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ABSTRACT

Significant investments have been made in solar street lighting due to its cost-effectiveness compared to
grid electricity. Some factors affect the performance of solar street lights. The research investigated battery types,
switching systems, shading, inclination, and orientation effects on sampled solar street lights. Systematic sam-
pling and selection of street lights were based on the Yamane Taro formula. Data was collected through fieldwork
measurements and observations in addition to the use of questionnaires. The Statistical Package for Social Sci-
ence (SPSS) and Python were used to analyze the data. Results showed that switching mechanisms, charging sys-
tems, and battery type significantly influenced the performance of the studied solar street lights. Lithium-ion (Li-
ion) and ultra-capacitors (UCs) outperformed lead-acid batteries, keeping the lights on longer by up to 3 hours
compared to flooded lead-acid batteries. Some charge controller components, such as regulating capacitors, were
faulty and affected the lithium-ion batteries and ultra-capacitors. The failures caused the batteries to overcharge,
resulting in swelling and bursting. The majority of the solar street lights were found to be oriented in the north-
east, with some facing northwest in roads like Lumumba, Great North, and Mosi-O-Tunya. Solar panels in the
northwest along Lumumba Road and Great North Road exhibited an average power output of 89 W, while those
oriented in the northeast had an average power output of 84 W.
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1. Introduction

1.1. Background

Energy is a fundamental cornerstone for human-
ity’s survival and economic advancement. The energy
landscape varies across nations, shaped by geographic
and demographic factors. While certain African coun-
tries rely heavily on hydroelectric and fossil fuel-
based power, others have embraced renewable energy
sources and nuclear energy '". Solar energy, which is
an abundant resource has captured the attention of re-
searchers worldwide. The growing interest in adopting
solar energy has led to an impetus in research efforts
towards other renewable energy sources. Studies are
aimed not only in providing better understanding of
the potential of solar power but also at highlighting the
urgent need to transition towards renewable energy
resources .

The pursuit of sustainable energy initiatives and
the goal of diversifying a country’s energy mix go hand
in hand. The first step involves assessing the energy
resource potentials "**. However, in most developing
countries like Zambia, the availability of solar energy
resource information is limited due to lack of wide-
spread metrological stations for collecting weather
data across the country . The lack of data not only
limits research opportunities but also poses substantial
lack of understanding of solar energy capabilities in
Zambia. Zambian is abundantly endowed with diverse
resources and the potential of solar energy stands out
as a promising alternative for energy production. Zam-
bia receives about 2100 kWh/m? of solar energy with
2000-3000 hours of sunshine per year according to the
data set obtained from the National Aeronautics and
Space Administration (NASA) .

Several of energy technologies have been devel-
oped to take advantage of solar energy. These technolo-
gies include passive solar heating and daylighting, pho-
tovoltaic systems, solar hot water, solar air conditioning
systems and refrigeration. Solar energy can be used in
large-scale applications as well as in small-scale sys-
tems such as homes, traffic lights, and street lighting,
water pumping for agriculture or home use, food dry-
ing, and many others.

Well-lit streets bring confidence to residents in
cities and towns, enhancing security, which plays a piv-
otal role in fostering economic growth and ensuring the
well-being of their dwellers. Unfortunately, Africa has
the highest rate of fatalities from road traffic injuries in
the world *. Enhanced visibility at night emerges as a
critical factor in mitigating accident risks, particularly
for pedestrians who rely heavily on walking as their
primary mode of transportation. Insufficient funds for
public services such as paying for the use of hydro-
electricity to power street lights has resulted in many
challenges, such as rising crime rates, underscoring
the urgent need for urban interventions . Therefore,
investing in solar street lighting can reduce costs spent
on grid electricity bills. It can also improve safety, and
security, especially for women and men who sell along
the streets during late hours. Investments in this area
align with the call for gender-responsive urban plan-
ning in the global South and African countries *”, An
additional dimension to consider is the role of street
vendors in supporting livelihoods and economies
though the controlled street vending which is allowed
elsewhere but illegal in Zambia. Poor lighting condi-
tions limit their trading activities to daylight hours, im-
posing constraints on their income potential %,

Beyond immediate gains, there are substantial
reciprocating benefits for social cohesion and commu-
nity empowerment by adopting solar street lights. The
active involvement of communities in service provision
and safeguarding emerges as a potential catalyst for
sustainable engagement with municipal authorities.
Such collaborations can pave the way for joint financ-
ing initiatives and also improve revenue collection from
taxpayers "',

Environmental and system factors are important
to consider when planning for the installation of solar
street lights. These factors include temperature, energy
conversion efficiency, shading, orientation, and inclina-
tion of the solar panel, to mention a few. Zambia is in
the southern hemisphere, so it is important to ensure
that panels are installed facing true north. The angle
of tilt of a solar panel is also important and is dictated
by the latitude at which it is installed. It is important
to ensure that buildings and trees in the vicinity do not
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shadow panels. This will ensure maximum exposure
of the panel to solar radiation. The street lighting sys-
tems should not be exposed to excessive temperature,
otherwise their efficiency will reduce hence perform
poorly. Other factors to consider in the solar street light
installation are efficient charging mechanisms, types of
batteries, configuration of switching mechanisms, and
challenges in terms of deployment, maintenance, and
safety protocols.

By examining the determinants of their perfor-
mance, this study aimed to find out potential challeng-
es, propose recommendations, and contribute to the
advancement of effective street lighting in Zambia.

The primary aim of this study was to investigate
the technical specifications and factors affecting the
operational performance of solar lighting systems that
were installed within specific streets of Lusaka.

Proper functioning and optimal performance of
street lighting in any city or town is not only an indica-
tor of how well the city or town is organized but also
provides a sense of security to its residence. In Lusaka,
a significant step has been made with the deployment
and installation of approximately 4000 solar street
lights since 2013 by the Lusaka City Council. However,
no study has been conducted to determine the factors
affecting the performance of solar street lights installed
in the streets of Lusaka. By examining the determinants
of their performance, this study aimed to find out po-
tential challenges, propose recommendations, and con-
tribute to the advancement of effective street lighting in
Zambia.

The primary aim of this study was to investigate
the technical specifications and factors affecting the op-
erational performance of the solar lighting systems that

were installed within specific streets of Lusaka.

