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This study describes the development of eco-design of portable solar-
powered telescopic lamp for off-grid area in Indonesia. Several design
requirements for the lamp, namely, sustainability, portability, affordability,
and reliability, are the objectives of the design process in this study.
Sustainability is achieved through renewable energy and the application of
eco-design principles. Portability means it is lightweight, compact and can be
carried anywhere inside a tube. This solar-powered telescopic lamp was
designed with a 3.7 V, 15.6 Ah battery power specification such that the
battery power is around 57.72 Wh. The optimal use of the battery is 80% of
the total battery power that is 46.176 Wh. With a power of 46,176 Wh, the
battery can turn on the LED strip light with a 4.8 W power specification for
9.62 h. The test results showed that the telescopic lamp endurance met the
expected specifications. The real consumed power by the LED strips was
around 1.9 W. The charging test using solar panels with 12 Wp specifications
showed that it will be fully charged in around 3.8 h. However, the

performance of the telescopic lamp, especially in the charging process, is
affected by the environment condition, such as sunlight intensity, ambient
temperature, and humidity.
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1. INTRODUCTION

While Indonesia's demand for electricity is growing, the country's electrification rate is low when
compared to other ASEAN countries [1]. The cost of building and maintaining electricity networks in
Indonesia is higher due to the country's geographical location as an archipelagic country vulnerable to natural
disasters [2]. The low electrification ratio is partly due to the outdated idea of centralizing electricity
generation and disseminating it through transmission lines. Furthermore, even though Indonesia has been a
net importer of oil since 2004, many power plants still use fossil fuels, putting a greater strain on energy
subsidies. As a result, there is an issue of energy supply sustainability in regional growth, where meeting
current needs does not come at the expense of potential needs [3]. Renewable energy sources, such as solar
energy, have evolved into a source of energy that benefits the environment. Photovoltaic (PV) systems
transform solar energy into electric energy [4]. The application of PV systems offers the decentralization of
power generation in the form of microgrids [5] or small standalone off-grid system [6], [7]. The use of
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renewable energy with the network of microgrids allows greater distribution of the system and increase the
acceptability [8]. In a study in Thailand on the EV charging station based on renewable energy reported that
charging cost by PV offered the lowest cost [9]. Encouraged by the advantages of the PV systems, in this
study, a portable solar-powered lamp is developed. Table 1 lists the articles referred for background studies
for developing the design requirements of the lamp.

Table 1. Overview of the included background studies

Author(s) Main information Implications to
study

Statistics Indonesia [10] Information on low electrification ratio in Indonesia and distribution ~ Background studies

Fuad-Luke [11] Product design comparison: Metronimis, Nimbus, Osram Sylvania Design requirements
Lumalux, and Street Light F solar-powered lamps

Zhao et al. [12] Product design comparison: portable solar-powered lightbox Design requirements

Wang [13] Product design comparison: solar-powered lantern Design requirements

Bastian et al [14] Product design comparison: solar-powered portable emergency Design requirements
lamp

Snyder [15] Product design comparison: inflatable solar-powered lamp Design requirements

McHenry et al [16] Product design comparison: portable PV battery-LED systems Design requirements

Mubarok [17] Problems in utilization of PV systems among novel users Design requirements

Shimomura and Universal design principle for easy-to-use product design Design requirements

Katsuura [18]

Mital et al [19] Biomechanical requirements in a hand-carried products Design requirements

