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ABSTRACT The current solar desalination process is facing a challenge of longer time for the brine
temperature to reach the evaporation threshold during the winter with cooler ambient temperature, cloudy,
and the initial hours of the day. This study aims to address the challenge by reducing initial waiting period
of evaporation lag through integrating a glow plug enabled solar powered water heater (SPWH), operates at
low resistance (0.48 — 0.81 €2) and high power (12 V, 25 A, 300 W). Prior to implementation, mathematical
modelling is employed to determine the appropriate sizing of the PV system, battery, cable, and maximum
power point tracking (MPPT) controller. The results demonstrate a significant increase in the temperature of
the brine, reaching 79.2 °C within 45 minutes at a rate of 0.96 °C/min. The temperature profile demonstrates
that the brine water, reaching a steady peak with minimal fluctuations of £ 2 °C, retains heat more effectively
than the chamber temperature due to its higher specific heat capacity. Throughout the experiment, the
average brine temperature is maintained at 70.58 °C, even on a day with heavy cloud cover (average
irradiance 418 W/m?). Another noteworthy finding is that the system can produce more than 3.35 kg/m?
of freshwater per day with the highest thermal efficiency of 68.18% under cloudy ambient conditions. The
electrical performance of the system proves to be highly stable, with the voltages of both the PV system
and battery experiencing minimal fluctuations not more than 0.9%. In addition, the system has achieved a
cost-effective production rate of $0.09/kg. By employing this technique, challenges related to limited access
to clean drinking water, scarcity of freshwater sources, and water quality issues in remote Malaysian islands
can be effectively overcome.

INDEX TERMS Glow plug, solar heater, solar desalination, evaporation lag.

I. INTRODUCTION
The associate editor coordinating the review of this manuscript and Water, a naturally circulating resource, undergoes continuous
approving it for publication was Enrico Zio . replenishment; however, its usable form remains limited
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despite its critical importance to all life on Earth. Saline water,
which constitutes most global water resources, is unsuitable
for consumption or irrigation without treatment. In fact, only
about 0.001% of the Earth total water volume is readily acces-
sible in the atmosphere for direct use [1]. Solar desalination
has emerged as a promising solution, utilizing solar radiation
that penetrates a transparent top cover of a chamber to heat
brine water. As solar energy is absorbed and transferred to
the saline water, its temperature—and consequently its vapor
pressure—increases, leading to evaporation and subsequent
condensation on the cooler top cover surface [2], [3], [4].
Brine water desalination has become a key commercial
method for producing freshwater, particularly in arid regions
such as the Middle East and North Africa. More recently,
certain Southeast Asian regions, notably Sabah in Northern
Borneo, Malaysia, have also faced escalating freshwater
scarcity due to rising demand, inadequate supply systems,
mismanagement of river basins, and rapid population growth.
These challenges are exacerbated by climatic variability
driven by the southwest monsoon season, which frequently
results in prolonged droughts and further threatens water
security in the region [5].

To address this water crisis, few distillation methods
have been developed for water desalination technology.
Among these, solar distillation is one of the best practical
and economical methods of freshwater production. Previous
research indicates that around 1 m? of ground produces
3-4 L/day of freshwater. Because of the low volume, various
studies have been conducted to improve the efficiency of solar
stills by altering the design, incorporating additional effects
such as multistage evacuated stills, and adding wicking
material [4], [6]

Other utilized methods include thermal distillation [2],
membrane separation [3], freezing and electrodialysis [7].
In the thermal distillation system, a concept involving a
1.0 m? absorber plate with a heat exchanger is introduced to
enhance the evaporation rate. This system involves pumping
warm water from the top of the sea and cold water from
the bottom into the system [2]. The researcher in question
leverages both solar and ocean thermal energy, achieving
a freshwater production rate of 1.21 kg per hour. The
initial investment cost amounts to US$ 434.00, although
the electric cost of the water pump is not factored into
this analysis. Membrane distillation is identified as an
emerging desalination technology that effectively integrates
both indirect and direct utilization of solar energy. Mem-
brane distillation is a thermally powered technology driven
by membranes that can operate across a wide range of
input temperatures. Over the past two decades, scholars
have undertaken theoretical and practical investigations into
desalination systems incorporating solar-powered membrane
distillation [3], [8], [9].

Few distillation methods have been developed for water
desalination technology and solar distillation appears as
one of the best practical and economical methods of
freshwater production. For solar distillation, the basin solar
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still represents its simplest application. Previous research
experience proves that around 1 m? of ground produces
3-4 L/day of freshwater. Because of the low volume of
freshwater production, various studies have been done to
improve the efficiency of solar stills by altering the design,
incorporating additional effects such as multistage evacuated
stills, and adding wicking material [4].

Researchers have introduced other improvements in
different countries. The stepped solar still and twin wedge
solar still in India produce 0.3 L/hour and 3.61 L/day, respec-
tively [10], [11], phase change material attains 0.357 L/h in
Sudan [12], [13] and marble stones yields 5.5 L/h in India,
inclined cascade solar still produces 1.5 L/h in Morocco [14],
[15], successive evaporation condensation solar still methods
in Egypt can produce 5.2 L/m? [16], monolithic solar stills
proposed for thermal improvement [17], compound parabolic
concentrator tubular solar stills harvests 7.7 L/day [18],
regression model analysis to predict the production of
distilled water [19], and computational fluid dynamics model
and investigation to improve by 30% [20].

Farooq et al. used solar air heater to increase the tempera-
ture of induced air in the humidification chamber [21]. This
technique increased the temperature in the chamber faster.
The results showed that 1.3 L/m? of water was produced at
a flow rate of 0.017 kg/s in 9 h. Another research proposed a
hemispherical solar still design to increase the productivity
of freshwater [4]. The results indicate a rise in freshwater
production from 2.8 L/m? to 4.2 L/m? per day with hemi-
spherical solar still design compared to the normal design.
A new triangular solar still shape, designed by Ahsan et al.
is claimed to have a higher production rate and achieves
4.75 L/m? of freshwater per day [22]. The research shows
regression analysis between sunlight heat energy and daily
distillate output, humid air temperature, and daily distillate
output. Razqin et al. proposed a double slope method using
two materials - glass and plastic in their research [23]. The
result found that the plastic solar still had a three times higher
production per day and as it produced 2.01 L/m? of distilled
water, opposed to 0.6 L/m? from the glass still. This can be
concluded that plastic solar still is more efficient than glass
material. Yahya et al. used thermal energy to heat water so
that the effectiveness of solar heating system is used [24].
The goal was to reach the temperature of 70 °C on the
temperature gauge. The temperature kept on rising each hour
until the system reached its highest temperature of 62 °C
at 13:00. By applying solar thermal energy, the maximum
temperature was reached to 60 °C. In Tamil Nadu, researchers
conducted experiment taking a twin wedge solar still by
controlling temperature using sensing technology. From the
six days experiment at 29-31 °C of ambient temperature and
721- 810 W/m? of solar irradiance, daily production of
freshwater was 3.28 — 3.61 L/m? [11].

A research team conducted extensive studies on the shape
and material of solar still, such as prismatic-shaped, hemi-
spherical solar distillers, and dome-shaped solar distiller.
In [25], a conventional and double-sloped solar distiller with
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two adjacent sprayers and a wicking prism container were
compared and found that the double-sloped solar method
can produce 7.94 kg/m’/day compared to conventional
type (5.31 kg/m?/day). Furthermore, the improved system
demonstrated better performance in terms of daily efficiency,
achieving an increase of 3.8%. The study also introduced
an LSTM (Long Short-Term Memory) model to predict
freshwater output based on environmental input parameters.
However, since these parameters are highly dependent on
fluctuating climatic conditions, the model does not fully
resolve the inherent intermittency and unpredictability of
solar energy availability.

In [26], four different sizes of spherical rock salt balls
(0.50, 1.0, 1.50, and 2.0 cm) were introduced into the saline
water basin of the solar distiller for improving thermal
performance. The use of these thermal storage elements
resulted in brine temperatures that were approximately
0-11 °C higher than those in conventional systems, with
peak temperatures reaching up to 65 °C, while the internal
chamber temperature remained below 55 °C under ambient
temperature of 45 °C and solar irradiance of 1000 W/m?.
The experimental outcomes demonstrated that freshwater
production using the rock salt balls in the hemispher-
ical solar distiller achieved yields of 6.77, 6.25, 5.92,
and 5.67 kg/m?/day corresponding to the respective ball
sizes - substantially outperforming the conventional design,
which produced only 4.65 kg/m?/day. The hemispherical
solar distillers are improved by adding metamorphic fabric
materials, which can produce 7.60 kg/day-m? under the
same ambient condition [27]. For using the PCM and
CuO/water NF within the hemispherical distiller, the basin
water temperature increases to 70 °C and internal chamber
temperature of 60 °C at ambient temperature of 50 °C. The
total freshwater production is 8.65 kg/m>-day for using this
technique [28]. As part of the improvement of the system,
dome-shaped solar distillatory with a fountain feed supply
and nanocomposite (DSD-FFS + NCPCM) is tested and
showed that the daily product output is 7.21 kg/day/m? under
the similar weather condition [29]. At 800 W/m?2 and 44 °C of
ambient temperature, dome-shaped solar distiller is claimed
to produce 9.27 kg/m?/day of freshwater [30].

