existing,
less energy-efficient luminaries to more efficient ones.
Retrofitting may be extended to existing lighting infra-
structure based on the requirement of a particular
roadway and the condition of the components. Therefore,
the present state of the infrastructure dictates whether ret-
rofits are needed or otherwise. Such infrastructure and
components are grouped into structural (poles, substruc-
tures, trenches for cables), optical (luminaries) and electri-
cal (lamps, ballasts, cables). During retrofitting, only part
of the system is changed. Retrofitting is useful in energy
savings and maintenance. Retrofitting involves partial
removal of the existing lighting system and fitting new
components, design or technology in areas they did not
previously exist (e.g. replacement of either inefficient
lamp or luminaries). This option gives the most efficient
energy-technology design for street lighting. The funda-
mental aim when setting up a street lighting system is to
design a system which returns the minimum net present
value (NPV) that meets all appropriate lighting standards.

Energy-efficient technologies and design can reduce
the costs of street lighting projects significantly, often by
25–60% (New York City Global Partners 2009). These
savings can eliminate or defer the need for new generating
plants while providing the capital for alternative energy
solutions in rural or remote areas. These cost savings
can also enable extension of street lighting to other
areas, thereby increasing access to lighting in low-
income and other off-grid communities. In addition,
improvements in lighting quality and expansion in ser-
vices can improve safety conditions for both vehicle
traffic and pedestrians. A well-designed, energy-efficient
street lighting system would enhance road users’ visibility
and safety, reduce energy consumption and operational
costs, and enhance the appearance of neighborhoods.
Other benefits include reduced energy consumption,
reduced expenditure on the lifetime of the project and
greenhouse gas emission reduction. To harness these
aforementioned benefits, many methods are being
adopted worldwide. Some of these methods include the
following: changing to more efficient street lighting tech-
nologies, reduction in use of high power consuming high
pressure sodium lights, and adaptive lighting controls to
automatically switch off lights in off-peak periods (Akin-
bulire, Oluseyi, and Babatunde 2014). Apart from using
these technologies, the application of renewable energy
sources to power street lights will reduce greenhouse
emissions as well as overall operational costs since there
will be no cost of power generation after the initial
capital cost at the beginning of the project.

Although the application of hybrid renewable energy
system (HRES) such as photovoltaic-battery (PV/Bat),
wind/PV/battery, wind/battery, etc. in residential and
rural applications has increased over the years (Akinbulire,
Oluseyi, and Babatunde 2014; Akinyele and Rayudu
2016b, 2016c; Ajayi and Ohijeagbon 2017; Ayodele
2016; Babatunde et al. 2018; Olatomiwa et al. 2015), its
application in street lighting has been given limited con-
sideration in municipal applications in developing econ-
omies. For instance, the majority of public street lights
in Nigeria are either powered by the grid system or
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standalone diesel generators. A search through the litera-
ture, however, reveals a paucity of knowledge on the
techno-economic and environmental viability of adopting
an off-grid standalone PV-powered street lighting system
in Nigeria.

Ajayi and Ohijeagbon (2017) evaluated the possibility
and economic viability of solar and wind energy resources
as sustainable electrical sources for off-grid rural settle-
ments of 200 homes, a school and a health centre in
Nigeria. The optimal system was selected based on net
present cost (NPC). Akinyele and Rayudu (2016a) pre-
sented a comprehensive techno-economic and environ-
mental impact assessment of a photovoltaic power
system (PPS) for a small off-grid community. The
system was planned to meet the community’s energy
demand of 63,900 kWh, with an annual load growth of
1% over a 25-year planning period. In a similar study, Aki-
nyele and Rayudu (2016b) presented the development of a
HRES for a small off-grid community in Kutunku, Gwag-
walada, Nigeria, based on the socio-technical-economic
approach. Furthermore, the embedded generation analysis
indicated that five of the six configurations yielded profits
over a 10-year project life as compared to the present
utility tariff in Nigeria. In another study, the techno-econ-
omic and environmental effect of including DSM in HRES
for a rural community was investigated (Akinbulire,
Oluseyi, and Babatunde 2014). In order to ensure sustain-
ability of PV projects, Akinyele and Rayudu (2016c) pre-
sented strategies for developing energy systems for off-
grid communities, which are aimed at approaches to suc-
cessfully deploy such energy systems in developing
countries. Olatomiwa et al. (2015) evaluated the viability
of adopting various HRES configurations comprising PV
arrays, wind turbines and diesel generators in different
locations within the geo-political zones of Nigeria. It is
believed that solar-powered energy-efficient lamps
provide a promising solution for energy savings and
CO2 mitigation (Abolarin et al. 2013; Adam and
Apaydin 2016). These applications were limited to power-
ing only basic loads in the rural community. However, for
general adoption of this system for street lighting by gov-
ernments, investors and decision-makers, it is necessary to
determine the technical and economic viability of such
technologies due to the high cost of PV system technol-
ogies and energy-efficient lamps.