In anthropology studies, the term "technostress"” refers to a problem with the implementation of new
technology that necessitates user adaptation [20]. Mental stress will occur when the human cognition system
interacts with sophisticated new technology that necessitates a time-consuming learning process [21]. As a
result, the universal design principle can be used to make the product easy to use by taking into account the
cultural aspects of the potential users. Given that the solar-powered telescopic lamp would be used mostly in
remote areas, it should be quick and easy to operate while also taking into account the lamp's sustainability,
portability, and reliability. Considering that the product development period has become shorter nowadays
[22], the conceptual product stage is combined with the functional analysis to skip several stages in product
development. The concept of eco-design on the other hand should be considered not only during the design
stage but also for the entire product lifecycle [23]. The lifecycle is started from design, raw materials,
manufacturing, distribution, use and finished at the end-of-life of the product [23]. Other studies included the
phases of re-use and recycling before the disposal [24], [25]. In the design stage, the last two stages of the
design process are prototyping and the evaluation of the prototype through field experiments. In the technical
aspect of the design requirements, the solar-powered lamp should be charged during the daytime to provide
light for the entire night. To accomplish these goals, a thorough design process should be followed, as well as
field tests. Furthermore, the lamp does not require a complex management system to operate as a stand-alone
product.

2. MATERIALS AND METHODS

The telescopic lamp has a total weight of 2 kg. The full height of the lamp is around 1.5 m, and the
collapsible height is 0.8 m. The folded telescopic lamp can be carried by placing inside a drafting tube. The
size of the telescopic lamp allows easier transportation given that the weight is far below the maximum
carrying load of even females or children as suggested by manual material handling guidelines [19]. As
illustrated in the design concept in Figure 1, the compact and lightweight design ensures greater efficiency in
manufacturing, distribution, and use. The modular design where the tube and the solar panels can be
assembled and disassembled means easier maintenance given that any parts that are broken can be replaced
easily. The lamp is intended for users in remote areas where the population is mostly less educated. They
have limited experience and access to advanced products. Thus, the technology incorporated into the lamp is
the simplest ones. The assumption was that the simple and rugged design would make it easier to use and
maintain.

The solar-powered telescopic lamp comprises four 12 V LED stripes arranged in circular
surrounding the top of the telescopic rod, as shown in Figure 1. The parallel circuits of solar cells arranged on
a rectangular sheet are placed above the top of the telescopic rod and held up by a supporting stand with four
small rods connecting each corner of the rectangular sheet with the top of the telescopic rod. Other
components, which include electronic charging devices, 3.7 V lithium 18650 batteries for energy storage and
the power supply to turn on/off the electrical system, switch, indicator for charging condition, power
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indicator lights, USB connectors and electrical power jack, are all installed at the lower part of the telescopic
rod. A small foldable tetrapod was added on the lowest part of the rod to support the lamp during standing.

*Solar cells ECO-dCSi@V} Concepts
*LED Stripes Renewable Everagy
Error tolerant: = \ Reduced Wass and

simplified control portability

«Telescopic Rod
7 Service:
Wore Function

Easy to learn: \>
high affordance 3

Purability:
« Tetrapod easy maintenance

Figure 1. The field test of the lamp (left), isometric technical drawing of solar-powered telescopic lamp
prototype (center), and eco-design concepts of the lamp where the use of renewable energy in the form of
solar power is supported by other features such as lightweight, greater function, easy maintenance, and easy
to use (right)

The field testing of the solar-powered telescopic lamp was intended to be conducted in two opposite
topographic areas: highland. The field testing with different location conditions was performed to validate the
results of solar telescopic lamp design in real-life locations where the lamp was designed to be utilised. In
this field test, Ciwidey and Lembang, in the mountainous area nearby Bandung in West Java Province, were
selected for highland areas. Indonesia lies around the equator with a hot and humid tropical climate where
only two seasons, namely, dry, and rainy seasons, occur with a relatively constant temperature. The mountain
region has an average temperature of 23°C [26].