In the study [31], a heating plate powered by grid
electricity was installed beneath the sprayed water outlet.
The copper heating plate (40-60 W) was maintained at a
temperature close to 100 °C, resulting in high electrical
power consumption and increased operational cost. Solar
energy concentration was achieved using a Fresnel lens
integrated into the vaporization chamber. The experiments
were conducted under bright summer conditions, with an
ambient temperature of approximately 28 °C and peak solar
irradiance reaching 1000 W/m?2. However, the study did not
address the morning thermal lag, nor did it consider system
performance during low irradiance conditions. In addition,
the electrical characteristics and energy efficiency of the
copper heating plate were not discussed. Since it is a hybrid
system and copper plate is powered from grid, the proposed
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system is not suitable for remote applications. Similarly,
another study [32] employed an auxiliary interfacial heating
element to mitigate low irradiance conditions. Although this
approach improved freshwater productivity, the experiments
were conducted under relatively high solar irradiance levels
ranging from 600 to 900 W/m?, with an average saline
water temperature of 30 °C and relative humidity between
35.6% and 72.6%. The system utilized a 150 KW, solar
PV module coupled with a 100 Ah battery; however, design
specifications, system sizing calculations, and performance
justification were not provided. Furthermore, the relationship
between heater capacity, PV size, and battery storage
was not analyzed, and relevant safety considerations were
not discussed. In [33], the experiments were conducted
in Portugal with the objective of assessing year-round
applicability for small remote islands. The lowest freshwater
productivity values of 0.45, 0.50, and 1.77 L/day-m? were
reported during June—September 2021, August 2022, and
February 2023, respectively. Although electrical heating was
incorporated into the system, detailed specifications of the
heating element and its operational performance were not
provided. Moreover, no quantitative analysis was presented
to evaluate the impact of auxiliary heating on system
performance.

Moreover, the maximum temperature of the chamber of
almost all these researchers could attain not more than
70 °C, which is not sufficient temperature for fast evapora-
tion. Some research proposed air blower to harvest 30 L/m?
[34] and further solar heater to produce up to 65 L/m2 [21],
however the cost of the systems is tremendously increased.
Some researchers have emphasized the importance of both
the design and materials of the solar still, as improvements in
these aspects can significantly enhance production. However,
there seems to be a disregard for appropriate sizing of the
PV panels, batteries, and other related components used as
power sources, along with adherence to electrical standards.
Moreover, cloud cover in many countries is significantly
high, causing fluctuations in solar irradiance. To mitigate this
effect, proper design of PV-integrated battery management
can provide a solution to manage dynamic changes in solar
power harvesting.

After reviewing various studies aimed at improving
solar still performance, the following research gaps were
identified.

o At initial and late afternoon of the day (before
10:00 AM and after 3:00 PM), amount of vaporization
is significantly low because it requires time to till
the chamber temperature reaches to a certain level for
evaporation. However, all previous studies reported that
both brine and chamber temperatures have remained
below 48 °C at this hour due to lower than 500 W/m?
irradiance. This results in a low freshwater yield ranging
from 0 to 0.4 L/m>-h. This variation contributes to a
significant decline in daily water production and overall
system efficiency. Moreover, the existing enhancement
techniques have limited effectiveness during these
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low-radiation periods, as they do not adequately address
the drop in performance during early morning and late
afternoon. In contrast, the climate in Southeast Asia
possesses average daily ambient temperatures ranging
from 21 - 32 °C and solar irradiance around 600 W/m?.
Therefore, the reported structural improvement tech-
niques are not effective under this climate.

« When evaluating ambient conditions such as tempera-
ture and solar irradiance, most of the studies conducted
in the Middle East and Egypt during the summer
season. During this period, ambient temperatures typ-
ically exceed 45 °C, and solar irradiance reaches up
to 1000 W/m? between 10:00 AM and 3:00 PM,
which supports a faster evaporation process and high
freshwater yield. In contrast, ambient temperature
during winter months falls below 20°C. Consequently,
no experimental investigations have been reported for
winter conditions, limiting the understanding of system
performance under low-temperature and irradiance sce-
narios.

« In addition, several studies have introduced auxiliary
heating elements without providing a detailed discussion
of their electrical characteristics. In such systems,
the solar PV and battery sizing have been selected
without clear design specifications or systematic sizing
calculations. Moreover, these studies do not explain
the selection of heater capacity in relation to system
efficiency, PV module size, battery capacity, nor do
they provide the corresponding performance analysis or
address relevant safety standards. No analytical model
has been presented that considers sizing factors, days of
autonomy, in relation to the energy requirements of the
heating element.

Based on the identified research gaps, the objectives are
formulated to address the limitations of the existing system.
The first objective is to design and model a solar powered
water heater (SPWH) integrated with a glow plug to improve
thermal efficiency by reducing the initial waiting period for
evaporation, typically between 7:00 AM and 10:00 AM.
Then, the second objective is to analyze the impact of utilizing
a glow plug on the evaporation rate and yield in desalination
process, with a specific focus on expedited evaporation.

The novelty of this study is to introduce a glow plug
enabled SPWH, which operates at a very low-resistance
(0.48 — 0.81 2) and functions as a very high-power DC
heating element to rapidly raise the brine temperature. This
new approach investigates the reduction in evaporation lag at
low irradiance conditions, specially during the winter season.
To the best of our knowledge, no study was conducted to
overcome the problem when the solar irradiance and ambient
temperature are < 500 W/m? or < 25 °C, respectively.
The key contribution of this study lies in modelling and
analysing the electrical aspects of integrating a glow-plug
enabled SPWH, whereas most existing studies primarily
focus on heater usage and chamber design without addressing
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FIGURE 1. Integrated system implementation flow diagram: physical and
electrical design of single solar still chamber. Physical design ensures
proper solar still chamber, while electrical design ensures safety and
appropriate sizing of electrical components.

the electrical part in detail. The hypothesis of this study
is that utilizing a glow plug as a DC heater, characterized
by low electrical resistance and high initial power output,
can significantly reduce the time required for brine to
reach evaporation temperature. This behavior is based on
the principle that maximum electrical power is delivered at
lower brine temperature due to the minimal resistance of the
glow plug. As the brine temperature increases, the electrical
resistance of the glow plug rises, resulting in a reduction in
current and, consequently, a decrease in power. This effect
is quantified by comparing the thermal response, freshwater
yield, and system efficiency with those of a matched control
system operating under identical environmental conditions.

This research makes a significant contribution by develop-
ing a self-contained PV system that reliably supplies ample
power to support the proposed SPWH system. This ensures
consistent evaporation rates throughout the day, regardless
of fluctuations in solar irradiance. Furthermore, the system
enables dual utilization of solar energy by converting it into
heat for the desalination process. In the design process,
careful consideration is given to the sizing of the PV array and
battery bank. This involves analysing solar radiation data spe-
cific to the location, load demand, PV module manufacturing
specifications, and battery requirements. These calculations
and assessments collectively contribute to a well-designed
and efficient system in compliance with IEC standards.
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Il. MATERIALS AND METHOD

This research aims to minimize the initial waiting period
necessary for vaporization initiation, while concurrently
attaining a brine temperature at approximately 80 °C to
ensure consistent evaporation during periods of intermittent
irradiance. For this purpose, a SPWH using a glow plug is
proposed as an additional heating element.

For this purpose, the implementation of the single solar
still prototype is explained by dividing into two parts,
namely physical design of solar still and electrical system,
as shown in Fig. 1. The physical structure of single solar
still chamber is designed using low-cost PVC frame with
transparent plastic cover, adapted from our previous research
in modified form [6], [35]. In the design of electrical system,
the sizing of solar PV, battery, and solar charger controller are
determined from mathematical modeling and also adopted
from our previous research [36], [37], [38]. Following the
design specifications, the components are procured from
a local supplier and subsequently fabricated within the
laboratory environment. This ensures that the circuit can be
operated safely and in accordance with proper measures.
By combining the solar still and electrical parts, we tested
again in the laboratory to ensure that any overcurrent flow
from the battery to the glow plug can be safely triggered off
by the switch. For this testing, a power supply is used to
replace the PV panel. Adherence to recommended standards
and codes ensures that the wiring sizes and materials can
safely handle currents up to 30 A without the risk of
overheating. We have also ensured that all wires, cables, and
connections are properly insulated and rated for the current
level to prevent electrical shocks and short circuits. During
the testing, we periodically inspect and maintain all electrical
components, connections, and devices in case any fault
occurs. Once the testing is successfully completed, we con-
ducted the experiment in an outdoor actual environment,
replacing the power supply with PV panel. Drawing from
our prior research [39], the meteorological data indicates that
Malaysia experiences a consistent climate characterized by
predictable weather, with year-round heat and humidity, and
minimal fluctuations in temperature. It also describes very
mere difference in ambient temperature, such as June (28 °C)
and July (27.7 °C). Some researchers describe Malaysia as
‘mere distinctive season country’ and its climate is average
and humid. Due to similar indices, we considered one-day
data on an average cloudy day to analyze the performance
of the system and the evaporation rate for peninsular Johor
Malaysia.

A. CHARACTERISTICS OF GLOW PLUG

The glow plug is widely used in diesel engines during cold
start, employing a structure based on resistive heating [40],
[41], [42]. It is a straightforward method that eliminates the
need for external electronic components. The hot surface
heats its surroundings, expediting the evaporation of liquid
diesel fuel and facilitating the ignition of the fuel-air
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mixture during engine startups in low ambient temperatures.
Building on this principle, we tested incorporating the glow
plug into solar stills, particularly during the initiation of
the desalination process. This proposal is grounded in the
understanding that the morning period typically features
cooler ambient temperatures due to reduced irradiance.
Unlike a conventional solar heater, the temperature of the
heating element can rapidly exceed 1000 °C (eg. BERU,
HKT, DENSO etc.) within 2-5 s when the glow plug is
activated using a power supply.

The glow plug is 95mm long and operates at 12 or
24 'V, depending on the accumulator voltage level shown
in Fig. 2. Typically, the connecting bolt is linked to the
positive power, while the body through part B is oriented to
allow the current flow. Inside this part, there is a resistance,
called ‘resulting coil’ which is responsible to limit the
current flow and prevent the ‘heating coil’ from melting
temperature. An insulating disc separates the positive and
ground conductive bodies. The presence of the ‘insulating
coil’ is crucial, given that the resistances involved are higher
than those of non-insulated plugs. A high current flows
through the resulting and heating coils, ultimately reaching
the end of the heating coil within the body. Part A, the heating
coil, is shorter than that of ‘resulting coil’ to keep the total
resistance of these two coils low. This allows the heating coil
to reach its maximum temperature within a short period of
time.