It has also been reported that an off-grid solar system
has an advantage of being generally cheaper than extend-
ing power lines in remote areas (Hall 2013). Furthermore,
off-grid standalone PV-powered street light systems are
self-sufficient. Since the street lights will only operate at
night, adoption of an off-grid standalone PV-battery
system will avoid sudden blackouts that may occur on
the road due to a collapse of the grid system or diesel gen-
erators which is often experienced in many developing
countries like Nigeria. Also, if these street lights are
removed from the grid system, it will provide more
energy that could be used to serve other consumers tied
to the grid in an energy deficient power network. Using
an off-grid standalone PV-powered street light system
will also remove the future burden of electricity tariffs
on the government’s expenses since it can have a lifespan

of up to 20 years. An off-grid standalone PV system gen-
erates clean energy and will also eliminate emissions that
result from the use of conventional fuel (grid and diesel
generators).

This work, therefore, seeks to evaluate the techno-
economic and environmental viability of deploying an
off-grid standalone PV system for energy-efficient street
lighting in Nigeria.

Materials and methods
Technical consideration for lamp technologies
A light source solely defines visual value, cost and effi-
ciency of the system and therefore it is the most significant
component of a lighting system. Technically, lamp selec-
tion is dependent on the illumination level required by a
particular road according to codes and standards, colour
rendering properties of the lamp, lamp life and lamp effi-
cacy (New York City Global Partners 2009). Efficacy of a
lamp is the ratio of light output from that lamp to the
energy it consumes, and it is measured in lumens per
watt (lm/W). Efficacy estimates how well a light source
produces visible light.

Although the use of light-emitting diodes (LED)
permeates the street lighting markets, three types of
lamps are commonly used in street light installations:
metal halide (MH), mercury vapour (MV) and high
pressure sodium vapour (HPS) (International Institute for
Energy Conservation 2015; Leena et al. 2012). The tech-
nical characteristics of the various lamps used in street
lighting are shown in Table 1. The industry has recognized
HPS as a standard due to its high efficacy and lumen main-
tenance, but the major setback is with its colour rendition.
The MH has the best colour rendering properties and its
luminous efficacy is considerably high, but the major dis-
advantage is its low lamp life. The incandescent lamp also
has high colour rendition but has poor efficacy and lamp
life. The MV consumes high energy and has poor lamp
life. The LED has the highest lamp life ranging from
40,000 to over 100,000 hours. It saves a lot of energy,
but the cost of investment is high. For instance, compared
to high irradiation diode (HID) lamps, the cost of procure-
ment of LED lighting technology is high but its energy
consumption is half that HIDs, thereby resulting in sub-
stantial energy savings, both in kilowatts and bills.
While florescent and HID lamps require ballasts or capaci-
tors, LEDs utilize an electronic arrangement that converts
the supply voltage to low voltage DC. For the purpose of
this study, metal halide (which is the existing technology
at the site of study) and LED lamps were selected for con-
sideration. Fluorescent lamps have high efficacy ranging
from 55 to 100 lumens/watt as well as good colour render-
ing. Though florescent lamps have good lumen mainten-
ance, they fail at the end of their useful life and contain
mercury. The mercury powder found in fluorescent tubes
pose significant health threats to plants, animals and
humans exposed to it. A damaged fluorescent tube releases
mercury into the environment, and the mercury could last
for up to four hours in the air. This mercury is capable of
causing asthma and other respiratory and diseases.

Induction lighting is similar to fluorescent fittings but
differs because it has no electrode and thus has a long
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life (over 100,000 hours). It possesses a good colour ren-
dition index (CRI) with good efficacy of around 60–90 lm/
W. Light emitting plasma is the newest light source tech-
nology. Being an electrode-less light source, it has a long
life (over 100,000 h). It also has good CRI and good effi-
cacy and thereby has a tendency to minimize energy cost.