The field experiment was conducted in the dry season of 2020 due to several problems from the field
experiment performed during the rainy season of 2018. The last field experiment was performed in Lembang,
West Java. In the experiment, a stricter experiment procedure was conducted where the data were not only
collected by a data logger but also by performing manual measurements using several instruments to confirm
the results recorded in the data logger. The previous experiments showed that the data logger is prone to error,
which is probably related to its exposure to the environment. The experiment procedure is illustrated in Figure
2. The experiment was performed only to measure the charging process. The stricter data recording procedure
was implemented using the data logger and manual measurement using instruments such as voltmeter and
amperemeter, as well as environmental variable measuring instruments. The information on the measurement
instruments is provided in Table 2. The environmental variables measured were solar irradiance, ambient
temperature, panel surface temperature and humidity. The voltage and the current were measured before and
after the circuit to understand the efficiency. The field experiment was performed from 10:00 WIB to 16:00
WIB.

SWITCH

18650 3000mAh 3.7V

®.
LED STRIP 12V

STEP UP DC
CONVERTER

CHARGING MODULE
TP4056

LED STRIP

SOLAR CELL 5V 220 mA (12 pcs) LITHIUM BATTERY (6 PCS) =

USB PLUG

INFORMATION:
Al : Amperemeter for input charger A2 : Amperemeter for output charger
V1 : Voltmeter for input charger V2 : Voltmeter for output charger

INSTRUMENTATION:i:
AC-DC Digital Clamp Meter
Kyoritsu

INSTRUMENTATION DRAWING ON TELESCOPIC LAMP TESTING

Figure 2. Schematic diagram of the field experiment. The voltmeter and the amperemeter were placed to
measure both the input (before the circuit) and output (after the circuit) chargers
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Table 2. Instruments for measurements

Instruments Type Specification Measured
variables
Digital Multimeter Sanwa RD700 DCV 400m/4/40/400/1000V (accuracy: +(0.3%+4), resolution Voltage and
(Voltmeter and (Sanwa Electric 0.1 mV) current
Amperemeter) Instrument Co. Ltd., DCA 4001/4000/40m/400m/4/10A (accuracy: *(1.2%+3),
Japan) resolution 0.1 pA)
Solar power meter Tenmars TM-207 3-1/2 digit LCD display. Maximum reading 2000 Solar
(Tenmars Electronics, End-mount sensor irradiance
Co., Ltd., Taiwan) Select either W/m? or BTU/FT2xh)

Data Hold/Min/Max functions.

Typically within £10W/m2 [+3BTU/ (ft2 x h)] or 5%
whichever is greater in sunlight.

Temperature included error £+ 0.38W/m2/°C [+0.12BTU/(ft2 x
h)] /°C] deviation from 25°C.

Environmental Extech EN300 Temperature: 32 to 122°F/ 0 to 50°C (0.1°), accuracy +2.5°F, Temperature

meter (Extech-FLIR +1.2°C and humidity
Systems, USA) Relative humidity: 10 to 95% (0.1%), accuracy +4%RH

Data logger LGR-5320 Series Up to 200 k S/s sampling rate Data recording
(National Instruments,
USA)

Several problems were experienced from the previous experiments that were performed during the
rainy season. The data logger did not always work well to record the data on the performance of the solar-
powered telescopic lamp during exposure in the field. The problems were confirmed when statistical analyses
were conducted to measure the effects of environmental variables on the charging performance. The fourth
field experiment at Lembang was conducted in August 2020 or during the dry season. The location is the
same as that of the first experiment.

3. EXPERIMENT RESULTS

The results of field experiments provide insight into various aspects of the solar-powered telescopic
lamp. From the first location of the field experiment to the last, several problems occurred. The most obvious
was that, from a few prototypes tested, not all of them produced good data mostly because of data loggers’
connection that made them failed to record data. Given that the timing of the field experiment was conducted
at the beginning of the rainy season in November 2018, the weather conditions also created challenges for the
experiment. The cloudy weather, which is common during the rainy season, has been suggested to reduce
solar panel output up to around 80% [27]. To re-confirm this assumption, we conducted another field
experiment focused on the charging process in the dry season of 2020 when the weather is relatively clear
without excessive clouds that block sunlight.