1.2. Limitations of the Study

The study was confined to looking at performance
of solar street light in some selected streets of Lusaka.
The study was carried out only on four major roads
(streets) with installed lights due to time constraints.
Other factors such as dust, age of panels, wiring losses,
or ambient weather were not considered due to time

and financial constraints. However, it is known that

these factors affect photovoltaic systems to a certain ex-
tent. These are good topics for future research. Second-
ly, the focus on four roads was because the machinery
used for the measurements of the orientations and in-
clinations was also being used by the Lusaka City Coun-
cil engineers. New rules implemented by the police
to protect the solar street lights from vandalism were
already in effect. The rules restricted the study from
being carried out at night, when it was necessary to
take some measurements like voltage and current. The
researchers were given access to solar street lights that
operated on flooded lead-acid batteries on a single road
to ensure the components’ safety, as several had sealed
battery boxes. Only two solar street lights installed at
Lusaka City Council yard, along Ring road, were made
available for the study due to their unique design which
included battery, LED fitting, charge controller, and
solar panels mounted in a single sealed fitting. As a re-
sult, dismantling the lights in the field was not allowed
to avoid damage to the systems. However, orientations

and inclinations were measured during the day.

1.3. Solar Panel Orientation, Inclination,
and Shading Effects

The efficiency of a solar power system is deter-
mined by two pivotal factors, namely, orientation and
location. To achieve maximum power output, it is cru-
cial to ensure that solar panels are oriented optimally. A
solar panel will utilize most of its power when the Sun'’s
rays hit its surface perpendicularly. Therefore, meticu-
lous attention to the correct orientation and appropri-
ate tilt is paramount during installation to expose the
panels to maximum radiation for long periods "?. In the
southern hemisphere, solar panels should be oriented
north, otherwise south for northern hemisphere in-
stallations. In countries situated in the northern hemi-
sphere like China, Canada, United States, Europe, Amer-
ica, and India, the ideal orientation for photovoltaic (PV)
panels is south. Conversely, in countries located in the
southern hemisphere, such as Indonesia, Brazil, New
Zealand, Australia, South Africa, and Zambia, optimal
performance is achieved when PV panels are installed
facing northwards. This geographical consideration un-

derscores the significance of tailoring solar panel ori-
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entation to regional solar patterns for enhanced energy
yield.

Solar tracking systems that follow the Sun’s move-
ment have proven to considerably enhance energy
production. However, it should be noted that in Zambia,
solar street light systems have fixed panel orientation.
Solar tracking systems are not used for solar street
lights by the Lusaka municipal council because of their
high cost. Figure 1 shows two fixed panel orientations

within the streets of Lusaka.

Figure 1. Fixed System of Solar Panels to Ensure Power
Output is Maximized in Lusaka.

The optimal orientation of solar panels may vary
depending on their specific application. Consideration
of a slight deviation from due south or due north can
prove advantageous. For instance, solar panels intend-
ed for residential use may benefit from facing slightly
southwest or northwest. The rationale behind this lies
in the fact that while some panels capture more energy
when oriented due south or due north, the usability of
the energy is enhanced when it is generated later in the
day. The fine-tuning enables solar panels to generate
more electricity during peak hours of demand by align-
ing energy production more effectively with consump-

tion patterns "%,

1.4. The Angle of Tilt/Inclination

The angle of tilt or inclination of a solar panel
also plays important role in its installation and energy
production. The angle at which a solar panel should be

set to produce the most energy in a given year is deter-
mined by its geographical latitude. Studies have report-
ed that the tilt or inclination of solar panels is relative
to the location, period, and duration. Gevorkian advo-
cates a general guideline where the optimal tilt angle
aligns with the geographical latitude, ensuring an ef-
ficient annual energy output 'Y, Dave emphasizes that
solar panels located closer to the equator benefit from a
more vertical inclination to either the north or south "%,
while those nearer the poles should tilt towards the

equator for increased efficiency.

1.5. The Effect of Shading on Solar Panels

The performance of a photovoltaic (PV) module or
array, where modules are interconnected cells forming
larger units, is significantly affected by partial shading
conditions. Shading from passing clouds, trees, or build-
ings can cast shadows on modules, resulting in notable
reduction for the overall power output of the system. In
a study conducted in Germany on improving photovol-
taic power output, Strache et al. revealed that shading
has the potential to compromise a PV system’s output
by up to 20% "*), Kumari et al. further highlighted that
even if just one cell is shaded, it can compromise the
power output of the entire set of interconnected cells .
This compromise occurs because a shaded solar cell, in
the presence of unshaded cells, operates like a diode in
the reverse direction, dissipating substantial power and

leading to local overheating.

2. Components of a Solar Street Light

Frering et al. highlighted that street lighting is an
integral part of the complementary infrastructure along
roads, adaptable to the placement on the left, right, or
in the centre of a dual-carriageway road ©. In a study
on solar street lighting systems, Liu identified key com-
ponents to include solar cell panels, LED lights, lamp
posts, charge controllers and batteries "7,

Usually, solar street lighting systems operate auto-
matically, illuminating at night and powering off in the
morning, offering ease of maintenance at an affordable
cost. An indispensable component in solar street light-

ing is the Battery Management System (BMS) which
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plays a crucial role in monitoring the charging and dis-
charging of the battery by checking the status of each
cell individually "®. It employs a transistor switch and a
properly sized discharge resistor placed in parallel with
each cell. When the BMS detects that a particular cell
is nearing its charge limit, it redirects excess current to
the next cell in a top-down fashion, ensuring efficient
battery management.

Advantages and Disadvantages of Solar Street
Lights

As highlighted by Ambhore et al, solar street lights
offer several notable advantages "\ Firstly, solar ener-
gy, being sourced from the Sun, is a sustainable power
supply. The sunshine available during the day, most of
the year can lead to substantial reductions in electricity
bills for street lighting. The utilization of solar energy
in daily operations translates to significant savings over
time. Additionally, the maintenance requirements for
solar systems are minimal, contributing to their long-
term cost-effectiveness. The use of renewable energy
aligns with environmental sustainability goals, contrib-
uting to the reduction of carbon footprints.

Solar street lights operate independently of the
utility grid, leading to reduced operation costs. Because,
they do not have grid connection, they have operational
autonomy and flexibility. Another notable advantage
lies in their enhanced efficiency, translating to in-
creased durability. Unlike traditional street lights, solar
street lights do not require daily on-off cycles, minimiz-
ing wear and tear. This characteristic not only enhances
their lifespan but also ensures continuous functionality
due to grid power interruptions.

While solar-powered street lights offer remark-
able benefits, it is crucial to acknowledge certain
drawbacks such as poor operation and performance in
extreme weather conditions. Accumulation of snow or
dust combined with moisture on the horizontal PV pan-
els can hinder or even halt energy production, impact-
ing their reliability during adverse weather.

Another drawback is the heightened risk of theft,
attributed to the comparatively higher equipment costs
associated with solar street lights ", Putting security
measures in place becomes imperative to mitigate theft

risk.

The dependency on direct sunlight underscores a
limitation of solar street lights as it is essential to guar-
antee unobstructed access to sunlight, ensuring that the
solar panels are not shaded by shadows or obstructed

by taller structures.