PV-powered lighting system sizing
The steps involved in the sizing of a PV-powered lighting
system are shown in Figure 1. The PV-powered lighting
system process starts with determining the needs and the
standard requirements for the particular road. The codes
regarding street lighting are usually given in standards
such as; BIS 1981, BS 5489-1 or as may be applicable
in the region under consideration. These standards and
codes provide recommendations on the overall principles
of road and street lighting. Such provisions include the
aesthetic, technical and statutory provisions on operation
and maintenance of road lighting fixtures. The rec-
ommended level of illumination for street lighting for
different road types is given in standards (Road Lighting
Part 2: Performance Requirements 2003). For the
purpose of this study, the BS 5489-1:2013 is adopted.
This was used because engineering designs specifications
in Nigeria follow the BS codes. The next step involves the
identification of suitable energy-efficient lamp and compu-
tation of the number of lamps that would meet the illumi-
nation requirements for the road. This is used in the
estimation of the energy demand of the lamp under speci-
fied operational hours. To obtain the energy demand Ea,
the total power in kW of the lamps and other energy con-
suming devices is obtained and multiplied by the total
hours for which the lamps are expected to operate. The
next stage is the component size estimation. These
include the size of the PV module, charge controller and
battery. Using the lowest monthly average solar irradiation
data of the year, the amount of solar radiation the PV panel
needs to trap each day to meet the load requirement is also
estimated. The total Watt-hours per day expected from the
PV modules is divided by the day-hours sun radiation and
the number of PV panels for the system is obtained by
dividing the result from the previous step by the rated
output of the PV modules available from the manufacturer.
After the sizing of the entire system, measurement and
evaluation of the system are carried out to determine the
total cost of the system. Measurement and evaluation
involve the material take off with the associated economic

analysis of the system. In order to evaluate the viability of
the system, the NPV, which is regarded as the total dis-
counted cost of the system over its lifetime, is usually
used to evaluate its economic advantage. Furthermore,
other economic indices such as simple payback period
(SPP), internal rate of return (IRR), return over investment
(ROI), and cost of conserved energy (CCE) can also
applied to evaluate the viability of the project. Finally,
the CO2 emission and oil equivalent of energy saved
with deployment of energy-efficient lamp are appraised.
The project may be re-evaluated to search for more
improvement opportunities.

Component sizing
PV sizing
Depending on the manufacturer, various sizes of PV
modules produce different amount of power. The peak
Watt (Wp) generated is dependent on the PV module
size and system location. The size of PV module that is
required to meet the load demand for each standalone
system (pole, lamp) is expressed as Equation 1. The
value of hsys (overall system efficiency) is expressed as
Equation 2.

Ppv = Ea

hsys × SH
(1)

hsys = hinv × hpv × hbatt (2)

where Ppv is the area of the PV module, Ea is the
energy demand, SH is day-hours sun radiation, hinv is the
inverter efficiency, hpv is PV module efficiency, hbatt is
battery efficiency, and hsys is the system efficiency. For
this analysis, the overall systemefficiency selectedwas 70%.

The solar irradiation and day-hours sun radiation are
generally dependent on location, weather, and season of
the year (Dazhi, Jirutitijaroen, and Walsh 2012; Dizqah,
Maheri, and Busawon 2012). Depending on the appli-
cation, surrounding structures can also affect the level of
solar irradiance received by PV modules. Highrise build-
ings, trees, snow, dust, etc. may also reduce the efficiency
of solar incident on PV modules. As compared to other
areas, low level of solar irradiance is received by
regimes farther from the equator. Cloudy conditions in
some months of the year also reduce the solar irradiance
incident on the earth surface. The assumption in this
study is that the lighting system will operate for at least

Table 1: Technical details of street lamp technology.

Lamp type Colour Rendering Index (CRI) Luminous efficacy (lm/W) Lifetime (hours)
High pressure sodium (HPS) 30 50–150 15,000–24,000
Low pressure sodium (LPS) 5 100–190 18,000–24,000
Mercury vapour (MV) 50 50 10,000.00
Metal halide (MH) 70–95 70–130 8000–12,000
Fluorescent 60–90 40–100 6000–45,000
Compact fluorescent lamp (CLF) 60–90 50–75 6000–15,000
Incandescent 90–100 5–25 1000
Induction 50–90 60–90 100,000
Light emitting plasma (LEP) 50–90 60–90 100,000
Light emitting diode (LED) 70–90 Up to 160 100,000+

Source: International Institute for Energy Conservation 2015; Leena et al. 2012
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12 hours per day and the day-hours sun radiation is five
hours.