3.1. Weather condition during the field experiments

The first location for conducting the field test was in the highlands of Cikole, Jayagiri, Lembang, a
small-town north of Bandung, West Java, which situated on the slope of Mount Tangkuban Perahu. The
geographic coordinate of the first field experiment location is S=06° 46'54.7"E = 107°38'59.5" at an altitude
of 1,376 m above sea level. During the experiment for 2 days in Lembang, the weather was predominantly
cloudy with light showers. The temperature was around 19°C in the morning to 25°C in midday. The
humidity was around 90% in the morning when the weather was partly drizzle and around 70% in the
afternoon when the weather was cloudy. Then, the humidity increased again to more than 80% before sunset
when the weather showed light showers. Humidity has been reported to affect solar radiation reception and
photovoltaic performance, where higher humidity increases solar power loss [28], [29]. The peak solar
irradiance was 463-471 W/m? at around 9:00 Western Indonesia Time (Waktu Indonesia Barat/WIB) in the
morning. Another experiment (the fourth one) was performed in Lembang during the dry season of 2020,
with clear weather, greater solar irradiance and lower humidity than the first field experiment.

The second location for the field experiment was Ciwidey with geographical coordinates of
S = 07°06'46.6"E = 107°26'20.7" at an altitude of 1321 m above sea level. The field experiment at Ciwidey
was conducted right after the experiment in Lembang in November 2018. The second field test location was
nearly at the same characters as the first test location, which is in the highlands, given that Ciwidey is located
on the slope of Mount Patuha, in the south of Bandung. Considering that the weather was clear, the
temperature was slightly higher between 21°C in the morning to 28°C in midday, with the humidity between
57.8% and 77.1%. The humidity was relatively lower than that in the field experiment in Lembang. The solar
irradiance was 406-635 W/m? in the morning between 9:00 to 10:00 WIB.
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3.2. First field experiment at Lembang, West Java

In the first field experiment, five telescopic lamp prototypes were tested, out of which only two of
them successfully produced data to be reported in this article. The testing of the solar-powered telescopic
lamp 1 during day 2 began at 07:36 Western Indonesia Time (Waktu Indonesia Barat/WIB) in Lembang with
an initial battery voltage of 3.49 V and the current of 462.8 mA. The experiment was performed during the
daytime and completed right before sunset. Thus, charging and discharging processes occurred
simultaneously in this session. The telescopic lamp 1 was found to last for approximately 10 h with a
remaining voltage of 3.34 V and a current of 314.1 mA. The timing of the experiment during the daytime
provided solar energy supply that prevented a fast energy draining. As illustrated in Figure 3 (a), the voltage
and current changes in lamp 1 during the field test were relatively flat with a slight decrease. Yellow lines
represent voltage, and dotted blue lines represent current. The simultaneous charging and discharging
processes during greater solar irradiance prevented the fast energy draining, especially before afternoon. The
lower solar irradiance in the afternoon resulted in the drastic drop of voltage and current in Figure 3 (b).

The field testing of the solar-powered telescopic lamp 2 during day 2 began at 6:15 WIB in
Lembang with the initial voltage of the solar panel of 5.68 V and the current of 59.6 mA. Similar to lamp 1,
lamp 2 also underwent charging and discharging processes simultaneously in the test. The maximum voltage
generated by the solar panel was 6.12 V, and the maximum current was 134.1 mA. The sunlight could be
received optimally only until 13:00 WIB because the weather turned cloudy thereafter and was followed by
showers that made the sunlight intensity dropped to only less than 10% compared with the peak intensity that
was measured that day. The calculated efficiency of the circuit during the peak condition was around
25.59%. The efficiency, which represents the circuit efficiency, was calculated based on the comparison of
output and input powers [30]-[32]. The voltage and current changes in lamp 2 are shown in Figure 3 (b). A
quick decrease in voltage and current was observed after midday, which is in agreement with the previous
effect of cloud in reducing solar panel output [27]. Given that the drastic changes in the weather accompanied
by the limited data on the environmental variables were recorded, the statistical analysis performed did not
find any significant effect of the variables on the lamp performance (p>0.05).
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Figure 3. Results of the testing during the first field experiment at Lembang; (a) lamp 1, (b) lamp 2