3. Research Methodology and Ma-
terials

3.1. Research Approach

A mixed-method approach to comprehensively
investigate some factors influencing the performance
of solar street lights within selected streets of Lusaka
was employed in the study. Teddlie et al. define a mixed
method as “a type of research design in which Qualita-
tive (QUAL) and Quantitative (QUAN) approaches are
used in types of questions, research methods, data col-
lection, analysis procedures, and inferences *". By com-
bining qualitative and quantitative research, the mixed-
method approach is chosen to mitigate methodological
biases and enhance the overall understanding of the
phenomena under investigation. It was therefore neces-
sary to adopt the mixed-method approach for the study.

The qualitative aspect of the study used a descrip-
tive approach, focusing on meaning and understanding.
It involved collecting information from electrical engi-
neers at the Lusaka City Council. The process focused
on gathering information on their opinions regarding
the technical specifications and models of the installed
solar street lights. Conversely, the quantitative approach
was applied to the technical part of the research, facili-
tating the quantification of the problem. This involved
generating numerical data to derive usable statistics
that could contribute to a more comprehensive analysis
of the factors affecting the performance of solar street
lights. The mixed-method strategy was aimed at pro-
viding a complete and detailed understanding of the

research topic.

3.2. Research Design

The research employed non-experimental re-
search design which is used to conduct quantitative re-

search in which no manipulation is done to any variable
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in the study. In this design, variables are measured as
they occur naturally, without interference of any kind
by the researcher. Mertler points out that manipula-
tion may exist because the variables may be naturally
“manipulated” before the study was undertaken *?. It is
also possible that the researcher can manipulate a par-
ticular variable. Out of the types of non-experimental
research design, the study used both descriptive and
observational study designs. Kerlinger emphasizes that
the descriptive study design is not only limited to mere
fact findings but can lead to the development of essen-
tial principles of knowledge and solutions to significant

problems %,

3.3. Study Location

Lusaka is a district situated in the Lusaka prov-
ince of Zambia. It is located in the south-central region
at a latitude of —15.4°S and longitude of 28.3°E. Lusaka

district shares boundaries with other districts, namely

Chongwe in the East, Chibombo and Chisamba in the
North, and Chilanga in the South.

Lusaka City Council (LCC) currently spends over
K150,000 monthly on paying electricity bills to Zam-
bia Electricity Supply Cooperation (ZESCO) for 17,000
conventional street lights. The Council (LCC) seeks a
transition to solar-powered alternatives for cost-ef-
fectiveness. The council has deployed over 4,000 solar
street lights in some selected streets/roads in Lusaka
and has a plan to deploy more within the coming years.
Not only does the transformative project underscore
the commitment of LCC to innovation but it also sets a
precedent for embracing renewable energy solutions.
Proper guidelines and accurate information are there-
fore necessary for the expansion, and that is where
the study comes in. Figure 2 illustrates the streets in
Lusaka that have embraced solar technology for their
street lighting needs, marking a significant step toward
a more sustainable and cost-effective future for the dis-

trict. Figure 2 shows study area and its location.
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Figure 2. Location of the Study Area.
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3.4. Sample Population Size and Sampling
Technique

Out of a population of 4,000 installed street solar
lights, a sample size of 321 solar street lights was ar-

rived at using the Yamane Taro formula **/,

N
n=—-—
1+Ne

M

where n = sample size, N = population of study, and e =
margin error in calculation.

Employing a 90% confidence limit for each road
under study, specific sample sizes were calculated for
the selected streets/roads. A systematic sampling tech-
nique was then employed for each solar street light
under observation. The systematic sampling technique
was necessitated by the fact that different streets had
street lights of non-identical capacities. Lauren defines
a systematic sampling technique as a probability sam-
pling method in which researchers select members
of the population at a regular interval determined in
advance '*. For example, if the population order is
random or random-like (such as in alphabetical order),
then this method will give a representative sample that
can be used to conclude population of interest.

Originally, we intended to use the standard sig-
nificance level of 0.05, but trying it returned fairly big
sample sizes for the study. For example, using 0.05 for
n, returned a value of 232 solar street lights. Since the
study had both financial restrictions, 0.01 was a more
appropriate choice.

Lumumba road 80 W solar panels

N
n= TN (2)
464

= 464000 (3)
ny; = 93 solar street lights 4

The sample size was then obtained by using

_ 4

n=3mn (5)

Use of equation (5) resulted in a sample size of
321 street lights studied, where n, is for Lumumba road
(80 W solar panels), n, is for Great North road (120 W

solar panels), n; is for Ring road (100 W solar panels)
and n, is for Mosi O. Tunya road (330 W solar panels).
The calculations were done by ignoring fractions in the
denominator and rounding the values upwards if the

decimal point was greater than 0.5.

3.5. Data Collection Method

During the data collection process, various re-
search instruments were utilized for each required
data set. The instruments included a magnetometer,
digital multimeter, and an inclinometer (Figure Ala-
c) presented in the appendix. First, a semi-structured
questionnaire was administered to the electrical engi-
neering department of LCC. The questionnaire method
was chosen for its ease in obtaining responses and suit-
ability for collecting qualitative data. The questionnaire
addressed key aspects such as the types of solar panels
installed in Lusaka, the varieties of batteries used for
energy storage in the solar street light systems, and the
preventive measures implemented by the Lusaka City
Council against vandalism.

In addition to questionnaire-based data collection,
the study involved the measurement of panel orienta-
tion and inclination. Morning and evening voltages,
along with currents, were measured from the batteries
and tabulated to assess their impact on performance.
An inclinometer was used to measure the inclination
or tilt angle of solar panels, while a magnetometer was
used to measure the orientation of the solar panels.

Currently, there exists a multitude of energy stor-
age technologies, a prominent one being electrochemi-
cal energy storage technology. The electrochemical
energy storage systems encompass devices such as
batteries and super capacitors, exhibiting significant
versatility across various applications and offering flex-
ibility in terms of capacity. In a comprehensive study
by Townsend et al., three types of Energy Storage De-
vices (ESD) were scrutinized: lead-acid batteries (LA),
lithium-ion batteries (Li), and ultra-capacitors (UC) *°.
A comparative analysis of these energy storage device
technologies, particularly focusing on their degrada-
tion over time is presented in Table 1 ), Raw data for
other parameters are provided in the appendix (Tables
A1-A4).
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Table 1. Lead Acid, Lithium-Ion, and Ultra-Capacitor Comparison.