In laboratory experiment, we investigated the behaviour
of current, voltage, and resistances of the glow plug with
temperature increase (Fig. 3). Since resistance is the ratio
between voltage and current, the resistance of the glow plug
increases temporality (initial resistance is 0.48, and then
increase up to 0.81 €2), meaning the current from the battery
begins to drop. The min, max, and average resistances are
found to be 0.48, 0.91, 0.76 €2, respectively. Temperature
reaches over 1000 °C in 5 s and remains almost constant.
After a while, the resistance levels off, and the current flow is
restricted to 6.8 A.

During increasing temperature, the resistance of the
heating coil is proportional to the temperature (7)) and the
resistance (R). Resistance at final temperature (Ry) can be
calculated using Eq. 1 and Eq. 2.

R=kT
=k (1)
Ry
T
Ty X R;
= —Ti
In Eq. 1, k refers to a constant. If initial temperature, 7; =
20 °C, and final temperature, 7y = 1000 °C, Ry can be found
as 5R;, which is 5 times of initial resistance (R;). When the
glow plug is directly connected to the battery, a maximum
of 25 A current can flow, which can shorten the battery life.

S|ZNI=

Ry )
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FIGURE 2. Physical structure of glow plug. It has two parts: Part A and Part B, with Part A containing a shorter coil to maintain low total resistance.
This design enables the heating coil to reach its maximum temperature quickly.

B. ELECTRICAL SYSTEM DESIGN

The design of the electrical system is based on load power.
The load, 300 W as a glow plug is the main heating element
in this system. It has two parts- the upper body (73 mm) and
the bottom tip (22 mm). The circuit diagram showing the
connection of the glow plug to the MPPT charge controller
is illustrated in Fig. 4, where both PV and battery are
linked to the MPPT. The positive and negative terminals
are separated by an insulated black ring placed between
them. To avoid arcing, fiction, and heat loss, hexagonal
flange nuts, washer, and cramp connector terminals were
used for strong electrical connection between cable and
glow plug. The Aluminum composite is engineered with
precision, ensuring that only the heating element of the glow
plug is immersed in the brine, while the remaining portion
remains insulated from water to prevent any potential short
circuits.

In order to find the required time (z) for reaching the
brine temperature from the initial temperature (7;) to the final
temperature (7y) °C, we adopted a model equation, shown in
Eq. 3 by assuming that there is no loss of energy during this
process.

_mXSbX(Tf—T,')
B Pioaa

3)

Eq. 3 represents the energy needed for raising the
temperature of m kg of brine from 7; to Ty °C. To accomplish
this, ¢ s time is required when utilizing a load power of
Pioad (W) to convert electrical energy into heat. S refers
to the specific heat of the brine at 31 °C, measured as
4153.0 J/kg.K [43].

Based on the model equation above, the glow plug Piyqq =
300 W is capable of increasing the 4.5 kg of brine water
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from 35 to 80°C temperature in 2803 s or 46.72 minutes.
In this process, approximately 840.98 kJ of energy will be
converted from electrical energy to heat. In practice, there is
aloss of energy due to the design of the solar still and external
heat can propagate into the chamber from the sunlight. Since
it is powered by a PV powered battery, the size of the
PV, battery, and MPPT charger is calculated prior to its
development.

C. CABLE SIZING
To choose the suitable wire for the whole system, we have
determined the Voltage Drop Index, VDI using Eq. 4.
VDI = M (4)
Vdrop X Vsys
Here, 1,4 and L refer to maximum current of the system
and distance of the cable in feet, 25 A and 4.0 feet,
respectively. Vi,op (%) refers to voltage drop of the system
and assuming was made to consider 2% acceptable voltage
drop for this load. It is because conductors in electrical
systems should not be sized with voltage drops exceeding
3%. Vs denotes the voltage of the system, that is 12 V. This
yields VDI =4.16 from Eq. 4. Referring to the standard of the
cable sizing based on VDI value, a 12 AWG copper conductor
(cross-sectional area ~ 3.31 mm?) was selected for the
system. The cable is rated for 90 °C insulation temperature
and installed following standard extra-low voltage DC
wiring practices. A high-temperature, ultra-flexible silicone-
insulated tinned copper cable was used to ensure reliable
electrical conductivity and thermal resistance under operating
conditions. To ensure safe operation, the cable routing was
kept short to minimize voltage drop and resistive power
losses. In addition, appropriate overcurrent protection was
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FIGURE 3. Characteristic of the glow plug: current, voltage, and resistance against temperature. Resistance can be obtained
from the ratio of voltage and current, which shows that min and max resistances are 0.48 and 0.91 Q, respectively.

implemented through a DC protection switch to safeguard the
conductor and connected components under fault conditions.
This configuration provides adequate current-carrying capac-

ity, thermal stability, and safe operation of the PV-battery
system.

D. PHOTOVOLTAIC (PV) PANEL SIZING

To determine the optimum size of PV, we can derive a set of
model equations for the SPWH, shown in Egs. 5,6,7, and 8.
The electrical sizing equations are adopted from our previous
publication, [44].

Elpad = Pload X hload (5)
Epy = Ejpaa x 1.3 6)
E
va,peak = Sihv (7)
P
Npy = B2 ®)
max

Here, Eiad, Moad, Epv, va,peak, pr Sh, and  Piayx
refer to load energy (W-h), daily load hour (h/day), total
energy required from PV (Wh/day), required watt-peak
size of PV (W), required number of PV panels, sun hour
(h) and maximum power of PV (W) at Standard Test
Conditions (STC), respectively. Eq. 5 determines the total
watt-hour of the system load by multiplying load power
and daily operation hours. In Eq. 6, we assume to be
30% system loss, which indicates multiplying by 1.3 with
the total watt-hour of the load. In Eq. 7, the sun hour
Sp =4.69 h obtained from our previous research conducted in
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Malaysia [39]. Then, the number of PV panels is calculated
from Eq. 8- the power ratio of watt-peak and manufactured
rated PV.

In Table 1, the PV sizing is calculated based on the load
power and its daily usage. If the number of autonomous day
is 1 and daily usage is 2 h, the required energy is found to
be 780 Wh/day, which yields a minimum size of 166 W PV
panel.

TABLE 1. Calculation of PV sizing based on Egs. 5 - 8.

Parameters of Egs. 5,6,7,8 Ppypeak | Pmax | Npv
Ejoaa Epy W (W)
Pload | hioad ° Energy loss ! S_h
(W-h) Wh/day Eq.7 Eq. 8
(W) | (h/day) Eq.5 (30%) Eq. 6 (h)
300 2 600 1.3 780 4.69 166.31 425 0.39~1

The obtained capacity of 166 W, represents the Watt-peak
of the solar PV, achievable only under STC — with 1000 W/m?
solar irradiance and an ambient temperature of 25 °C.
To account for varying conditions, we have opted for a
larger Monocrystalline PV panel with a capacity of 425 Wy,
This decision is rooted in our prior empirical research
conducted in Malaysia, where we observed an average solar
irradiance of 512.37 W/m? and an average ambient temper-
ature of 33 °C. The environmental factors, as highlighted
in [39], notably impact PV output performance. The panel
is strategically installed at a 23-degree tilt angle at the
project site, and its detailed specifications can be found in
Table 2.
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FIGURE 4. Physical and electrical design of solar still. (a) Dimension of single solar still; (b) Electrical circuit diagram
of glow plug and its connectivity with PV powered battery. Hexagon nuts, flange, cramp terminals are used for solid
connection. The polarity of 95 mm glow plug is separated by an insulated black ring. Aluminum composite holder
positioned the glow plug above the brine water container, ensuring the heating element is fully submerged. Digital
thermometers and solar meter measure brine and chamber temperatures and irradiance, respectively.

TABLE 2. Specification of Monocrystalline PV - manufacturer provided
datasheet at STC.

Parameters Values

Maximum power, Ppqx 425 W

Open circuit voltage, V. 49.09 V

Voltage at MPP, Vyp 4139V

Current at MPP, I, 10.27 A

Short circuit current, I 10.78 A

Module efficiency 19.7%

Weight 24.5 /54 [kg / 1bs]
Manufacturer QCells

Maximum system voltage | DC 1500 V

E. BATTERY SIZING
The sizing calculation of battery is important and needs to be
done correctly to provide rated power to the load without any
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failure. The calculation was made by using formula shown in
Eq. 9.

E
CB = load X autonomous day  (9)
Bioss X Bpop X Viom
Here, CB and V,,, refer to the battery capacity

(Ah) and nominal voltage of the battery (V), respectively.
Bjyss and Bpyp denote battery loss and battery depth of
discharge and usually constant value of 0.85 and 0.70,
respectively are used for a deep cycle lead acid battery.
Considering autonomous day = 1 and V,;p;, =12V, minimum
84.0 Ah capacity of battery should be used for the SPWH
system. A lead acid battery of 12 V 100 Ah capacity is
considered in this study.
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F. MPPT SELECTION

To select the appropriate size of the MPPT charge controller,
we have determined the rated open circuit voltage and
maximum charge current. The mathematical models shown
in Eq. 10 and Eq. 11 determine these two parameters. First,
Eq. 10 obtains the rated open circuit voltage (V) from
the open circuit voltage of the panel (V,.), number of panels
connected in series (Npy, series), and temperature correction
factor (Tyactor)-

Voc,r = Ve X va,series X ]}"acmr (10)

Refer to Table 2, we can obtain Ve =49.09 V, Ny, series =
1 (one PV module), and Tycor =1.2 (based on ambient
temperature 33 °C in Malaysia). This yield rated open circuit
voltage, Ve, = 58.90 V.

Eq. 11 has determined the maximum charge current, (1)
by the ratio of total required power (Pqx X Npy) and battery
charge voltage (V). Based on the battery specification,
Ve =14.7 V for a 12 V battery, which yields 7,0 = 28.91 A
for this research. Therefore, we have purchased an MPPT
solar charge controller with a specification of 75 V 50 A.