Battery sizing
Generally, battery size in PV applications is dependent on
factors such as local solar irradiation, autonomy and load
connected. However, it is worth noting that batteries come
only in standard ratings and consequently selection of the
next larger size is recommended. To evaluate the size of
battery (kWh or Ah) Equations 3 and 4 are considered.

Mbatt1(kWh) = Ab × Ea/365

DoD
(3)

Mbatt(Ah) = Mbatt1 × 1000

Vs
(4)

where Ab is the autonomy, Ea is the energy demand, DoD
is the depth of discharge, and Vs is the battery voltage. For
the purpose of this study, battery autonomy (battery dur-
ation at a specified load level) of one day was chosen,
while the selected battery voltage and DoD were 24 V
and 90% respectively. The solar charge controller was

selected to match the voltage of PV system and batteries.
The controller must have enough capacity to withstand the
current from the PV system. Typically, the size of the solar
charge controller is estimated by multiplying the short
circuit current of the PV module by a factor of 1.3. The
value of the short circuit current of the PV module is
based on the work of Babatunde et al. 2018.

Economic consideration for lighting technologies
The economic performance of energy-efficiency improve-
ments can be evaluated from several perspectives. A pol-
icymaker’s perspective should capture all costs and
benefits experienced by different parties in a society
(e.g. consumers and utilities). Economic metrics used in
this study include the cost of conserved energy (CCE),
the simple payback period (SPP), the internal rate of
return (IRR), the return on investment (ROI), and the net
present value (NPV). The CCE is evaluated by using
Equation 5:

CCE = d/1− (1+ d)−n × INV

DENa
(5)

Figure 1: Flowchart for PV-powered street lighting system sizing.
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where d is the discount rate, n is the number of years over
which the investment is amortized, INV is the initial
investment and DENa is the annual energy savings.

Individual consumers usually evaluate cost effective-
ness and benefits differently from policymakers, because
while policymakers consider the societal angle, consumers
want relatively more realistic and easily comprehensible
methods to view return on their investment. Thus, the con-
sumer perspective is often represented by a simple
payback period (SPP). SPP is a technique used to deter-
mine the specific time in years it takes for an investment
to be paid off or recovered. This is evaluated by using
either present value amounts or cash flow amounts. Most
consumers and investors expect a quick payback. The
SPP measures the risk and not the return and does not
account for the time-value of money, risk, opportunity
cost or financing. It is however easy for most individuals
to understand and apply, regardless of academic training
or field of application. When applied to compare related
investments, it can be quite useful. SPP is given by
Equation 6:

SPP = NPC
AS

(6)

where NPC is the net project cost and AS is annual saving.
The NPV is the present value of future cash flows less

the present value of the investment cost. This is generally
regarded as the best method of analyzing the economic
viability of setting up long-term projects such as a
photovoltaic (PV) lighting system (Bowlin, Martin, and
Scott 1990; Dixion 1994). NPV analysis comprises the
time-value of money and estimates the present worth of
all costs anticipated. This can be obtained by using
Equation 7:

NPV = −C0 +
∑T

i=1

Ci

(1+ r)i
(7)

where C0 is the investment at year zero is, Ci is cash flow
at year i, r is the appropriate interest rate (discount rate),
and T is the lifespan of the project. For the purpose of this
study, a discount rate of 10% was used.