LA Li uc
Energy density (Wh/kg) 35-40 50-220 2.5-55
Power density (W/kg) 69-154 50-5100 5000-10,000
Cycle life 800 3000 >50,000
Self-discharge rate (%pm) <3 <2 >54 *
Operating temperature (°C) 40-+60 50-+85 40-+70
Cost (USD **/kWh) 55-168 385-1005 103k-220k
Cost per cycle 0.07-0.32 0.14-1.13 0.22-5.19

Note: ** *Adapted from the work by Townsend et al. *°,

4. Data Analysis

Ibrahim defines data analysis as the systematic
process of performing specific computations and as-
sessments to draw out pertinent information from data
7l Since it is a process, several steps may be involved
before certain conclusions and suggestions are reached.
In this work, most of the data was analysed qualitative-
ly. Before data analysis took place, the data had to be
edited (“cleaned”) to identify and correct any irregulari-
ties. Since the solar street lights were already erected at
fixed inclinations at Lusaka’s latitude the, angles could
not be adjusted, nothing was done to correct the abnor-
malities in their inclination that were discovered. Sec-
ondly, further irregularities were subsequently detected
in the voltage and current readings of solar street lights
situated along some streets, and these were addressed
by repeating the measurement. However, for the first
objective of determining how inclination, orientation,
and shading influenced the performance of solar street
lights, a quantitative analysis was conducted using the
Python programming language. Descriptive statistics
were generated through frequency tables and bar
charts using the computer software Statistical Package
for Social Sciences (SPSS).

5. Results and Discussion

5.1. Technical Specifications and Models of
the Components of the Solar Street Lights

5.1.1. Types of Solar Panels Installed

Lusaka’s solar street lighting infrastructure incor-

porates two distinct types of solar panels classified as

monocrystalline silicon and polycrystalline silicon. The
data collected revealed that 197 street lights installed
used monocrystalline solar panels which constituted the
majority at 65.09% of all solar panels studied. In con-
trast, polycrystalline solar panels, amounting to 96 made

up the remaining 34.91% of the sample in the study.

5.1.2. The Orientation on Performance of So-
lar Panels

Data was collected from 275 solar street lights for;
Great North road, Ringroad, Mosi-O-Tunya road, and Lu-
mumba road. However, due to insufficient information
on voltage and current measurements for the street
lights on Ring road, information for 50 was filtered out
bringing the number to 225 for analysis. Figures 3-5
display the data analysis results.

The data obtained for these roads included the
orientation, inclination, morning and evening voltages,
and currents. Shading details were not captured since
most of the solar street lights studied were strategically
installed without any building or tree covering on the
roads used for the study.

The box plots in Figure 3 illustrate the distribu-
tion of solar street lights’ orientation and its effect on
performance in different directions. The analysis fo-
cused on the three roads namely, Lumumba road, Great
North road, and Mosi-O-Tunya road. Ring road was not
part of the analysis because of limited data hence it was
cleaned out. A plot of the power output against various
directions (north, northwest, northwest, and southeast)
was generated to show the performance variations
based on orientation. The power output used for the
plot was calculated using the measured voltages and

the currents through
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(6)

where P is the electrical power, I is the current, and Vis

P=VxI

the voltage.

The study found that the majority of solar street
lights studied are orientated in the northeast, with
some facing northwest direction on Lumumba road,
Great North road and Mosi-O-Tunyaroad. A limited
number panels of solar street lights were oriented
towards the north (N) and southeast (SE) directions.
Solar panels oriented in the northwest along Lumumba
road and Great North road exhibited a different trend in
average power output of 89W, while those oriented in
the northeast showed an average power output of 84W.
These findings suggest that solar panels facing north-
west generally outperformed those facing northeast.

The results highlight the significance of orienta-
tion in influencing the performance of solar street lights
in Lusaka. A one-way Analysis of Variance (ANOVA) test
was performed for each direction on the three roads to
assess the significant difference in power outputs. The
F-statistics (F-value), a statistical measure to test the
null hypothesis (HO) and the associated P-value indicat-
ing the level of significance in the F-statistic test, were
employed. Panels on Lumumba Road showed an F-
statistic of 0.661 with a P-value of 0.519, and those on
Great North Road showed an F-statistic of 0.426 with
an associated P-value of 0.656. Both roads exhibited
high p-values, suggesting no significant difference was
observed in power output, based on the orientations
found within the two streets.

Solar panels along Mosi-O-Tunya road on the
other hand exhibited a different trend with panels fac-
ing northeast producing more power than those facing
northwest. This distinction is evident in the medians of
the two directions: in the northeast. In the northeast,
the median was 68W compared to 64W for the north-
west orientation. Interestingly, some solar panels on
Mosi-O-Tunya road were oriented southeast, yielding
an average power of 38W, indicating poor performance
compared to the other panels. In contrast to the other
two roads, Mosi-O-Tunya road had a distinct scenario
where solar panels oriented in the northeast direction
performed better than those oriented in the northwest
direction. Panels oriented in the southeast direction

yielded lower power output, demonstrating a signifi-
cant difference in power production. However, in Mosi-
O-Tunya road, the one-way ANOVA test returned an F-
statistics of 2.851 and an associated P-value of 0.042.
Since the P-value 0.042 is less than the level of sig-
nificance 0.05, the hypothesis that orientation affects
power production was confirmed. A shift towards the
southwest or the northwest results in a minor decrease
in energy output and turning towards the west leads to
a moderate drop in energy output. On the other hand,
turning towards the south or north results in the most
substantial decline in energy production depending
on the hemisphere of the place of installation. Figure
4 represents the average power output in the morning
and evening as a function of the angle of orientation of
solar panels of the street lights studied.

Angles of orientation were measured with respect
to the North direction. The impact of the angle of orien-
tation on power output is shown graphically in Figure
4. The analysis of the sampled data reveals that the
solar panels studied operated optimally when oriented
toward the northeast at angles of 11° to 15°. Conversely,
solar panels oriented in the northwest generated the
most power when they were oriented between 1° and
5°. The efficiency and effectiveness of performance
increased as panels were oriented closer to the North.
This can be seen from the peak power obtained in Fig-
ure 4.

A number of studies have demonstrated that a
solar panel’s orientation angle won'’t significantly affect
power generation as long as it is within +20 degrees
to the north or south. The other studies agree with
the finding of this study that solar panels oriented at
between 1° and 5° northwest and between 11° and 16°
generated optimal power. On the other hand, if condi-
tions allow, 20° to the north or southwest will cause the
peak solar power generation to occur after midday, al-
lowing for the production of more electricity during the
winter.

In the study it was observed that along Great
North road, 94% of the solar panels were oriented opti-
mally, in Lumumba road 58.9% and Mosi-O-Tunya road
had 87.5% panels properly oriented.

The performance of the solar panels was found

21



to be influenced by the type of solar panels used.
Monocrystalline solar panels found on both Lumumba
and Great North roads, while polycrystalline solar
panels were used on Mosi-O-Tunya Road. The find-
ings of the study align with previous research, such as
Hidayanti’s which highlights the superior efficiency
of monocrystalline solar panels compared to their
polycrystalline counterparts *?. Hidayanti reported ef-
ficiency rates of 9.22% for monocrystalline panels and
7.94% for polycrystalline panels. In this study, results
agree well with Hadayanti’'s work.