Piax x va

Ve (an

Ipe =

The sizing calculation determines the minimum required
capacities of the solar PV and the battery for reliable system
operation. Oversizing the PV panel enables faster battery
charging and improves energy availability, particularly under
low irradiance conditions. At low brine temperatures, the
heating element draws a high current, which increases the
battery discharge rate and effectively reduces the available
battery capacity due to Peukert effects and voltage sag.
By employing an oversized PV (from 166 W, upsizes
to 425 Wp), higher charging currents can be achieved,
allowing the battery to recover more rapidly even during
periods of moderate solar irradiance. During operation, the
battery voltage and current are regulated by the MPPT
charge controller, which mitigates excessive voltage drop and
maintains stable system performance. The upsized 425 Wp
PV panel has a rated maximum power point voltage ( V,;pp)
of 41.39 V, and the MPPT controller converts this excess
voltage into higher current for fast charging of the battery.
This replenishes the 100 Ah battery faster when intermittent
high-discharge events occur due to the 300 W (25 A) glow
plug load.

G. SYSTEM EFFICIENCY

The efficiency of the proposed system can be determined
from the thermal characteristics of the systems according
to the principles of the first law of thermodynamics. The
efficiency of the SPWH with a glow plug is defined as the
ratio of the daily output energy for distilled freshwater to
the input energy from solar radiation during the experimental
period. The system efficiency (1) of the proposed system is

53124

determined using Eq. 12 [45], [46].

_ Meym X S
CAxZxt
where M,;, = amount of total freshwater productivity in kg,
A =area of solar still in m?, Z = average solar irradiance in
W/m2, and r = total experimental time in seconds (s).

It is important to note that the latent heat of evaporation
of water, denoted as S; in J/kg, can be computed using the
formula provided in Eq. 13 or Eq. 14.

When temperature, T > 70 °C,

n (12)

S; =3.16 x (10 — 761.6 x T) (13)

If T < 70 °C, alternative Eq. 14 can be considered.

S; = 2.49
x (100 —=947.79 x T +0.131 x T? — 0.005 x T3)
(14)
Where, T — T.vlill‘;Thrine .

H. PHYSICAL DESIGN OF SINGLE SOLAR STILL
Single solar still chamber is developed to execute the
desalination process and freshwater collection from brine
water. This design is perfect for desalination in isolated or
resource-constrained locations. Although single solar still
produces less water than more sophisticated designs, it is
simple to build and maintain for the rural inhabitants. In this
study, we adopted a simplified approach to the physical
design of a single solar still, taking into consideration of the
remote island conditions where local inhabitants can easily
fabricate the system. The physical design of the still can be
found in our previous studies, e.g. [47], and others [4], [22].
However, like [47], we did not consider PVC pipe system
and separated condenser for simplicity of the design. This
decision aligns with the main objective of the study to analyze
the performance of glow plug heater during early hours or low
irradiance conditions, where rapid heating of brine water is
crucial to initiate evaporation alongside passive solar heating.
Like our previous implementation of [47], the structure of
the active solar still is built on PVC pipe, which was engulfed
with super clear PVC transparent sheet. These materials are
cost effective, easy to fabricate for rural people, non-corrosive
and high durability, and lightweight. The glow plug heating
element is integrated inside the single solar still, submerged
in the brine. The main components of the solar still are
(shown in Fig. 4): PVC pipe structure, super clear PVC
sheets, Aluminum composite with glow plug, and tray with
brine water. Aluminum container was placed around the solar
still to collect the condensed freshwater. In this design, both
evaporation and condensation process are occurred in the
same section of the still. The evaporator section was covered
with super clear PVC sheet, so that brine temperature heated
by sunlight and glow plug is retained within the evaporation
section. The hole in the PVC pipe allowed airflow circulation
and enhanced the condensation process. Besides this, the
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system was installed in an open space, therefore sufficient
natural wind flow passed over and surrounding the chamber.
This naturally enhanced the condensation process. We did
not install any water pump to supply brine into the basin.
Because residual salt is needed to be cleaned frequently
after brine evaporation. Based on our experience, the salt
accumulation reduces the evaporation rate and disturb the
heating element of the glow plug. This leads to malfunction
of the overall system. Adding a water pump increases
the design complexity and require extra energy for the
system.

Fig. 4(a) shows the dimension of the single solar still
covered by clear PVC transparent sheet, polyvinyl chloride
aka PVC material with a thickness of it 0.15 mm. The
sheet possesses clear thickness with very low toxic additives.
This also minimizes the risk of toxic contamination in the
produced freshwater water. The dimension of the solar still
chamber is 35.5 cm x 22 cm and the total size of the pipe
used is approximately 372 cm.

Using the circuit diagram, the experimental setup is
constructed, shown in Fig. 5. The brine water is held in the
Aluminium container-1, size 20.7 c¢m x 20.7 cm (or 0.043 m2)
of length and width placed under the still chamber. The foil
container provides high heat capability from the sun and
maintains hygienic. Black painted coating can enhance the
absorb capability of heat, however it was avoided due to risk
of chemical contamination with freshwater. The roof of the
chamber is designed in an inclined shape and allows sunlight
entry for internal heat buildup. This design facilitates efficient
condensation of vapor on the inner plastic surface of the
roof. Aluminium Container-1 serves as the evaporation tray.
Aluminium is selected due to its high thermal conductivity,
which supports rapid heat transfer from the glow plug to the
brine. Aluminium Container-2 is placed outside the chamber
and used as the collection basin for the condensed freshwater.
The inclined roof directs the condensed water toward an
outlet, ensuring clean and efficient water collection. To hold
the glow plug over the Container-1, an aluminium composite
sheet is used, which ensures that the apex of the plug is
not touched by the container plate. The composite sheet
is stiff and has very high resistance with non-oxidation
characteristics, which makes it suitable for holding the glow
plug. The length, width, and thickness of it are 0.3, 0.05, and
0.005 m respectively.

I. INSTALLATION SETUP

The experiment was conducted at the solar site located at
coordinates 1.8653778 latitude and 103.0894774 longitude,
within the Faculty of Electrical and Electronic Engineering
at the Universiti Tun Hussein Onn Malaysia (UTHM),
Johor, Malaysia. Brine water samples were collected from
Senggarang, Johor, Malaysia. To gather data, various elec-
trical parameters including battery voltage, battery current,
PV current, and PV voltage are meticulously recorded
via the MPPT controller. Additionally, an environmental
data collection system featuring a solar irradiance meter
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and a temperature data logger was employed. The digital
thermometer recorded temperature variations at five-minute
intervals during the heating process for brine, chamber, and
ambient temperatures. A SM206 Digital Solar Power Meter
was used to record irradiance data at the same interval.
No thermohygrometer was used to measure humidity in
this study as previous studies, such as [32] and [48] have
indicated that the most dominant environmental factors
for evaporation are radiation intensity and ambient air
temperature. Finally, the harvested freshwater was quantified
using a digital scale. The freshwater quality was evaluated
using a self-developed water quality monitoring system
consisting of a pH sensor, a turbidity sensor, and a total
dissolved solids (TDS) sensor. The pH, turbidity, and TDS
sensors measure the acidity or alkalinity, the cloudiness
associated with suspended particles, and the concentration of
dissolved ions and other solids (e.g., salts) in the freshwater,
respectively.

Fig. 6 illustrates the installation setup and the freshwater
production process from brine. At the start of the experiment,
the brine water level in Aluminium Container-1 was initially
set at 3.5 cm, an optimal depth based on our previous
study [48]. The solar still chamber condenses water vapor
into liquid, which is subsequently collected and stored in
Aluminium Container-2.

At the core of the energy management system, the MPPT
controller assumes a central role. With this controller in
place, the solar PV system maximizes its power output to
efficiently charge the battery. Subsequently, it enables the
battery to deliver power to the DC load, specifically the
glow plug. The connection between the MPPT controller
and the glow plug is facilitated through the designated load
connection. Similarly, the PV array and the battery establish
their seamless integration into the system via dedicated
connections to the MPPT controller.

The 300 W glow plug, 12 V DC configuration falls
within the Safety extra-low voltage or SELV category.
It is operated from a solar PV-battery system that is
electrically isolated from the grid. Referring to the standard
IEC 61140 and IEC 60364-4-41, this 12 V DC system
is deemed safe for human contact because the source is
galvanically isolated and operates as a floating system
without an earth reference. This significantly reduces the
risk of electric shock compared to grid-connected or high-
voltage systems. To mitigate water ingress and corrosion
in the brine environment, the feedthrough of the glow
plug is required to be cleaned manually whenever there
is a accumulation of corrosion. The heater current is
inherently controlled by the MPPT charge controller, thereby
reducing fault energy. Conventional AC ground-fault pro-
tection devices (e.g. RCD/GFCI) are not applicable to this
isolated extra low-voltage DC system. Therefore, the formal
insulation resistance testing and ground-fault monitoring
were not implemented in the study. As an additional
safety measure, a DC switch was installed between the
battery and the MPPT controller for safe system ON/OFF
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operation, avoid sparking during switching and abnormal
operation.

IIl. RESULT ANALYSIS

A. ANALYSIS ON BATTERY CAPACITY

Using Eq. 9, the size of battery capacity (CB) has been
analyzed against daily load hour (4,44) and autonomous day.
Fig. 7 shows that CB increases linearly with both parameters.
However, a significant finding from the analysis is that an
increase in the number of autonomous days can lead to a
higher CB. This means that, when considering CB, achieving
longer hyyq4 per day is comparatively more cost-effective than
increasing the number of autonomous days. For example,
powering the 300 W glow plug for 5 hours with an
autonomous day = 1 is almost 9 times cheaper than
battery capacity compared to powering it for 1 day with an
autonomous day = 5.

B. ENVIRONMENTAL AND ELECTRICAL PARAMETERS’
ANALYSIS
The experiment was carried out over a two-hour period, from
12:00 to 2:00 PM. Electrical data from the PV, battery, and
environmental parameters were collected every 5 minutes
during this time. Fig. 8 shows environmental parameters,
such as solar irradiance and ambient temperature that was
recorded during the experimental day. As stated earlier,
the ambient temperature does not fluctuate throughout the
year under the climate of Malaysia due its position near
the equator. The average temperature was recorded 33.96
°C, whereas the standard deviation is calculated as 0.53.
This indicates that temperature is less dispersed from the
average value. In contrast, the average solar irradiance was
recorded 418.56 W/m?2, where the standard deviation is 76.84
—relatively high from the mean value. This is because, cloud
covered in this region is between 6 and 8 which is a significant
phenomenon that impacts solar energy generation, shown in
Fig. 8. It plays a major role in modulating the amount of solar
irradiance — for instance, increase from 376 to 531 W/m? in
15 minutes between 12.30 and 12.45 PM. This impact has
been mitigated through appropriate design of battery sizing
integrated with PV for effectively handling the fluctuating
shifts in solar power extraction.