The internal rate of return (IRR) on an investment or
project is the annualized effective compounded return
rate that makes the net present value of all cash flows
from a particular investment equal to zero. The IRR is
an indicator of the profitability, efficiency, quality, or
yield of an investment. This is in contrast to the NPV,
which indicates the total value or magnitude added by
making an investment. Usually, most investors prefer the
use of IRR in capital budgeting to compare the profitabil-
ity of various projects based on the rate of return. For
instance, an investor will compare an investment in a
PV-powered street lighting to a grid-powered street light-
ing based on the IRR of each project. To maximize returns,
the project with the higher IRR is preferred in terms of
investment. If all projects require the same up-front invest-
ment cost, the project with the highest IRR would take the

highest priority. Though the NPV has gained preference
among academia, research shows that investors prefer
the use of IRR over NPV for the determination of profit-
ability (Pogue 2004). Investors find it easier to compare
investments of various magnitudes in terms of percentage
rates of return than by NPV. However, NPV has been
reported to be a better reflection of worth to business prof-
itability (Pogue 2004). IRR, as a measure of investment
efficiency, may give enhanced perceptions in capital con-
strained circumstances. In contrast, when comparing
mutually exclusive projects, NPV is the appropriate
index. Return on investment (ROI) is the profit to an inves-
tor resulting from an investment of some resource. A high
ROI is an indicator that the investment’s gains compare
satisfactorily to its cost. As an evaluation metric, ROI is
used to estimate the efficiency of an investment or to
compare the efficiencies of several different investments.
In business, the ROI metric is used to estimate, per
period, rates of return on money invested in an economic
entity in order to choose whether or not to accept an
investment. It is also used as an indicator to compare
different investments within a portfolio. In a survey
carried out in carried out in 2010, 77% of senior marketing
mangers interviewed reported that they found the ‘return
on investment’ metric very useful (Farris et al. 2010).
Hence, we adopted the ROI as part of the economic
metrics in this study. cost of conserved energy (CCE) is
a powerful performance metric used especially by policy-
makers for evaluating societal cost effectiveness of energy
efficiency technologies. The CCE calculates the cost of
conserving one kWh of electricity. If retrofitting with
energy-efficient technology results in a CCE which is
less than the price paid for a kWh of electricity, the
project may be labelled as cost effective (Mills and
Piette 1993; Rosenfeld et al. 1993; Stefano 2000).

Generally, both a PV lighting system and a grid-
powered lighting configuration require a luminaire (lamp
inclusive) and a pole. In addition to these, a PV lighting
system also requires the installation of a PV panel, a
battery and other electronic components such as a control-
ler (Figure 2). Depending on the manufacture and technol-
ogy, the battery usually requires replacement every five
years. A grid-powered lighting system requires wiring to
connect the system to the grid. The maintenance cost of
PV lighting is higher because the surface of the solar
panels requires dusting.

CO2 emission and oil equivalent saved
CO2 emission reduction related to retrofitting grid-
powered MH street lighting system with PV-powered
LED and grid-powered LED street lighting was also esti-
mated. It was assumed that in generating a kilowatt-hour
of electric energy using fossil fuel, 1.25 × 10−3 tonnes of
CO2 is emitted and 12,000 kWh of energy is equal to 1
tonne of oil (Babatunde et al. 2018; British Petroleum
2017). Based on the emission data of an earlier research
study conducted at the University of Lagos, the annual
CO2 emission (EMCO2) and the annual oil equivalent of
energy saved (OEES) are estimated using Equations 8
and 9 respectively and the information in Appendix A
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(Babatunde et al. 2018; British Petroleum 2017).

EMCO2 = Ese(kWh)× 1.25× 10−3

1 kWh
(8)

OEES = Ese(kWh)× 1 tonne of oil equivalent

12, 000 kWh
(9)

where Ese is the annual energy saving in kWh. Inputs to
the equations are given in Table 2.

Results and discussion
The site of the case study is the main campus of the Uni-
versity of Lagos, Nigeria. The University of Lagos was
identified as a case study because its street lighting
system is a representative of comparable configurations
in most Nigerian cities. A survey of the main campus
shows that the present street lighting system is grid/
diesel powered MH lamps spanning 2.5 km (Table 2).
The total number of lamps and other details for the case

study (road) are given in Table 2. In Nigeria, the annual
average solar irradiance is estimated to range from
approximately 12.6 MJ/m2/day in coastal regions to
2.52 MJ/m2/day in the extreme northern part of the
country (Akinbulire, Oluseyi, and Babatunde 2014). The
solar irradiance for the area under study was extracted
from NASA data and is shown in Figure 3. The month
of August recorded the lowest insolation level while the
month of April had the highest irradiance. Usually, the
period of lowest solar irradiance represents the worst
case scenario and is utilized in the design (Akinyele and
Rayudu 2016c; Akinyele, Rayudu, and Nair 2015).