Energy loss during the evening was observed to
be primarily attributed to voltage drops that occurred
when the load engaged, while the circuit’s charge re-
mained constant. This phenomenon resulted in energy
loss, indicating that the power drop was correlated

with the depletion of the battery.

5.1.3. Inclination/Tilt Angle of Solar Panel

Figure 5 illustrates the correlation between pow-
er generated and inclination or tilt angle of solar panels.
This graph assists in identifying the inclination values
that result in higher power output. The data reveals a
range of inclinations where power values are relatively
higher compared to other inclination or tilt angles, sug-
gesting an optimal inclination or tilt angle for power
generation in solar panels studied.

From Figure 5, it is evident that within the range
of 15° 16° 17°, and 20° the solar panels in the north-
east demonstrated higher power output, and northwest
inclination at 15° and 16°. As tilt angle deviated further
from the geographical latitude of Lusaka, the power
generated by solar panels decreased. This reduction
in power not only affected the night-time illumination
of solar street lights but also affected the charging ef-
ficiency of energy storage devices (ESD) due to reduced
stored energy.

Gevorkian’s study contributes valuable insights
by proposing a fundamental guideline for maximizing
annual energy production through solar panels "%, The
study suggests setting the solar panel tilt angle equal to
the geographical latitude for optimal performance. In
practical terms, if a solar array is located at a latitude of

50°, the recommended tilt angle would be 50°. Applying

this principle to Lusaka, with a geographical latitude of
15° south, it logically follows that the optimal tilt angle
or inclination should fall within the same range. This
aligns with our study’s findings, where solar panels
with tilt angles ranging from 15° to 22° were observed
to produce optimal power output. Thus, Gevorkian’s
guideline provides a theoretical foundation that reso-
nates with the empirical evidence obtained in our in-
vestigation, reinforcing the importance of appropriate

tilt angles for solar street light efficient performance.

5.1.4. The Effects of Orientation and Inclina-
tion on the Performance of Solar Street
Lights

It was observed that misaligned angle of orienta-
tions and inclinations negatively affected solar street
light performance. Reduced power generation, insuf-
ficient night-time illumination and decreased charging
efficiency were some of the effected parameters ***",
These consequences pose a safety risk to the citizens.
Insufficient exposure to sunlight resulted in certain
solar panels failing to generate the required amount of
electricity.

Consequently, these solar panel collected less
energy from the sun, which prevented the ESDs from
fully charging or not charging at all, thereby diminish-
ing charging efficiency. Compromised performance of
solar street lights, as they were unable to illuminate
adequately due to the restricted energy supply was also
observed.

6. Conclusions

In this study, it has been shown that the optimal
performance of solar street lights in Lusaka is intri-
cately linked to proper solar panel orientation and tilt
angle. These two factors are major determinants of effi-
ciency within the studied context. Notably, solar panels
facing northeast and northwest demonstrated superior
power output. However, interestingly, solar panels
along the Great North road and Lumumba road, despite
having panels oriented in many directions exhibited no
statistically significant difference in power output. The
minimal variance in energy loss among these group of

street lights implies efficient and optimal operation.
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On Mosi-O-Tunya road, where solar panels were
oriented towards the north, northwest, northeast, and
southeast directions, the power output exhibited a sta-
tistically significant difference, as found by a calculated
p-value of 0.042. This substantial difference among the
groups of solar panels led to the rejection of the hy-
pothesis, suggesting that solar street lights along this
particular road in Lusaka do not operate efficiently and
optimally under the implemented conditions, specifi-
cally the orientation. It was also observed from the
analysis that from all the solar street lights studied;
only 78.7% of the solar panels were optimally aligned.

The inclination of the solar panels studied on the
streets of Lusaka varied within the range of 15° to 22°.
Those exhibiting optimal performance were inclined at
15°, with inclinations in both the northeast and north-
west directions.

The study identified three types of energy storage
in solar street lights, highlighting that ultra-capacitors
and lithium-ion batteries gave better performance
compared to lead-acid batteries. This superiority was
attributed to factors such as maintenance-free opera-
tion, long life cycle and increased resistance to vandal-
ism. Street lights that operated on lithium-ion batteries
and ultra-capacitors were well protected and not easily
accessible; hence vandalism through stealing was not
common.

The study revealed that malfunctioning charge
controllers posed a significant challenge, resulting in
issues like batteries swelling and bursting, particularly
for lithium-ion batteries and ultra-capacitors. Addition-
ally, vandalism emerged as a substantial threat to solar
street lights in Lusaka, emphasizing the importance of
enhancing security in addition to implementing durable
designs. Maintenance-related issues, challenges such as
irregular topping of distilled water, terminal cleaning
and a lack of dedicated equipment, also emerged as a
threat especially on solar street lights that operated on
flooded lead acid batteries, highlighting their adverse
impact on overall system reliability.

6.1. Ethics

The study was carried out at the University of
Zambia in collaboration with the Lusaka City council

who gave permission to use their yard and also pro-
vided assistance in accessing all the street lights that
were studied. An official letter allowing the research to
be carried out was written through the mayor’s office
to the supervisor of the researcher and a copy given to
the researcher.

6.2. Recommendations

The study was based on determining and analyz-
ing some factors affecting the performance of the solar
street lights within selected streets of Lusaka, Zambia.
Several key recommendations based on the findings are

presented "\

6.2.1. Optimal Solar Panel Orientation

During the installation of solar panels in Lusaka,
it is advisable to orient them in the North direction for
optimal performance since. Lusaka being in the south-
ern hemisphere, solar panels in general if to be installed
deviating from the north, this study recommends that
they should be oriented at angles 11°-16" East of North.
Those facing northwest should be oriented at angles
between 1°-5° North of West. Closer proximity to the

north direction was found to enhance system efficiency.

6.2.2. Consistent Tilt at Geographical Latitude

Municipal authorities should ensure that during
installation, solar panels are inclined or tilted at the
geographical latitude of the installation location. For
the case of Lusaka, this would be 15°.

In other locations in Zambia, municipal councils
should determine the specific latitude of the area for

optimal performance and efficiency.

6.2.3. Optimal Performance of Energy Storage
Devices

Municipal authorities should utilize lithium-ion
batteries and ultra-capacitors for their superior perfor-
mance in the high energy densities for the lithium-ion
batteries and power densities for the ultra-capacitors,
durability, and low maintenance requirements.

On the other hand, if utilizing lead-acid batteries
for streetlights (Flooded), consider placing the battery
boxes at elevated heights to prevent easy access to min-
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imize vandalism risks. Furthermore, Municipal authori-
ties should ensure maintenance of the flooded lead acid

is done every 6 months.

6.2.4. Planned Maintenance Budget

A planned maintenance budget before the instal-
lation of solar street lights is necessary. This proactive
approach ensures preparedness for unforeseen expens-
es and contributes to the long-term sustainability of the
lighting systems.