Fig. 9 shows results of PV current against solar irradiance.
It shows the relationship between these two parameters
is found to be logarithmic. The degree of relationship is
moderate as the value of R> =0.407. From the positive
correlation confirms that solar irradiance is a key driver of
output current. However, the relationship indicates a steep
rise in current at low irradiance, while at higher irradiance,
the growth tapers off. This trend is consistent with typical PV
behavior under non-linear operating conditions, influenced
by factors such as the negative temperature coefficient of
monocrystalline PV modules and intermittent cloud cover.
In addition, the R? indicates that 40.7% of the variation in
PV output current can be attributed to changes in irradiance.
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The remaining 59.3% is influenced by other environmental
factors, such as module temperature and cloud cover.

Fig. 10 illustrates a comparison between battery current
and PV current. It is evident that the battery current exceeds
the PV current due to the high current consumption of the
glow plug load. This consumption causes the battery to
discharge rapidly before it is recharged by the PV source.
Notably, at 13:50, when the PV current began to rise
(reaching 5 A), the battery also delivered more current to
the load (reaching 21.2 A). During the observation period,
the battery current varies between approximately 12.9 A
and 21.2 A, indicating fluctuations in the charging rate. The
current reaches its first peak of about 21 A at around 12:40,
which corresponds to solar irradiance exceeding 500 W/m?,
enabling a higher charging to the battery. After this
peak, the battery current gradually decreases to around
13—14 A between 13:25 and 13:40, which can be attributed
to a temporary reduction in solar irradiance. A second peak
of approximately 21.2 A occurs at around 13:50. Although
the irradiance level remains moderate during this period,
the increase in current indicates the load demand have
contributed to higher power flow through the battery. Despite
fluctuations in both solar irradiance and battery current, the
system consistently ensures power supply to the load without
interruption.

Fig. 11 demonstrates minimal voltage fluctuations in both
output of PV array and load (battery) as they supply power
to the glow plug during the entire experiment. The PV
voltage and battery voltage shown in Fig. 11 correspond to
the voltages measured at the output terminal of the MPPT
controller. The system utilized an MPPT charge controller
to ensure that the glow plug load receive a regulated output
voltage while allowing the current to vary according to
the available solar irradiance. Since PV output fluctuates
with irradiance, the MPPT controller continuously adjusts its
operating point to maintain the output voltage at its terminal
while tracking the maximum power point. The controller
also prevents the battery from being fully discharged or
overcharged. From Fig. 11, an initial voltage-shift of 0.9%
is observed, attributed to the switching effect. The consistent
behavior of the selected MPPT charge controller in maintain-
ing voltage regulation within 5% efficiency is evident from
the overall findings. In practical electrical systems, voltage
variation within approximately 5% is considered acceptable
for stable operation of connected loads, as indicated in
electrical power standards such as IEC 60038 and PV system
monitoring guidelines in IEC 61724 — 1. In this study, the
measured PV and battery voltage variation was less than
0.9%, indicating stable operation of the power supply during
the experiment.

The variation of PV and battery power during the daytime
operation is presented in Fig. 12. At the beginning of
the observation period, the battery power is approximately
179.85 W, which gradually increases as the PV generation
improves. Between 12:05 and 12:30, the battery power
remains relatively stable in the range of 192-198 W,
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indicating a steady charging condition where the PV output
sufficiently supplies the battery and system demand. A sig-
nificant increase is observed at approximately 12:40, where
the battery power reaches 226.8 W, indicating a temporary
improvement in solar irradiance that enhances the charging
capability of the PV system. Following this peak, the battery
power gradually decreases to about 172.8 W at around 12:50,
and subsequently stabilizes near 183 W for a short period.
The reduction in power can be associated with fluctuations
in solar irradiance or partial variations in the glow plug load.
After 13:10, the battery power continues to decline, reaching
a minimum value of approximately 139.32 W around 13:40,
which indicates reduced available PV power during that
interval. A second power surge occurs at approximately
13:50, where the battery power increases sharply to 228.96 W.
This increase demonstrates the system’s capability to capture
and store additional solar energy when irradiance conditions
improve. After this peak, the battery power returns to a stable
level of around 194 W toward the end of the observation
period.

Overall, the figure demonstrates that battery charging
power follows the variation of PV output, highlighting the
dependence of the storage system on instantaneous solar
availability. The total electrical energy delivered by the
battery to the glow plug during the observation period was
calculated by integrating the measured battery power over
time. Considering a sampling interval of 5 minutes (0.083 h),
the accumulated electrical power and energy supplied to
the load was approximately 4527.93 W and 377.3 Wh
(0.377 kWh), respectively.

C. FRESHWATER PRODUCTION AND ENVIRONMENTAL
PARAMETERS ANALYSIS

Based on our observations and findings from previous
studies, the freshwater production is significantly dominated
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FIGURE 5. Fabrication of solar still chamber with the glow plug heating system. The chamber is PVC pipe structured
enclosed with transparent plastic cover. Solar radiation enters through the cover and heating the brine water in Aluminium
Container-1. The vapor condenses on the inner surface of the cover and is collected as freshwater in Aluminium
Container-2.

by solar irradiance that increases both brine and chamber
temperatures. As previously highlighted, the production rate
increased with rising solar radiation and decreased as the
radiation intensity declined. Fig. 13 shows the correlation
coefficient between amount of freshwater in every 5 min
against the brine temperature. The relationship shows that
amount of freshwater is proportional to brine temperature
when the ambient temperature is considerably constant. The
regression model obtained from this experimental data can be
shown in Eq. 15.

Meum = 0.0455 x T) — 1.9266 (15)

Here, M., and T, refer to the amount of freshwater
production and brine temperature respectively. From the
derivatives of the Eq. 15, it can be explained that approx-
imately 0.0455 gm of freshwater can be produced at every
1 °C increase in brine temperature.

We also observed that the hourly freshwater yield of the
solar still shows a similar pattern with that of previous studies,
such as [47] to the variation in solar radiation intensity.
Moreover, the linear equation of previous study confirms the
0.0457 g/°C freshwater production, which also support the
outcome of this experiment. This behavior is linear (R> =
0.905) with trends reported in previous studies.

Fig. 14 illustrates the temporal variation of freshwater
yield together with brine, chamber, and ambient temperatures
between 12:00 and 14:00. The presented data show the
amount of freshwater produced at every 150 minute. The
results indicate a strong thermal dependence of freshwater
production on brine temperature, which was controlled by
the glow plug enabled SPWH system. The production of
freshwater is increased from 0.78 g at 12:15 to a maximum
of 1.68 g at 12:45. This increase corresponds to the rise in
brine temperature from approximately 62 to 78 °C. Since
the ambient temperature was recorded between 33-35 °C,
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FIGURE 6. Installation setup for harvesting freshwater from brine water, solar site, FKEE, UTHM. Electrical design consists of mono type
solar PV, MPPT charge controller, safety switch, and battery.

the results confirm that evaporation was mainly driven by
the external catalyst SPWH system, which converts sunlight
into thermal energy. The result also shows that the freshwater
production was nearly same at 15 min-intervals, within the
range of 1.68 to 1.48 g between 12:45 and 13:45. This
confirms that SPWH system can maintain a steady freshwater
production when both ambient temperature and irradiance are
low.

Fig. 15 presents the variation of freshwater production
represented by bar columns (g per 15 min) against the solar
irradiance as a line plot (W/m?). Solar irradiance shows a
generally decreasing trend from 12:00 to 13:30, dropping
from approximately 600 W/m? to a minimum of 320 W/m?.
This fluctuation reflects typical short-term variations in
solar irradiance influenced by cloudy conditions. In contrast,
freshwater production increases steadily after the start of
operation, reaching a maximum between 12:45 and 13:15.
It is observed that the peak freshwater production does not
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coincide with the maximum irradiance due to the presence
of the SPWH system. Consequently, steady water production
was maintained even as irradiance declines, indicating that
freshwater generation was primarily controlled by the SPWH
system. In this technique, the primary role of the solar
irradiance was to charge the battery through solar PV, which
powering the system. Here, both irradiance and ambient
temperature act as secondary contributors for maintaining the
brine temperature to ensure that the freshwater production is
independent of the climatic conditions. This outcome shows
that the SPWH system can be very effective during winter
season when ambient temperature is low with moderate level
of solar irradiance. Moreover, crystalline silicon—based solar
PV performs more efficiently at lower ambient temperatures.
This technique differs from the previous studies, where exper-
iments were conducted under the summer hot conditions and
freshwater production was primarily dependent on both solar
irradiance and ambient temperature.
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FIGURE 8. Solar irradiance and ambient temperature on the experimental day. The fluctuation of solar irradiance indicates

high cloud cover in Malaysia.

D. ANALYSIS ON SYSTEM PERFORMANCE

Upon completion of the experiment, a total of 0.032 kg
of freshwater was generated from an initial 4.5 kg of
brine water. Table 3 presents the comprehensive range of
environmental parameters and temperatures, encompassing
maximum, minimum, and average values for both the brine
water and the solar still chamber. This outcome translates
corresponds to 0.032 kg of freshwater from an area of
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0.043 m? over a span of 2 hours. Extrapolating this process
to a daily operation of 9 hours, assuming solar irradiance
exceeds 400 W/m?, the proposed system exhibits the potential
to yield a remarkable daily freshwater production rate of
3.35 kg/m?.

The extrapolated freshwater production pf 3.35 kg/m? per
day was assumed from the 9 hours experiment with an aver-
age measured solar irradiance of 418.56 W/m? (Min 320 and
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coefficient of the monocrystalline PV module.

TABLE 3. Maximum, minimum, and average data of environmental
parameters, brine and solar still chamber.