3.3. Second field experiment at Ciwidey, West Java

In the second field experiment, five prototypes were tested, and three of them are reported in this
article. The weather dominated by cloudy and light showers followed by an error in environmental variable
measurement instrument resulted in data that did not show any significant correlation with the solar-powered
lamp performance (p>0.05). The testing of lamp 1 at the second field experiment began at 19.20 WIB in
Ciwidey with an initial battery voltage of 3.39 V and a current of 247.5 mA. In this experiment session, only
the discharging process was performed because the test was at night. The telescopic lamp could last for 11 h
18 min with a remaining battery voltage of 3.26 V and a residual current of 171 mA. The changes in voltage
and current during the testing of lamp 1 are depicted in Figure 4 (a). The voltage and current decreased
gradually during the period of discharging testing. Yellow lines represent voltage, and dotted blue lines
represent current. A gradual decrease in voltage and current was observed during the discharging processes in
the evening testing.

The testing of telescopic lamp 2 during the second field experiment was started at 00:22 WIB
midnight with an initial battery voltage of 3.4 V and a current of 277.9 mA. The lamp was observed to last
for approximately 6 h 22 min and left a voltage of 3.39 V and a current of 246.7 mA. The changes in voltage
and current during the testing of lamp 2 are shown in Figure 4 (b). For the daytime testing session, the third
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telescopic lamp test of the second field experiment location started in the morning at 6:40 WIB with an initial
battery voltage of 5.53 V and a current of 23.6 mA. From this field experiment session, the telescopic lamp
was found to last for more than 11 h and left a voltage of 0.14 V and a current of 1.1 mA. The changes in
voltage and current during the testing of lamp 3 are shown in Figure 5 (a). A drastic decrease in solar
irradiance was observed in the afternoon, especially after 1:00 PM that made drastic drop in voltage and
current. Yellow lines represent voltage, and dotted blue lines represent current. The lower solar irradiance in
the afternoon resulted in the drastic drop in voltage and current shown in Figure 5 (a), which resembles that
in Figure 3 (b). A gradual decrease in voltage and current was observed during the discharging processes
shown in Figure 5 (b), which is similar to those in Figures 4 (a) and (b). The night session of third lamp test
was started in the evening at 19:20 WIB with an initial battery voltage of 3.2 V and a current of 501.5 mA.
The lamp was found to last for approximately 12 h 2 min and left a voltage of 2.83 V and a current of 67.3
mA. The changes in voltage and current during the continued testing of lamp 3 are shown in Figure 5 (b).
The figure shows that a faster drop occurred approximately in the last 3 h of the experiment.
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4. Results of the testing during the second field experiment at Ciwidey; (a) lamp 1, (b) lamp 2
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Figure 5. Results of the testing of lamp 3 during the second field experiment at Ciwidey; (a) daytime session,
(b) night session

3.4. Third field experiment at Lembang, West Java

The weather during the experiment was clear all day. As shown in Figure 6 (a), the range of solar
irradiance was between 460 W/m? measured late before sunset and 1240 W/m? measured at midday, with an
average solar irradiance of 1001 W/m?2. The peak solar irradiance was found to be even greater than that of
the previous experiment at Ayer Island. Figure 6 (b) shows the humidity was between 13.5% measured
during midday and 40.3% measured before sunset, with an average humidity of 26.8%. The level of humidity
was lower than those in the three previous experiments. The surface temperature was measured to have a
range between 28°C and 41.6°C with an average of 31.6°C, whereas the range of the ambient temperature
was measured between 26°C and 27°C, with an average of 26.7°C. The highest temperature was observed to
occur at midday, and the lowest temperature was measured before sunset. The wind speed was found to be
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relatively low with an average speed of 0.7 m/s given that the site of the field experiment was surrounded by
trees and several buildings.
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Figure 6. Solar irradiance; (a) humidity, (b) during the fourth field experiment at Lembang in August 2020