In order to maintain the continued best per-
formance of solar street lights, routine maintenance
should be carried out on a regular basis to prevent
blackouts within Lusaka city.

A strong monitoring team should be established
responsible for monitoring the performance of the so-
lar street lights in order to establish and identify those
which failed or about to fail and make replacement
before they fail completely. The team should develop
a tracking log mechanism for possible scenarios to do

with failure of the street light.

6.2.5. Further Research on Shading Effects

Conduct further studies to explore how any form
of shading on solar panels affects the performance of
the entire solar street light system. This will contribute
to a more comprehensive understanding of potential
challenges and solutions.

These recommendations aim to guide municipal
authorities not only in Lusaka but also in other towns
in optimizing the performance, efficiency, and durabil-
ity of solar street lights, ultimately contributing to sus-

tainable and effective urban lighting solutions.
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Appendix A Fieldwork Measurements of Orientation, Inclina-
tion, Shading, Morning and Evening Voltages and Cur-
rents

Parameters to analyse

i. Orientation

il. Inclination

(b)
Figure A1l. Research Instruments. (a) Magnetometer. (b)
Digital Multimeter. () Inclinometer. This research involved a mixed-method type.

iii. Voltage and current

Table A1. Great North Road Lusaka.

sl Orientation Inclination lux Nominal voltages Currents
") ") (Volts) (Amps)
WN EN Morning Morning for Evening Morning Evening
For 1 battery 4 batteries voltages currents Currents

1 9 17.8 7 2.51 10.10 8.87 6.97 5.56
2 30 14.9 7 2.54 10.17 8.76 13.90 13.50
3 5 18.5 6 2.6 10.33 9.45 12.90 12.20
4 26 18.5 7 2.52 10.10 8.83 13.90 13.52
5 30 18.9 7 2.40 10.29 9.54 12.70 11.98
6 11 19.7 6 2.62 10.44 9.55 13.50 12.58
7 3 20.5 6 2.45 10.21 9.20 11.60 10.25
8 18 189 7 2.58 10.51 9.61 9.50 8.67
9 30 17.3 6 2.7 10.80 9.70 10.05 9.33
10 15 19.5 6 2.58 10.40 9.51 13.0 11.67
11 6 16.6 6 2.6 10.30 9.26 10.45 9.45
12 25 18.3 7 2.61 10.45 9.40 9.87 8.39
13 10 17.5 7 2.64 10.56 9.33 10.64 9.87
14 11 17.9 7 2.6 10.40 9.35 10.39 9.69
15 30 105.1 6 2.51 10.04 8.65 10.45 9.48
16 5 18.7 6 2.58 10.23 8.98 10.62 9.73
17 24 18.2 6 2.53 10.19 8.89 10.23 9.65
18 21 19.0 6 2.40 10.31 9.35 10.66 9.75
19 16 16.3 7 2.69 10.76 9.69 9.98 9.23
20 8 15.8 7 2.65 10.60 9.56 11.06 10.55
21 30 17.6 6 2.90 10.30 9.26 11.50 10.92
22 5 16.6 0 2.53 10.10 9.42 13.43 12.85
23 5 16.5 11 2.93 11.70 9.79 13.74 13.35
24 27 15.7 9 2.71 10.84 9.91 13.80 13.40
25 16 16.5 10 2.65 10.60 9.54 1391 13.50
26 10 20.2 9 2.77 11.08 10.06 8.90 7.44
27 25 18.4 10 2.81 11.24 10.28 12.40 11.01
28 20 17.3 10 2.78 11.12 10.14 5.50 4.87
29 29 18.5 11 2.54 10.16 8.98 8.45 7.64
30 15 16.2 11 2.75 11.0 10.04 9.10 8.52
31 15 15.9 9 2.78 11.12 10.72 6.60 4.81
32 12 16.3 10 2.73 10.92 10.52 12.50 11.30
33 2N 15.5 9 2.56 10.24 9.64 9.30 8.10

25



Table Al. Cont.

sl Orientation Inclination Jux Nominal voltages Currents

") ") (Volts) (Amps)

WN EN Morning Morning for Evening Morning Evening

For 1 battery 4 batteries voltages currents Currents

34 3 16.6 7 2.70 10.80 10.30 11.95 10.45
35 9 18.3 7 2.81 11.24 10.54 12.10 10.81
36 11 17.5 6 2.81 11.24 10.56 11.10 10.24
37 20 17.9 7 2.79 11.16 10.76 11.50 10.30
38 15 15.1 7 2.75 11.0 10.50 12.20 10.96
39 22 18.7 6 2.83 11.32 10.72 13.13 12.90
40 36 15.1 6 2.84 11.36 10.96 13.24 11.98
41 12 15.9 7 2.69 10.76 10.16 9.38 8.56
42 15 15.6 6 2.87 11.48 11.08 12.80 12.20
43 9 5 16.4 6 2.88 11.52 11.02 7.80 7.10
44 37 19.2 6 2.75 11.01 10.61 9.98 8.37
45 30 18.5 7 2.56 10.25 9.85 8.99 8.46
46 10 20.5 9 2.61 10.44 9.94 9.56 9.10
47 33 19.5 10 2.59 10.36 9.76 8.07 7.78

Table A2. Lumumba Road Lusaka.

SSL q’rientation I?clination Lux Nominal voltages Currents
") ") (Volts) (Amps)
Mornin
W Mg gy BT iy Evening
batteries

1 25 20.1 5 2.52 7.79 7.03 12.10 10.90
2 16 19.2 4 2.60 7.80 7.05 12.0 10.70
3 40 18.5 6 2.60 7.90 7.41 13.80 13.20
4 10 17.4 5 2.56 7.78 7.20 13.90 11.20
5 37 16.5 6 2.55 7.80 7.30 8.90 7.50
6 35 17.5 5 2.62 7.76 7.06 13.70 13.10
7 40 16.7 5 2.54 7.60 7.10 13.80 13.40
8 28 19.9 6 2.59 7.81 6.98 13.70 12.80
9 30 20.0 5 2.61 7.85 7.21 9.60 9.10
10 10 20.5 6 2,51 7.53 6.91 12.50 11.30
11 20 203 6 2.30 7.70 6.80 11.30 10.10
12 5 18.5 5 2.39 7.6 7.39 11.95 10.45
13 9 19.3 5 2.45 7.8 7.29 12.10 10.81
14 35 21.1 4 2.7 7.98 7.18 10.10 9.24
15 29 21.3 6 2.61 7.8 7.13 11.50 10.30
16 8 209 6 2.56 7.84 7.13 12.20 10.96
17 10 22.6 5 2.61 7.85 7.35 13.13 12.90
18 12 20.1 5 2.59 7.83 7.56 13.24 11.98
19 25 20.8 6 2.54 7.69 7.19 8.40 7.87
20 Sosdampside 30 219 5 2.48 7.77 7.35 12.80 12.20
21 25 21 4 2.4 7.70 6.98 12.80 12.10
22 30 shdd 20.9 5 2.3 7.10 6.64 12.90 12.20
23 11 21.6 6 2.36 7.20 6.77 13.10 11.56
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Table A2. Cont.