Parameters and unit Symbol | Maximum | Minimum | Average
PV voltage (V) 11.9 11.8 11.9
PV current (A) 5.1 2.2 3.6
Battery voltage (V) 10.9 10.8 10.8
Battery current (A) 21.2 12.9 16.8
Solar irradiance (W/m?) | Z 623 320 418.6
Ambient temp (°C) Tamb 35 33 33.96
Brine water temp (°C) Thrine 79.2 36 70.58
Solar still chamber (°C) Tain 60 34.8 49.2
System efficiency (%) n 49.83 (1% hour) and 68.18 (2" hour)

TABLE 4. Comparison between theoretical and experimental data of
brine water.

Theoretical Experiment
Initial Final Time Initial Final Time
Temp (°C) | Temp (°C) | (min) | Temp (°C) | Temp (°C) | (min)
35 80 46.72 36 79.2 45

Max 623 W/m?) and an ambient temperature of 33.8 °C.
This assumption is justifiable because this was the average
irradiance recorded on the experimental day in Malaysia.
Accordingly, the reported 3.35 kg/m? per day should be
interpreted as a lower-bound estimate of daily freshwater
production under low-irradiance or cloudy conditions, rather
than as a precise full-day yield. The extrapolated yield is
also consistent with previous experimental studies conducted
in Malaysia using a similar design of active solar still with
PVC hot water, which reported productions of 2.21 kg/m? per
day amount of freshwater [47] On the other hand, freshwater
yields of 1.55 and 1.69 kg/m? per day were reported for a
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solar still without any heating element [48] and for a passive
solar still [47], respectively.

The thermal efficiency is determined to assess the
operational effectiveness of the glow plug enabled SPWH
under the available environmental conditions. The system
efficiency was calculated for the first and second hours of the
experiment using Eq. 12. Since T = M < 70 °C for
both cases, the latent heat of evaporation, S; was calculated as
2353096.05 and 2347743.38 Jkg™! respectively, using Eq. 14.
During the first hour, the recorded average Ty and Tpyipe
were 67.3 and 50.4 °C, respectively and while the second
hour they were 74.13 and 47.95, °C respectively. The average
freshwater productions during the first and second hours were
0.0147 kg and 0.01736 kg, and the corresponding average
solar irradiance values were 448.46 and 386.17 W/m?2,
respectively. Using Eq. 12, the calculated hourly efficiencies
were 49.83 and 68.18%, yielding an average efficiency of
approximately 59%. The calculation method was adopted
from [45] and [46], and the obtained results are consistent
with those previous studies, which reported efficiencies of
52.5 and 63.5%, respectively. The efficiency results are
shown in Table 3.

Fig. 16 shows the temperature difference between brine
water and solar still chamber. The highest temperature of the
brine water reached 79.2 °C at 12:45 PM, within 45 min of
the experiment. At the same time, the temperature of water
vapor is found to be 60 °C. The temperature has started to
decrease because the current from the battery is not sufficient.
This happens due to the decrease in solar irradiance on the
experiment day.
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Table 4 shows the time taken to increase temperature for
4.5 kg of brine from 35 to 80 °C. The theoretical time taken
is derived from the model equation, which neglect heat losses
and auxiliary solar gains. In the experiment, heat losses due
to convection, evaporation, and conduction act to increase
the heating time, while solar irradiance transmitted through
the transparent cover provides an additional heat input that
reduces the heating duration. As a result, these opposing
effects partially compensate for each other. The observed
difference between the calculated (46.72 min) and measured
(45 min) heating times is therefore attributed to this partial
compensation, rather than very precise value.

Fig. 17 shows the progressive temperature escalation,
spanning from the initial temperature of 36 °C to the peak
of 79.2 °C, at five-minute intervals. This rise demonstrates a
clear linear trend, exhibiting a strong regression relationship
with time. Both mathematical models have been adeptly
fitted to the data points, yielding a R* = 0.87. The chamber
temperature is inherently transient because evaporation and
condensation occur simultaneously during operation. In this
study, linear fits are applied the 2-hour experimental period,
during which both brine and chamber temperatures shows
a near-linear trend. Similar to this study, the non-linear
temperature profiles were also observed by a recent study
in [32]. The non-linear curve is represented by a second-order
polynomial fit for both temperature profiles, with an R> =
0.98. A detailed transient energy balance incorporating con-
vective, conductive, and vaporization losses is not included in
the work and will be addressed in future studies.

The linear regression equations for the brine water and
solar still chamber can be derived as Eq. 16 and Eq. 17,
respectively.

Thrine = 0.955 x t + 43.042 (16)
Tyin = 0.6176 x t + 37.095 (17)

where, Tpyine, Tsin, and ¢t denote temperature for brine (°C),
solar still (°C), and time (min) respectively. The observed
slope signifies a positive correlation between temperature
and time. Furthermore, upon deriving the derivatives of both
equations, Eq. 18 and Eq. 19 can be obtained.

d(Tbrine)

— " =0.955 18
7 (18)

d(Ty;

dTstinr) _ 0.6176 (19)

Both equations describe the rates of temperature increase.
This can be interpreted by considering that, at every one-
minute interval, the temperature of the brine water increases
by 0.96 °C, while the temperature of the solar still chamber
increases by 0.62 °C (up to a saturation point).

The above analysis indicates that brine water heats up
faster than the chamber temperature due to better thermal
absorption and active heating by glow plug. The brine water
also remains relatively stable, with minimal fluctuations of
£ 2 °C, which supports sustained freshwater production.
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In contrast, the chamber temperature shows more variability
due to loss of ventilation and the influence of the surrounding
air condition. The temperature difference between brine and
chamber increases slightly over time (22-28 °C), indicating
that brine retains heat better than the chamber. This happens
because water has a higher specific heat and some heat may
be released from the chamber through convection during the
experimental time.

In Fig. 18, we analyzed the required time from 35 to
80 °C against the amount of brine. The required time was
estimated using the analytical model stated in Eq. 3. The
results show a nearly linear relationship between brine mass
and heating time. As the brine quantity increases from 3 kg
to 8 kg, the required heating time increases proportionally
from approximately 31 min to 83 min. This trend is expected
because the thermal energy required to raise the temperature
of the brine is directly proportional to its mass. It also
indicates that the temperature of the 4.5 kg brine can be
reached to 80 °C in 46.72 min, whereas the experimental
time is found to be 45 min. The analytical model in Eq. 3
estimates the heating time using the energy balance, which
assumes ideal conditions without explicitly accounting for
thermal losses. The primary purpose of this formulation was
to provide a first-order estimation of the heating requirement
for different amount of brine. In the experimental setup, the
heater was directly immersed in the brine, which enabled
efficient heat transfer with minimal thermal resistance.
In addition, the transparent plastic cover allowed partial
solar heat gain, which contributed additional thermal energy
to the brine. These factors partially compensated for the
unaccounted thermal losses (such as convection and radiation
to the surroundings), resulting in the close match between the
theoretical heating time (46.72 min) and the measured time
(45 min) for 4.5 kg of brine.

Fig. 19 illustrates the correlation between brine water and
solar still temperatures with solar irradiance over the course
of the day. In the initial phase of the experiment, spanning
from 12:05 to 12:30 PM, a decline in irradiance was observed
due to an approximate cloud cover of 7. During this period,
both the brine water and chamber temperatures showed an
upward trend, attributed to the heating effect of the glow plug.
This deliberate heating helped increase the evaporation rate
over time. Notably, during the two-hour experiment, the brine
temperature remained stable despite fluctuations in solar
irradiance. This consistent behavior of brine temperature is
observed as a significant and noteworthy outcome of this
research.

E. ELECTRICAL AND THERMAL ENERGY BALANCE
ANALYSIS

The electrical energy supplied to the glow plug heater was
estimated by integrating the measured output power over
the experimental period (12:00-14:00). This results in an
input of total electrical energy (Ecjectrical) 1S approximately
377.3375 Wh or 1.36 MJ (Fig. 12). This electrical energy
contributes primarily to heating the brine water and partially
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FIGURE 11. PV and battery current against daytime. Both voltages are measured at the output terminal of the MPPT

controller.

to the evaporation process. Considering the brine mass from 36 to 79.2 °C corresponds to a sensible heat gain
(mprine) of 4.5 kg, the temperature was increased (AT) of approximately 0.81 MJ. In addition, the latent heat
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respectively.
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FIGURE 13. Relationship between amount of freshwater production with brine temperature. Experimental data shows
linear correlation coefficient with R2 = 0.9049. This trend supports previous study of [47].

associated with the measured freshwater production of on a latent heat of vaporization (S;) of 2.35 MJ/kg. The
0.032 kg can be calculated approximately 0.075 MJ, based 2.35 MJ/kg is the average of 1% and 2" hour of latent
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FIGURE 15. Amount of freshwater production against solar irradiance. The SPWH system maintained the steady freshwater
production even under cloudy conditions and at irradiance levels below 500 W/m2.

heat of vaporization, obtained from Eq. 14. Therefore, the analysis — electrical energy input into the glow plug vs.
combined thermal energy together with water heating and thermal gain.

vapor production is found to be 0.882 MJ, representing about

64.71% of the electrical energy supplied to the heater. The F. WATER QUALITY TEST

remaining portion can be attributed to heat losses through During the desalination process, brine water is heated by
the still structure, convection, and other system inefficien- solar energy together with the glow plug enabled SPWH
cies. Table 5 shows the calculation for energy balance system. As the water evaporates, salts, heavy metals, and
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other contaminants remain in the basin while only water
vapor rises and condenses as freshwater. The relatively high
operating temperature during the process also helps reduce
microbial activity, which contributes to improving the quality
of the collected water.
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The water quality was tested in explicitly in our previous
studies, such as [47] In this study, a self-developed moni-
toring system containing three sensors—pH, turbidity, and
total dissolved solids (TDS)—was employed to evaluate the

quality of the collected freshwater. The measured values were
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FIGURE 19. Brine water and solar still temperature against solar irradiance throughout daytime.

compared with recommended drinking water limits as well as
with results reported in our earlier research. The pH sensor
was used to determine the acidity or alkalinity of the product
water, and the measured value was 7.3, which falls within the
acceptable range for drinking water according to the World
Health Organization drinking water guidelines (typically pH
6.5-8.5). Turbidity was measured using a turbidity sensor
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expressed in Nephelometric Turbidity Units (NTU), which
indicates the presence of suspended particles in the water. The
recorded turbidity value of the distilled water was 0.7 NTU,
which is below the recommended limit of 5 NTU for drinking
water. The total dissolved solids (TDS) concentration was
measured as 19 ppm, indicating that the concentration
of dissolved ions and salts in the product water is very
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TABLE 5. Energy balance - electrical energy input into the glow plug vs. thermal gain.