Figures 7 (a)-(b) illustrates that, in the comparison between the voltage measured between the solar
panel and the circuit (Vin) and the voltage measured between the circuit and the battery (Vout), the latter was
always lower than the former. Such a condition was also observed in the comparison between the electric
current between the solar panel and the circuit (lin) and the voltage measured between the circuit and the
battery (lout). The range of Vin was between 4.78 and 5.15 V, with an average of 4.86 V, whereas the range
of Vout was between 3.47 and 3.75 V, with an average of 3.61 V. Statistical analyses using Spearman’s rank
order correlation revealed that Vin had negative correlation with solar panel temperature (rs=—0.495,
p=0.006) and ambient temperature (rs=—0.425, p=0.021) but positive correlation with humidity (rs=0.379,
p=0.043). In the meantime, Vout had a positive correlation with ambient temperature (rs=0.805, p=0.000).
The data of the electric current showed greater fluctuation than those of the voltages. The range of lin was
between 0.26 and 0.4 A, with an average of 0.32 A, whereas the range of lout was between 0.04 and 0.35 A,
with an average of 0.23 A. Similar to the voltage data, the current data were not normally distributed.
Therefore, non-parametric statistical analysis in the form of Spearman’s rank order correlation was also used.
lin had positive correlation with solar irradiance (rs=0.452, p=0.014) and ambient temperature (rs=0.575,
p=0.000) but negative correlation with humidity (rs=—0.542, p=0.002). lout had positive correlation with
solar irradiance (rs=0.833, p=0.000), solar panel temperature (rs=0.623, p=0.000) and wind speed (rs=0.385,
p=0.039). However, it had negative correlation with humidity (rs=—0.702, p=0.000).
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Figure 7. Results of the testing of lamp during the fourth field experiment during daytime session, (a) voltage
before (Vin) and after (\Vout) the circuit, (b) current before (lin) and after (lout) the circuit
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The fluctuation of the electric power is affected by the fluctuation of the voltage and the current,
with the latter having a greater effect as proven by the resemblance in the line graph shown in Figures 8 (a)-
(b). The calculated electrical power between the solar panel and the circuit (Pin) was found to have a range
between 0.721 and 1.94 W with an average of 1.55 W, whereas the calculated electrical power between the
circuit and the battery (Pout) had a range between 0.21 W and 1.26 W with an average of 0.83 W. Pin
showed significant correlation in the form of positive correlation with solar irradiance (rs=0.418, p=0.024)
and ambient temperature (rs=0.597, p=0.001) and negative correlation with humidity (rs=—0.513, p=0.004).
Pout had positive correlation with solar irradiance (rs=0.785, p=0.000) and solar panel surface temperature
(rs=0.562, p=0.002) but negative correlation with humidity (rs=—0.684, p=0.000). Charging efficiency was
calculated from the ratio between Pin and Pout. The efficiency ranged between 19.25% (before sunset) and
75.34% (at midday) when the solar irradiance was at its peak accompanied by the lowest level of humidity.
The average efficiency was calculated at 52.49%, a greater number than all the previous experiments carried
out during the rainy season. The efficiency had positive correlation with solar irradiance (rs=0.853, p=0.000)
and solar panel surface temperature (rs=0.613, p=0.000) but negative correlation with humidity (rs=—0.644,
p=0.000).
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Figure 8. Electrical power changes of the lamp during the fourth field experiment during daytime session, (a)
power before (Pin) and after (Pout) the circuit, (b) the circuit charging efficiency measured from Pin and Pout