SSL Orientation Inclination Lux Nominal voltages Currents
") ") (Volts) (Amps)
WN EN Morning ::::"r;l e Evening-for Morning Evening
1 battery batteries 3 batteries

24 30 20.5 5 2.3 7.2 6.93 11.90 10.50
25 2 20.8 4 2.29 7.39 7.13 12.90 12.20
26 1 21.8 4 2.45 7.30 7.14 9.58 8.82
27 5 19.6 5 2.49 7.40 7.08 12.70 11.98
28 6 20.9 5 2.49 7.30 7.10 13.50 12.58
29 4 21.4 4 2.30 7.30 7.10 11.60 10.25
30 5 21.3 5 2.40 7.60 7.26 9.50 8.67
31 4 21.5 5 2.50 7.60 7.52 14.0 13.33
32 10 22.5 6 2.56 7.70 7.56 13.0 11.67
33 23 221 5 2.30 7.60 7.26 10.45 9.45
34 30 21.3 5 2.40 7.30 7.19 9.87 8.39
35 25 22.5 5 2.40 7.40 7.29 10.64 9.87
36 5N 21.2 4 2.50 7.20 6.60 10.39 9.69
37 5N 18.9 4 2.40 7.20 7.19 10.45 9.48
38 9 18.4 4 2.45 7.35 7.15 10.62 9.73
39 11 17.5 0 2.40 7.20 7.19 10.23 9.65
40 4 18.5 6 2.40 7.20 7.20 10.66 9.75
41 5N 18.6 6 2.60 7.90 7.55 9.98 9.23
42 24 18.8 7 2.70 8.00 7.40 11.06 10.55
43 9 16.8 7 2.81 8.43 7.39 6.55 5.92
44 7 18.6 4 2.81 8.43 8.21 13.43 12.85
45 26 20.6 7 2.79 8.36 8.10 9.74 9.35
46 13 17.7 7 2.75 8.24 8.01 13.80 13.40
47 10 16.8 6 2.83 8.41 8.25 1391 13.50
48 10 17.7 6 2.84 8.50 7.58 12.96 11.85
49 3N 16.5 7 2.69 8.60 7.69 5.78 6.95
50 10 17.2 6 2.87 8.61 7.70 9.85 8.58
51 13 17.6 6 2.88 8.61 7.70 9.32 8.59
52 8 15.1 6 2.75 8.23 7.55 10.98 9.37
53 30 15.2 7 2.66 7.98 7.68 8.99 8.46
54 5 15.1 7 2.75 8.25 7.75 9.56 9.10
55 16 16.6 7 2.30 7.50 7.34 8.07 7.78
56 11 17.7 6 2.40 7.30 7.13 891 8.35
57 16 18.4 5 2.80 8.40 7.65 9.12 8.43
58 5 16.2 0 231 7.50 7.45 9.57 8.98
59 10 15.8 5 2.34 7.02 6.86 8.58 8.39
60 11 16.9 4 2.70 8.11 7.45 9.23 8.75
61 10 16.4 4 2.46 7.33 7.13 7.21 6.78
62 30 16.5 7 2.74 8.23 7.28 9.85 8.98
63 24 17.1 5 2.62 7.88 7.56 9.73 9.59
64 11 15.2 5 2.40 7.40 6.93 7.55 9.41
65 15 16.1 6 2.78 8.34 7.36 8.99 8.65
66 10 17.0 6 2.85 8.56 7.86 10.01 8.98
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Table A2. Cont.

SSL Orientation Inclination Lu Nominal voltages Currents
") ") (Volts) (Amps)
WN EN Morning l:::"r;l e Evening-for Morning Evening
1 battery batteries 3 batteries
67 15 16.6 5 291 8.74 7.98 10.34 9.88
68 5 16.5 6 2.56 7.56 7.32 8.87 8.27
69 6 17.0 4 2.50 7.59 7.36 9.61 9.06
70 16 16.1 7 2.68 8.06 7.56 9.44 9.20
71 9 15.9 7 2.65 8.00 7.45 8.84 8.15
72 40 20.1 5 2.53 7.80 7.04 12.2 10.9
73 16 19.5 4 2.57 7.87 7.23 13.2 11.3
74 40 18.5 6 2.60 7.90 7.41 5.80 4.29
75 10 17.5 5 2.58 6.61 6.60 0.00 0.00
76 30 17.4 6 2.56 7.78 7.20 13.9 13.2
77 37 16.5 6 2.55 7.80 7.30 6.90 5.50
78 28 19.9 5 2.61 7.81 6.98 8.70 7.15
79 10 20.3 5 2.30 7.70 6.80 11.3 10.10
80 5 19.5 5 2.39 7.60 7.05 11.9 11.15
81 35 21.0 6 3.10 7.89 7.42 11.1 10.80
82 8 20.9 5 2.56 7.84 7.35 7.99 7.54
Table A3. Mosi-O-Tunya Road Lusaka.
ssl (?)rientation Lux Nominal voltages Currents
® (Volts) (Amps)
WN EN Morning Morning Evening Evening Morning
1 15 12 12.98 12.98 12.3 12.30 3.16
2 20 16 13.2 13.1 12.2 12.20 3.40
3 50 19 12.9 13.0 12.1 12.20 2.75
4 48 17 13.0 13.0 12.32 12.24 2.85
5 35 12 13.0 13.0 12.0 12.0 3.85
6 12 12 13.0 13.0 12.0 12.0 3.98
7 53 15 13.38 13.46 12.25 12.27 4.94
8 25 15 12.90 13.0 12.19 12.22 4.72
9 24 17 13.0 13.0 12.28 12.22 5.12
10 23 16 13.0 13.0 12.15 12.13 5.20
11 23 16 13.75 13.82 12.37 12.26 5.21
12 39 17 13.47 13.53 12.43 12.38 4.56
13 39 16 14.2 14.3 12.32 12.28 4.71
14 8 12 12.10 3.59 12.09 3.60 0.02
15 25 13 12.5 12.5 12.23 12.19 4.87
16 30 14 13.71 13.72 12.76 12.86 5.02
17 28 19 13.11 13.10 12.22 12.30 3.25
18 27 19 13.14 13.18 12.40 12.40 4.23
19 5 18 2.0 0.0 2.0 0.0 0.0
20 1IN 17 13.04 13.04 12.83 12.82 4.57
21 8N 18 13.26 13.36 13.01 12.98 3.04
22 15 17 13.36 13.41 13.10 13.20 5.0
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Table A3. Cont.