Electrical energy analysis

Thermal energy analysis

> Pioga = 4527.93 W
Time interval, t = 5 min or 0.08 h

Total electrical energy,
Ecloctrical = ZPload Xt =377.33 Whor1.36 MJ

i. Sensible heat to raise brine temperature

Mass of brine, mpine = 4.5 kg

So, sensible heat = mp,iue X Sp X AT
= 807343.2J or 0.81 MJ

ii. Latent heat for evaporation

Amount of freshwater, M., = 0.032 kg

So, latent heat = My, X §; = 75213.43 1]

Specific heat of the brine at 31 °C, S, = 4153.0 J/kg.K
Temperature difference of brine (from 36 to 79.2 °C), AT=43.2 °C

Latent heat of vaporization, §; = 2350419.72 J (from Eq. 14)

Total thermal energy, Emermar =) + (i) = 882556.63 J or 0.88 MJ

Energy utilization percentage

Linermar _ 0.88 _ g4 71
Eelectrical 1.36 ’ %

TABLE 6. Water quality parameters of the produced freshwater.

Sensors

Recommended range

Description

Tested result

pH 5.5-7.5

Pure water absorbs CO» from the air,
which slightly reduces its pH.

7.30

Turbidity | < 1 NTU

Turbidity values above 1 NTU may indicate
dust, biofilm, or fine droplets splashing 0.7
from the basin walls.

TDS 0-50 ppm

Distillation removes more than 99% of salts
from seawater; residual TDS mainly comes
from dissolved COa, trace silicic acid from
glass, or minerals leached from tubing.

19

low and well below the commonly recommended limit of
0-50 ppm. Table 6 presents the recommended limits together
with the measured values obtained in this study. Based
on the comparison with drinking water guidelines and the
consistency with results reported in our previous research, the
produced water from the solar still can be considered clean
and suitable for potable use.

G. COST ESTIMATION
The additional components, namely glow plug, battery,
MPPT, and solar PV introduced extra cost to the conventional
solar still system. Table 7 presents a breakdown of the cost
details for all the components in the developed glow plug with
SPWH system.

The solar still, created in the Faculty of Electrical and
Electronic Engineering laboratory by our research team,
utilizes materials and equipment locally sourced in Malaysia.
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The financial analysis was conducted using both Malaysian
Ringgit (RM) and U.S. dollars (US$), with an exchange rate
of RM1.00 equivalent to US$4.68. The comprehensive cost
of the SPWH was tallied, encompassing all mechanical and
electrical components, amounting to approximately $363.74
(RM1702.30).

Our empirical research posits a 10-year lifespan for the
SPWH structure and electrical components, during which
maintenance or replacements are anticipated. The transparent
plastic cover, for instance, is projected to need replacement
every 6 months, amounting to 2 times a year or 18 times
over the decade (first year does not require maintenance), at a
total cost of $32.69. Other mechanical parts will also require
periodic replacement: PVC every 3 years ($10.38 total), the
Aluminium composite holder every year ($3.85 total), and
Aluminium containers annually ($24.62 total), culminating
in a 9-year mechanical maintenance expense of $72.50.
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TABLE 7. Cost analysis - initial investment, payback period, CPL, and operating

and maintenance.

Cost Operating and maintenance cost
RM US§$ Replacement | Costper | Costper | Cost per
Category Item (Ringgit ($1= frequency year 9 years 9 years
Malaysia) | RM4.68) Times/year RM RM US$
Transparent plastic 8.50 1.82 2 17 153 32.69
cover
PVC for solar still 18 3.84 0.30 5.40 48.60 10.38
structure
Aluminum composite 2 0.43 1 2 18.00 3.85
. holder
Mechanical Hexagon nuts, flange
part & . £¢ 1 0.20 0.5 0.5 4.5 0.96
cramp terminal
Aluminum containers 12.80 2.74 1 12.80 115.20 24.62
Subtotal 42.30 9.04 - 37.7 339.30 72.5
12V glow plug 20 4.27 1 20 180.00 38.46
MPPT 65 13.88 0.50 32.50 292.50 62.50
Lead acid battery, 100 Ah 700 149.57 0.10 70.00 630.00 134.62
Electrical Solar PV, mono type
part 195 W 745 159.18 0.00 0.00 0.00 0.00
Cables 20 4.27 0.50 10.00 90.00 19.23
Safety switches 10 2.14 0.50 5.00 45.00 9.62
Subtotal 1560.00 333.33 - 137.50 1237.50 | 264.42
Others, such as
transportation 100 21.37 1 20.00 180.00 38.46
and manufacturing
C; =total cost 1702.3 363.75 - 195.20 1756.80 | 375.38
CRF=Capital recovery CRF = X (14”r i)
factor ) (I+i)"—1 0.13 0.03
i=interest rate i=4.5% T ’
n=lifespan n =10 years
Cra= 1" annual cost Cm = CRF x C; + Cp
Cp= Bank charge Cp = 0.005 x C; 22365 | 41.79
C(o&m)=Annual
operation and Cogm) = 0.786 X Cpp 175.79 37.56
maintenance cost
SFF= Sink fund i
factor SFF = A=t 0.08 0.02
ASV= Annual salvage B
value ASV = SFF X SV 0.016 0.0035
SV =20%
SV =salvage value
Cra = Total annual
cost Cpy =Cmpy + C(O&M) — ASV 399.42 85.35
Daily yield (kg/day) 3.35
Annual yield (kglyear) | Daily yield x 0.8 X 365 978.20
Inflow amount Annual yield x 0.20 $/kg 915.60 195.64
Payback period (year) Inﬂmcm 1.9
CPL= Cost per liter CPL = j A0 0.41 0.09
nnual yield

Electrical components, including the glow plug, MPPT,
safety switch, and others, are estimated to need annual
replacement, summing up to $264.42 over 9 years. The bat-
tery, guaranteed by the manufacturer for 5 years, is expected
to be replaced once within the decade. Maintenance for
the solar PV is not accounted for, as its warranty exceeds
10 years. Others, such as transportation and manufacturing
cost is estimated $4.27 per year from the second year.
Consequently, the total maintenance cost for a decade of
operation is calculated to be $375.38.

The total capital cost (C;) is the summation of all initial
costs including electrical, mechanical, and manufacturing
and transportation costs. Capital recovery factor (CRF) is
obtained from Eq. 20, where interest rate (i) in Malaysia
is 4.5% for period of 10 years (n = 10). We also
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consider one off bank loan processing charge (Cp) as
0.5% of capital cost, C;. Then we obtain First annual cost
(Cra) from Eq. 21 and Eq. 22. This shows capital cost
(C;) and first annual cost (Crgs) of $363.75 and $47.79
respectively.

s (14

CRF = M (20)
a1+ -1

Crpa = CRF x C; 4+ Cp 21

Cp =0.005 x C; (22)

The annual operating and maintenance cost (Co&nm))
is determined by averaging the 10-year cost, representing
approximately 0.785% of the first annual cost (Cpy).
As maintenance is not required in the first year, the total
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TABLE 8. Comparison among the previous researchers’ outcomes and proposed glow plug in terms of daily yield, max brine temperature, and ambient

temperature.
N . Max Brine Rate of Temp Rate of Temp .
Method & Country, Yleld/t;ay Ambmz]t f Ve Temp Increase (Brine) Increase (Chamber) Efficiency Cost.
Ref Year (L/m?) [W/m?, °C] ©C) (°C/min) (°C/min) (%)
. Saudi
hs"l“’ ar Arabia, 1.3-22 NA, 14-26 422 - 0.046 - 0'0122
eater [21] 2016 $/L/m
D"“b[lscéib’md Iran, 2022 11 1000, 35 70 0.12 0.12 0.10 $/L/m”
Stepped solar India, 800,
2.7 65 0.06
[10] 2022 30
Inclined tabular Hal KSA. 442 o 893 0.14 0.15 35.62 0.01 $/L/m?
Typical method Perak,zl(\)/lla::uyma, 20 I\’I‘/;, 53 0.15 0.067
Twin wedge Tamil Nadu, 754, ’
11 India, 2022 3.61 2031 54 0.152 0.152 0.53 $/day
PCM KSA.
N 2.88 - 68 0.125 0.125
[54] 2024
PCM heat 6 cities, 998.19-1023.03,
storage [52] Morocco, 2023 6.27-11.5 25.63-41.13 66.03-75.67 0.127-0.154 49.04-84.62
SS[ 37?:0 . 0.63-0.796 500 55 0.10 418 020 $IL
Typical Egypt 0.03-3.0 966.42-1420,
.03-3. 63 0.056
[20] 2020 39.5
Carbon black Egypt 552.2, ¥
thin film [46] 2022 6.1 33 68.3 0.11 23.18-82.16 0.02 $/L
Typical California o3
5 80 0.15 6.89 $/m’
1551 2022
C"'I“S"l‘f“e '2<052A1 49 ;’;’3‘2“5 97 037 041 20.1 0.02 $/L
Hybrid India 992.3,984.3
<2.0 § ’ 60.1 0.204 29.96
[56] 2011 35.6
Proposed glow Johor, 418.6, 2
plug with SPWH Malaysia 335 33.96 79.2 0.96 0.62 49.83-68.18 0.09 $/kg/m

Cos&m) 1s estimated for the subsequent 9 years, totaling
$375.38. Therefore, the annual C(pgm) is calculated as the
10-year average of $375.38, resulting in an annual C(pgum) of
$37.54.