The present 500 W MH lamps were replaced with
100 W LED lamps of an equivalent illumination level.
LED has the tendency to reduce energy consumption in
lighting systems because of the absence of a heating fila-
ment and consequently reduce losses due to heating of
the filament. This implies that the cable current carrying
capacity will also be reduced, resulting in a reduction in
the initial cost of investment. This is a major advantage
of a PV-powered solar street lighting configuration as it
also reduces losses. Based on Equations 4–9, the technical
configuration of the solar powered LED lighting system
was estimated. Each complete unit of PV-powered 100 W
LED lighting system consisted of a 300 Wp PV module
and a 120Ah-24V battery with a rated 8 A charge controller
and a 500 W rated inverter. The economic comparison for
three configurations of street lighting (grid-powered MH,
grid-powered LED and PV-powered LED lamp) for the
140 lamps was considered and cumulated.

The summary of initial installation costs of the three
systems are shown in Table 3. The installation cost for
the grid-powered MH was estimated at US$278,190,
while grid-powered LED street lighting installation cost
was US$329,978. The total installation cost for the PV-
powered LED configuration was $424,050. The additional

Figure 2: A typical solar street lighting system.

Figure 3: Average monthly solar irradiation data for Lagos.
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investment related to PVwas due to the PVmodule battery,
charge controller and LED lamp costs. Due to the utiliz-
ation of LED, saving on solar-powered LED installation
system was achieved on the power cable cost. Table 4
shows that the SPP for the solar-powered LED is 4.2
years and 1.6 years for the grid-powered LED system
over a period of 20 years. Results of other economic
indices such as IRR, CCE and ROI are also shown in
Table 4. The grid-powered LED lamp has an IRR of 19%
as compared to PV-powered technology at 16%. The cash
flow for both systems shows that the initial investment in
the PV-powered LED systems exceeds that of the grid-
powered LED system in the first year of investment
because of the high initial capital costs involved in the pur-
chase of the PVmodule and LED lamps. At year 5, 10, and
15 respectively, there would be additional investment for
the PV-powered LED system due to the purchase of bat-
teries. After the initial year of investment, the PV-
powered LED alternative would save $19,622.4 annually,
while the LED grid-powered alternative would save
$13,981 per annum when both systems are compared to
the MH grid connected system.

The environmental benefit comparison of the entire
system configuration is presented in Table 4. Utilization
of the PV-powered LED street lighting system reduced
CO2 emission by 307 tonnes annually, while approxi-
mately 21 tonnes of oil equivalent of energy would be
saved annually. On the other hand, the grid-powered

LED alternative would save about 15 tonnes of oil equiv-
alent annually and CO2 emissions would be reduced by
219 tonnes per annum.

Sensitivity analysis
This present study only considered a small scale of a
2.5 km road with only 140 lamps at the University of
Lagos, Nigeria. Meanwhile, Lagos state government
powers about 400 km of street lighting on conventional
fuel sources. In order to examine the economic impli-
cation of the proposed design on an urban scale, a sensi-
tivity analysis was carried out to show the effects of an
increase in the number of lamps (which will normally
be directly proportional to the length of the road) to be
retrofitted on the overall NPV, CCE, IRR, and SPP. The
number of lamps was varied from 140 to 1000. Figure
4 shows that as the number of lamps increases, so does
the SPP. At 140 lamps, the SPP for a PV-powered LED
street light system is a little above six years, while that
of a grid-powered LED system is slightly above two
years. This is three times less than that of the PV-
powered LED street light system. Shown in Figure 5 is
the effect of change in the number of lamps on the
CCE. It can be seen that as the number of lamps
increases, so does the CCE. The difference between the
CCEs as the number of lamps increases is also shown
on the chart (Figure 5). As the number of lamps
increases, the difference in the CCE decreases. Since it

Table 2: Survey data and technical parameters of the case study street.

Technical inputs Road survey data

Parameter Value Unit Parameter Value
r 10 % Road length 2.5 km
SH 5 hours Height of pole 10
Vs 24 V Number of lamps 140
Ab 1 day Type of lamp MH
DoD 90 % Voltage rating Single-phase 240 V, 50 Hz
hsys 70 % Lamp power 500 W
Isc 5.498 A Required illumination level 8 Lux (BS 5489-1:2013)

Table 3: Initial cost comparison of street lighting technologies at the University of Lagos, Nigeria.