ssl (zrientation Lux Nominal voltages Currents
®) (Volts) (Amps)
WN EN Morning Morning Evening Evening Morning

23 15 15 13.31 13.26 12.45 12.56 4.17
24 46 17 12.95 12.94 12.87 12.86 6.07
25 43 16 12.94 12.97 12.45 12.48 4.85
26 28 16 13.10 13.05 12.87 12.85 5.95
27 2 17 13.06 13.20 12.65 12.65 6.14
28 5 16 12.01 12.10 11.89 11.87 6.25
29 18 16 13.60 13.50 1320 13.22 6.19
30 15 18 13.62 13.56 12.76 12.86 6.39
31 25 18 14.31 14.27 13.43 13.36 6.72
32 20 19 14.98 14.95 13.75 13.68 6.98
33 2 18 13.26 13.17 13.0 12.98 4.14
34 8N 17 13.10 13.20 12.12 12.22 4.13
35 5 17 13.01 12.97 12.30 12.20 4.68
36 20 16 13.45 13.43 13.17 13.26 4.75
37 50SE 17 12.64 12.66 12.24 12.32 5.23
38 25 19 13.65 13.63 12.26 12.28 6.23
39 48SE 0 13.02 13.01 11.89 13.01 1.03
40 20 0 13.10 13.11 13.10 12.56 1.43
41 12 16 12.45 12.40 12.20 12.21 5.31
42 53SE 17 11.68 12.45 12.22 12.25 2.56
43 35 17 12.31 12.34 12.10 12.20 3.75
44 24 0 12.10 7.45 12.10 12.10 0.67
45 23 17 12.87 12.60 12.20 12.22 7.45
46 39 17 12.50 12.40 12.40 12.30 6.05
47 38 17 12.54 12.51 12.45 12.50 6.76
48 40SE 0 12.0 12.0 12.0 12.0 0.0
49 28 0 12.0 12.0 12.0 12.0 0.0
50 27 0 12.35 11.87 12.3 12.3 1.45
51 55SE 17 11.78 11.74 12.2 12.2 2.67
52 20 16 11.89 11.80 12.30 12.20 3.77
53 51SE 16 12.67 12.66 12.39 12.32 3.99
54 24 16 12.65 12.67 12.50 12.40 4.56
55 11 0 8.50 12.70 8.50 12.70 0.56
56 5 17 14.10 14.10 13.87 13.86 5.35
57 31 16 13.5 13.6 13.15 13.14 6.23
58 36 17 12.65 12.63 12.40 12.41 7.51
59 12 17 12.45 12.43 12.10 12.11 7.02
60 15 17 13.0 13.0 12.32 12.24 2.85
61 10 16 13.0 13.0 12.0 12.0 3.85
62 23 15 13.0 13.0 12.0 12.0 3.98
63 32 16 13.38 13.46 12.25 12.27 494
64 38 17 12.90 13.0 12.19 12.22 4.72
65 36 16 13.0 13.0 12.28 12.22 5.12
66 5 16 13.0 13.0 12.15 12.13 5.20
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Table A3. Cont.

ssl (?)rientation Lux Nominal voltages Currents
®) (Volts) (Amps)
WN EN Morning Morning Evening Evening Morning
67 9 16 13.75 13.82 12.37 12.26 5.21
68 11 17 13.47 13.53 12.43 12.38 4.56
69 14 17 14.2 14.3 13.32 13.28 4.71
70 5 13 11.98 12.00 11.75 11.74 5.16
71 47 15 13.6 13.5 12.2 12.20 4.40
72 8 17 13.02 13.02 12.1 12.20 6.75
73 50SE 16 13.0 13.0 12.32 12.24 2.85
74 41 17 13.0 13.0 12.56 12.56 6.85
75 26 16 13.0 13.0 12.0 12.0 7.98
76 35 16 13.23 13.25 12.65 12.65 3.94
77 29 16 12.90 13.0 12.90 1291 2.72
78 40 17 13.05 13.06 12.38 12.32 3.12
79 40 16 13.10 13.11 12.15 12.13 4.20
80 47SE 16 13.75 13.82 12.37 12.26 5.56
81 20 17 13.47 13.53 12.43 12.38 4.56
82 10 17 14.27 14.23 13.42 13.48 7.71
83 40SE 0 10.25 3.59 10.25 3.60 0.02
84 25SE 17 12.53 12.52 12.23 12.19 4.57
85 16 18 13.51 13.52 12.69 12.68 8.02
86 10 17 13.15 13.15 12.24 12.25 4.25
87 31 17 12.5 12.51 12.05 12.04 3.23
88 12 17 13.08 13.09 12.81 12.80 3.65
89 15S 0 3.0 0.0 3.0 0.0 00
90 39 19 13.16 13.16 12.81 12.83 8.04
91 15 17 13.56 13.51 13.08 13.09 8.0
92 18 15 13.31 13.26 12.45 12.56 2.17
93 30SE 17 12.85 12.84 12.85 12.84 5.07
94 25 16 13.26 13.21 12.90 12.90 8.10
95 10 16 13.31 13.26 12.45 12.56 5.17
96 40 18 13.95 13.94 12.67 12.68 8.07
All-in-one solar panels in Ring Road
Specifications
Panel voltage = 21.6
Panel current = 3.45
Table A4. Ring Road Lusaka.
Ssl 31)'ientation Inclination (°) Lux
WN EN
1 4 9.5 5
2 51 9.6 4
3 24 7.5 4
4 11 7.6 5
5 13 7.8 5
6 31 8.7 5
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Table A4. Cont.

Ssl gl)'ientation Inclination (°) Lux
WN EN N
36 9.6 2 gim
12 6.8 6
15 7.7 5
10 2 8.7 5
11 23 8.7 5
12 32 8.1 4
13 38 8.3 5
14 36 8.9 7
15 1 10.7 7
16 9 11.6 5
17 11 10.4 6
18 14 10.1 5
19 5 9.2 7
20 47 9.5 7
21 8 10.5 4
22 not Battery burst working 0
23 1 9.5 5
24 41 10.2 5
25 26 9.7 5
26 35 10.3 5
27 29 10.4 6
28 40 12.2 5
29 40 8.7 5
30 47 8.9 7
31 20 10.5 6
32 not Battery burst Working 0
33 10 9.5 5
34 16 10.7 5
35 25 9.8 5
36 4 9.3 6
37 10 8.5 6
38 31 8.8 5
39 12 9.7 4
40 15 7.8 5
41 39 9.3 5
42 not l]jif"tsiry Working 6
43 15 11.6 6
44 18 9.6 6
45 30 7.8 4
46 25 9.7 4
47 10 10.3 5
48 40 6.9 5
49 not working 2 11.5 0
50 12 9.4 6
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