4. DISCUSSION
4.1. The effects of environmental variables on the solar-powered lamp performance

From the field experiments, the environmental metre only successfully recorded a larger amount of
data in the first and fourth experiments, both were conducted at Lembang, West Java. Variables such as solar
irradiance, temperature and humidity affect solar-powered electricity generation [33]. In this study, the
problem during data collection leads to insufficient data for statistical analysis. Only the first and fourth
experiments provided sufficient environmental variables data. However, the statistical analysis of the first
experiment did not show any significant correlation between the environmental variables and the lamp
performance (p>0.05). The first experiment was conducted during the rainy season in the mountain area
popular for a long and humid tropical mountain rain. Thus, the changes in the weather from clear sky to
cloudy followed by light showers or even rain resulted in the greater fluctuation in the environmental
variables data. Such an environment is probably not an appropriate place for solar-based electrical power
generation. On the contrary, the fourth field experiment was conducted at the same place during the dry
season with much greater sunlight intensity and lower humidity. As such, the experiment successfully
revealed the effects of environmental variables on the solar-powered lamp performance.

4.1.1. Sunlight intensity effect

Sunlight intensity was found to positively affect the electrical current and power before and after the
circuit and the efficiency. Greater solar irradiance will increase these performance variables, a confirmation
to the statement that electric energy generation is nearly proportional to the solar irradiation level. Notably,
voltage is insignificantly affected by the solar irradiation level probably due to temperature. The temperature
measured from the solar panel indicated a negative correlation with voltage before the circuit and a positive
correlation with the electrical current and power after the circuit and efficiency. The ambient temperature
indicated a negative correlation with the voltage before the circuit and a positive correlation with the voltage
after the circuit, the electrical current and power before the circuit and efficiency.
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4.1.2. Ambient temperature effect

Ambient temperature has been reported to decrease power generation and overall efficiency under
higher temperature [33], [34]. The findings of the current study reveal that such condition only occurs on the
voltage, whilst other performance variables are in contradictory with the previous studies. However, the
maximum temperature investigated in the previous studies was much higher than that in this study.
Therefore, the effects of the temperature probably also differ. Higher ambient temperature and greater solar
irradiance will increase the solar panel temperature, which will decrease the voltage and increase the
electrical current. Ultimately, the electrical power generated by the system will increase. Higher humidity
level corresponds to higher voltage before the circuit and lower current before and after the circuit, electrical
power before and after the circuit and efficiency. A previous study reported that humidity decreases the
voltage, current and power [29]. In the present study, the findings are in agreement with those in the previous
study, except the voltage before the circuit. The humidity actually affects the circuit and other parts after the
circuit to a greater degree than the solar panels.

4.2. System fficiency

The suggested circuit efficiency or fill factor was up to 80% [30]. The peak efficiency calculated
during the fourth experiment during the dry season was 75.34% with an average of 52.59%, which is much
greater than those of all the three earlier field experiments. The results indicated that the performance of the
solar-powered telescopic lamp is actually only slightly lower than the reference when the weather and the
environment support its operation, especially during the dry season in Indonesia. As depicted in Table 3, the
compared references mostly have circuit efficiency in the range of the designed lamp, especially when the
solar irradiance and cell temperature are at the same level. However, the condition that Indonesia has rainy
and dry seasons, each for around six months, should be considered for the future development of the lamp.

Table 3. Data of fill factor from various references

System Test Location Circuit efficiency/ Description
fill factor

Sillicon solar Laboratories: UNSW PERL, FhG-ISE, 72.1-82.8 % Under 1000 W/m? at 25°C cell temperature
cell NREL [30]
111-V Cells Laboratories: FhG-ISE, NREL [30] 75.1-86.0 % Under 1000 W/m? at 25°C cell temperature
Thin Film Laboratories: FhG-ISE, NREL [30] 75.1-80.3 % Under 1000 W/m? at 25°C cell temperature
Chalcogenide
Amorphous/ Laboratories: JQA, NREL, AIST-Kyocera  67.0-76.6 % Under 1000 W/m? at 25°C cell temperature
nanocrystalline [30]
Si
Organic polymer  Laboratories: NREL [30] 48.3-62.5 % Under 1000 W/m? at 25°C cell temperature
Standalone PV Field Experiment in Malaysia [35] 57-8-66 % Under 995.5 W/m? at 44.29°C cell
system temperature
Organic PV Laboratory: Universitat Augsburg [36] Up to 74% Under 100mW/cm? at 25°C cell temperature
Organic PV Laboratory: Seoul National University [37]  57-63% Under 1000 W/m? at 25°C cell temperature