Design configuration Grid-powered MH lamp
Grid-powered LED

lamp
Off-grid PV-powered

LED lamp

Item Unit price Subtotal Unit price Subtotal Unit price Subtotal
Lamp cost US$ 120 16,800 800 112,000 800 112,000
Grid connection cost /generation cost US$ 28,000 5600 0 0
Power cable cost US$ 0 60,800 44,800 10,000
Conduit and piping cost US$ 18,000 18,000 4500
Switch yard cost US$ 3300 580 0 0
Light pole cost US$ 300 21,000 300 21,000 0 0
PV panel cost (/W LED, Wp) US$ 0 0 0 0 2.4
Total PV installation, (kWp) US$ 0 0 0 0 33.6
PV price US$/Wp 0 0 0 0 5
Total PV module cost, US$ 0 0 0 0 950 133,000
Deep cycle battery cost, US$ 0 0 0 0 200 28,000
Controller cost US$ 0 0 0 0 150 21,000
PV modules poles US$ 0 0 0 0 300 21,000
Civil constructions and installations cost US$ 750 105,000 700 98,000 400 56,000
Subtotal (US$) 252,900 299,980 385,500
Miscellaneous (10%) 25,290 29,998 38,550
Total installation cost US$ 278,190 329,978 424,050

8 Babatunde, Akinbulire, Oluseyi and Emezirinwune



has been reported that an energy-efficient technology that
results in a CCE which is less than the price paid for a
kWh of electricity is cost effective (Stefano 2000), all
grid-powered LED street lights for lamps up to 1000
lamps are cost effective, whereas the PV-powered LED
street light system is only effective for between 140
and 400 lamps. In order to make PV-powered LED
street lighting more cost effective, there is a need for
the government to subsidies PV technology and LED
lamps to reduce the initial cost of purchase of the technol-
ogies. In Figure 6, it is observed that as the number of
lamps increases, so does the NPV. Initially, the difference
between the PV-powered LED and the grid-powered
LED street light systems was high, with the latter
having the advantage. However, as the number of
lamps increases, the difference decreases, and the PV-
powered LED street light system has a higher value com-
pared to the grid-powered LED street light system. In the
context of work done on the economics of adopting solar
street lighting (Masoud 2015; Nunoo, Attachie, and
Abraham 2010; Wu et al. 2009), this study was able to
identify that the grid-powered LED street lighting
system has a lower payback period than the PV-
powered configuration. This study however shows that
at a lower lamp number, the NPV of the grid-powered
street light is higher, but as the number of lamps
increases, the NPV of the PV-powered system becomes
higher than that of the grid-powered street light system.
From the foregoing, it can be seen that implementation
of the proposed off-grid PV-powered street light design

on an urban scale will result in considerable economic
benefit as well as emission reduction.

Future research
Although Nigeria is blessed with good solar irradiation
across the country, many solar installations are recorded
to have failed in the past (Akinboro, Adejumobi, and
Makinde 2012; Ohunakin et al. 2014). Just like other
solar PV-based projects, the solar street lighting appli-
cation is also experiencing a lot of challenges. Some of
the factors responsible for the failure and challenges
include: grid unreliability, lack of awareness and infor-
mation, inadequacy of technically skilled personnel,
lack of proper government policy and incentives that
favour solar-based projects, ineffective quality control
of products, theft and vandalization, and, most impor-
tantly, an inadequate maintenance culture (Akinboro,
Adejumobi, and Makinde 2012; Ohunakin et al. 2014).
In order to mitigate these barriers and make solar street
lighting sustainable in Nigeria, the government and rel-
evant regulatory agencies will need to formulate and
implement favourable policies backed up with strong pol-
itical will at all levels of government. Although the cost
of maintaining the proposed solar street lighting has
been considered in this study (Table 4), decision-
makers should also give priority to periodic maintenance
of solar street lighting facilities so as to mitigate system
failure and ensure that the facilities last their entire life-
span. In line with this, future research will be conducted
on the sustainability of solar street lighting facilities. For

Table 4: Potential economic and environmental benefits of street lighting technologies at the University of Lagos, Nigeria.

Item Grid-powered MH Lamp Grid-powered LED lamp Off-grid PV-powered LED lamp
Power rating per lamp (W) 500 100 100
Total power connected (kW) 70 30.1 14
Initial installation cost (US$) 278,190.00 329,978.00 424,050.00
Maintenance and item replacement times
Lamp replacement time (yr) 2 10 10
Battery replacement time (yr) 5
Charge controller replacement time (yr) 5
PV module replacement time (yr) 20
Lamp replacement cost (US$)/yr 16,800.00 112,000.00 112,000.00
Battery replacement cost (US$)/yr 0 0 28,000.00
Charge controller cost (US$)/yr 0 0 21,000.00
PV module replacement cost (US$)/yr 0 0 0
Annual maintenance cost (US$)/yr 7841.70 6539.34 9361.50
Total maintenance savings (US$)/yr 18,102.36 15,280.20
Overall saving/economic index
Hourly power saving (kW) 39.9 56
Lighting hours (hr) 12 12 12
Electricity price US$/kWh (X1 tariff) 0.09
Annual total energy savings kWh/yr 174,762 245,280
Annual total energy savings US$/yr 13,980.96 19,622.4
Total maintenance saving US$/yr 18,102.36 15,280.20
Total annual savings US$/yr 32,083.32 34,902.60
Additional investment for LED US$/yr Reference 51,788.00 145,860.00
Simple payback period (yr) 1.6 4.2
NPV US$ 100,876.13 US$ 65,883.69
IRR 19% 16%
CCE 0.040 0.080
ROI 279% 190%
Environmental benefits
CO2 emission reduction tonnes/yr 218.5 306.6
Oil equivalent of energy saved (tonnes) 14.6 20.4
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example, research on solar street light maintenance
decisions based on multi-criteria decision-making
(MCDM) which involves key stakeholders (facility man-
agers, investor and government) needs to be carried out.
Such a study would determine the most suitable mainten-
ance strategy for street lighting facilities by considering
the four main maintenance strategies (preventive, correc-
tive, condition-based and predictive). The selection

process will be based on sustainability criteria (economic,
technical, social and environmental).

Conclusions
The techno-economic and environmental analysis of
replacing the metal halide grid-powered street lighting
system with a LED grid-powered and LED PV-powered
street lighting system has been presented in this study.

Figure 4: Sensitivity analysis of SPP with number of lamps.

Figure 5: Sensitivity analysis of CCE with number of lamps.
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The street lighting system at the University of Lagos,
Nigeria was used as a case study. For the case study, the
configuration of the system that will adequately serve
the street light is 100 W LED lamps powered with
300Wp module and a 120Ah-24V battery. For the
present case study, the costs of CCE for both grid-
powered and PV-powered LED technologies are lower
than the present tariff. Hence, they are both economical.
Considering installation costs, the MH grid-powered tech-
nology installation ranks best followed by the grid-
powered LED and then the PV-powered LED technology.
This cost is compensated for by the quantity of energy
saved and CO2 reduction level by the LED solar-
powered technology, thereby making it the best. From
the sensitivity analysis, it is seen that the higher the
number of lamps to be replaced, the higher the savings
and NPV.

Furthermore, grid connected LED lamp technology
showed a payback period of less than two years, while
the payback period of the PV-powered LED lamp technol-
ogy is 4.2 years. Based on the results obtained, utilization
of PV-powered LED technology for street lighting of the
university community was energy efficient. The PV-
powered LED lighting system achieved 80% savings in
energy consumption. However, initial costs are approxi-
mately 52% higher than those of the grid-powered metal
halide technology currently utilized. The NPV for the
PV-powered LED lighting configuration is $65,883.
Annual oil equivalent savings of about 307 tonnes is
achievable through the use of PV-powered LED. This
study serves as a pivotal study for policymakers in
making informed choices to enhance sustainable street
lighting systems utilizing a combination of energy-effi-
cient lighting technology and standalone PV systems.
This study emphasizes the possibilities of the penetration

of renewable energy sources in street lighting. It also
shows that the carbon footprint can be reduced using
RES and energy-efficient lamps. In the meantime, this
study is a further contribution to the potential of renewable
energy systems and energy efficiency as means of improv-
ing electricity supply and reducing energy consumption
without resulting in huge economic cost differences or
environmental degradation.
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Appendix A

Conversion factors (Babatunde et al. 2018; British Pet-
roleum 2017)
1 kW = 1000 W
12,000 kWh = 1 tonne of oil equivalent
1 l = 2.68 × 10−3 tonnes of CO2

1 kWh = 1.25 × 10−3 tonnes of CO2
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