4.3. Efficiency improvement techniques for future development
4.3.1. Solar power tracking system

A solar power tracking system to automatically direct the solar panel towards the most optimal
direction of the sunlight has been developed by another group of researchers in our research centre [38]. This
system may be an option of technology to be incorporated in the future design of the telescopic lamps to
optimise solar energy harvesting. Further development of the system to track the maximum power point has
included a proportional-integral (P1) controller based on fuzzy logic [39]. Pl-based maximum power point
tracking (MPPT) has been suggested to be the most appropriate for low-cost applications as it is not only low
cost but also easy and simple [40]. Artificial neural network is considered to provide the best efficiency in
MPPT and can predict the generated electricity beforehand [41]. However, it is more costly because of the
additional sensors, such as temperature and irradiance sensors [40]. As such, it is probably more applicable in
a larger solar energy harvesting system. Another approach is the application of artificial intelligence to
predict the weather 24 h ahead by optimising the information of weather forecasts and input power [42]. In
general, solar power prediction is complex because it involves the PV system and environment variables.
Therefore, various Al-based prediction models should be analysed to select the best model for different
application scenarios [43].
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4.3.2. The cooling system

Other than solar tracking, another technology considered for future inclusion in the re-designed solar-
powered telescopic lamp is the cooling system given that Indonesia lies in the tropical climate. The hot and
humid climate has been worsening due to global warming, and this situation increases the necessities for the
cooling system. In general, cooling systems have two types: passive and active cooling systems. Passive cooling
techniques are the method to minimise heat absorption by the solar panel by transportation and dissipation of
heat to the environment without any power consumption [44], [45]. Passive cooling techniques include phase
change material (PCM)-based cooling techniques, air-based passive cooling techniques and liquid-based passive
cooling techniques [45]. Amongst the three methods, the PCM-based cooling technique is suggested to be the
most harmful to the environment, whilst the air-based cooling technique is considered the most eco-friendly.
The active cooling technique is a method for cooling the solar panel that requires continuous power
consumption for its operation [44], [46]. Active cooling techniques include air- and water-based active cooling
techniques, where the latter is considered to be more eco-friendly than the former [46]. Active cooling
techniques offer greater efficiency; however, the cost is more expensive. The positive and negative aspects of
the cooling techniques should be studied thoroughly before selecting the most applicable technique.

5. CONCLUSIONS

From testing by comparing the charging power of the incoming solar cell with the real power
received by the battery after passing through the electronic circuit (comparison between charging power
before and after passing the circuit), a solar panel power is found to be lost when measured in the battery.
The efficiency of the solar cells is still low compared with some references when the weather is cloudy or
rainy. However, when the solar irradiance is higher during the dry season, the efficiency is close to the
maximum value suggested by the references. Improving the efficiency of solar energy harvesting by the
application technologies such as MPPT system or solar panel cooling system can be considered for further
development of the lamp. The most important aspects for a product that is intended to be used by people
mostly in remote areas with limited technical support are usability and cost. As such, the next step after field
tests will be testing by the intended users to gain an insight into any potential problem during the adoption
process of the lamp by the future users. Research on user experience when using the product on the field
should be conducted. Any new technology inclusion should not neglect the consideration of practicality and
cost efficiency given that some of the potential users are probably unfamiliar with high-tech products and
have limited financial capability to afford the lamp.
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