Total number of low, medium, and high luminance days
in Malaysia are 20%, 60%, and 20% of the year respectively,
obtained from our previous research [39]. This estimates 80%
or 292 days of medium and high luminance days yielding
978.2 kg of freshwater as a annual yield and 9782 kg during
the 10-year lifetime.

The production cost per liter (CPL) is determined through
Eq. 23. Assuming a freshwater price of $0.20 per kg, the
annual cash inflow is computed at $195.64 based on the
total annual yield. The payback period is then calculated
using the averaging method, obtained by dividing the annual
cash inflow ($195.64) by the capital cost (C;) of $363.75.
Consequently, the payback period is found to be 1.9 years.
The cost analysis follows the methodology outlined by Ref.
[49], [50] shown in Table 7.

Cra

CPL= ——F—
Annual yield

(23)

H. DISCUSSION AND COMPARISON

To assess the findings of this study, an analysis is performed
comparing them with the latest relevant research. Table 8
outlines the key results of this study and other related works.
Since the integration of glow plug with SPWH is novel,
no similar publications have been found in the literature.
As a result, the comparative approach involves evaluating the
outcomes of this study against the most relevant publications
in the areas of solar air heaters, double-glazed systems,
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stepped solar designs, inclined tabular configurations, twin-
wedge setups, phase change material, and hybrid systems.

Comparison analysis indicates that daily freshwater yield
varies by location and solar irradiance, structure of the solar
still, and volume of brine in the container. However, the
most dominant factor contributing to higher yield is high
solar irradiance, which in turn stimulates the evaporation rate
by increasing the temperature of the brine water. Referring
to Table 8, the overall yield per day of this study is
comparatively lower than a few researchers by 31.9 [49],
46.26 [51], and 87% [52]. The lower yield achieved by this
current study is attributed to both the typical structure of the
solar still chamber, moderate level of solar irradiance, and
0 m/s of wind speed. In [52], the results from theoretical
approach showed that higher wind speeds could lead to
increased production, with a range of 6.27-11.5 L/m? of
freshwater per day. In [51], a heat storage composite system
is used to enhance the brine and chamber temperature that
increased freshwater yield to 4.9 L/m?.

All the previous studies conducted experiments during the
Summer at 8.00 AM, and we observed that no vaporization
occurred until the chamber temperature reached 40 °C.
This implies that it took nearly 2 hours to raise the brine
temperature from the initial level to 40 °C. In this study,
by employing a glow plug, the chamber temperature reached
40 °C within 5 minutes and 80 °C within 45 minutes.
Therefore, the rate of temperature increase (°C/min) of brine
in this study is found to be 6-8 times higher than that in
previous studies, referred in [10], [23], [49], [52], [53], [54],
[55], [56] and more than 10 times higher than [9], [19],
[57]. When comparing with the chamber temperature, the
current study outperforms, Refs. [10], [20], [23], [49], [53],
[54], by 5 to 13 times. This has resulted in an average
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system efficiency improvement of 57.94%, surpassing all
previous studies except for theoretically analyzed Ref. [52]
and nano-enhanced energy storage material (23.18-82.16%)
Ref. [46], to the best of our knowledge. The key benefit of
the proposed system lies in its ability to substantially elevate
both the brine and chamber temperatures from the beginning
of the day, which is one of the crucial factors influencing the
system efficiency. We also observe a significant improvement
in efficiency in previous studies using extra materials and
techniques in methods, such as inclined and tubular solar
still with parabolic concentrator (35.62% improvement) [51],
solar still thermoelectric generator or SS TEG (41.8%
improvement) [57], and hybrid solar still as a co-generative
system (29.96% improvement) [56]. Sai Kiran Hota et al.
found carbon black particles as inexpensive for a small
community water solution [55]. When comparing the cost per
liter (CPL), we observed variations in the consideration of
different interest rates by various researchers, such as 15%
in some locations and 6% in KSA. Consequently, the CPL
calculation lacks uniformity. In our research, we determined
the CPL to be $0.09/kg, based on a 4.5% interest rate in
Malaysia.

Although humidity and other environmental conditions
vary between locations, the evaporation rate highly depends
on the solar still chamber and brine temperature. This
temperature is found to be influenced by solar irradiance and
the structure of the solar still chamber. Therefore, in this
research, we utilized solar irradiance to increase the chamber
temperature and power the glow plug for heating the brine.
The solar-powered glow plug serves as an additional heating
element to enhance the efficiency of the desalination system.
This element can rapidly increase the brine temperature,
leading to a shorter desalination period. Referring to Table 8,
the proposed system has achieved a brine temperature as
high as 79.2 °C - the highest among previous researchers,
despite having a lower average day irradiance compared to
the location of previous research.

IV. CONCLUSION

This study focuses on the design and model of a new
glow plug-integrated solar still desalination technique to
improve the evaporation rate. We investigated the electrical
and economic impact of the glow plug in an inclined
solar still desalination system powered by a solar PV. The
objective of this study is to raise the brine temperature inside
the solar still chamber by converting electrical energy into
heat. The inclusion of the glow plug has significantly
improved the overall performance of the system. To accom-
modate the 300 W load of the glow plug, the power
requirements were calculated to optimize the size of the
PV system and battery. Considering load current of 25 A,
appropriate cables, MPPT charge controller, and switches
were selected using mathematical models. The finalized
system specifications consist of a 425 W PV array, a 12 V
100 Ah lead acid deep cycle battery, a 30 A DC switch,
and a 75 V 50 A MPPT charge controller. These selections
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guarantee a stable voltage supply to the battery, with a
fluctuation rate of less than 0.9%. The system size is
designed to effectively mitigate potential issues caused by
extensive cloud coverage and days with moderate luminance.
This ensures uninterrupted power supply to the glow plug,
sustaining the rise in brine temperature even under fluctuating
irradiance conditions commonly found in climates like
Malaysia. From battery sizing analysis, we observed that
maximizing the load hours per day can be more economically
viable compared to increasing the number of autonomous
days.

The major findings of this research can be summarized

based on the investigation results:

o Almost no vapor was observed in the still initially
at 500 W/m? irradiance and 25 °C ambient temperature.
Because time is required for the chamber to reach a
certain temperature to initiate evaporation.

« Based on the system modeling and autonomous day =
1, we obtained optimal sizing of electrical components-
cables: 12 AWG, solar PV: 166 W, battery: 84 Ah, and
MPPT: 29 A. The system efficiency is determined above
and below 70 °C based on the ratio of output energy
(freshwater production) and input solar radiation energy.

o The average solar irradiance and ambient tempera-
ture were measured at 418.56 W/m? and 33.96 °C,
respectively. The standard deviation for temperature
and irradiance are 0.53 (less disperse) and 76.84 (high
disperse from mean), respectively. The fluctuated 6-
8 oktas cloud cover causes switch variations in solar
irradiance, which are mitigated by appropriate battery
sizing.

o The glow plug enabled SPWH can raise the brine and
still chamber temperature to 79.2 °C and 60 °C within
45 minutes. It requires 840.98 kJ of energy conversion
for a 4.5 kg brine. For this conversion, SPWH consumes
up to 21.2 A current. By supplying this high amount of
current from the battery can cause it to be fully drained
out of it, it is suggested to use a controller for using
SPWH. Both battery and load voltage shifts were found
to be 0.9%, which complies with the voltage regulation
limit of + 5% as specified in IEC 60038.

o The temperature profile indicates that brine water heats
up more rapidly than the solar still chamber, reaching
a peak of about 79.2 °C, while the chamber peaks
near 56 °C. Brine temperature remains relatively stable
with minimal fluctuations (£2 °C), ideal for sustained
evaporation. In contrast, the chamber temperature shows
greater variability. The increasing temperature differ-
ence between brine and chamber— from 22 °C to 28 °C
—suggests better heat retention in the brine, attributed to
its higher specific heat capacity and possible convective
or radiative losses from the chamber.

o The rate of temperature increase for the brine was
determined to be 0.96 °C/min, while for the solar still
chamber, it was found to be 0.62 °C/min. These values
were derived through rigorous regression analysis using
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the best-fitted models, resulting in an R? value of 0.87,
surpassing previous research.

o The average brine temperature recorded was 70.58 °C,
yielding freshwater production of 0.032 kg / 0.043 m? in
2 hours under the climate conditions of Malaysia.

o The achieved productivity and the highest thermal
efficiency of the SPWH system are 3.35 L/day/m? and
68.18%, respectively. The efficiency is improved by
reducing the waiting time for initiating vaporization.

o The cost per liter (CPL) for this system is reduced to a
competitive level of $0.09/kg per m?, accounting for a
4.5% interest rate.

o The inclusion of glow plug in the desalination system
demonstrated higher performance compared to other
solar desalination systems under tropical climates.

The limitation of this study is that the experiments
were conducted over a short operating period and there-
fore long-term durability aspects such as corrosion rate,
sheath leakage, and scale formation were not quantitatively
evaluated. It is acknowledged that saline environments
may promote corrosion and scaling depending on brine
composition and operating duration. In the current prototype,
periodic visual inspection and manual cleaning of the heater
surface were carried out to remove salt deposits.

Although daily water production was moderate due to
ambient conditions, reaching nearly 80 °C brine temperature
marks a significant improvement over previous studies.
In future work, the authors intend to study the performance of
the proposed glow plug enabled SPWH in a large commercial
scale using an improved design for the solar still chamber.
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ACRONYMS
T Temperature (°C).
R Resistance (£2).
t time (s).
m Mass (kg).
S Specific heat (J/kg.K).
P Power (W).
1 Current (A).
L Cable distance (feet).
\% Voltage (V).
E Energy (Wh).
h Hour (h).
Sh Sun hour (h).
N Number.
CB Battery capacity (Ah).
B Battery loss (%).
My,  Amount of total freshwater productivity (kg).

A Area of solar still (mz).
Average solar irradiance (W/m?).
CRF  Capital recovery factor.
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i Interest rate (%).
n Lifespan (years).
C Cost.

SFF  Sink fund factor.
ASV  Annual salvage value.
N% Salvage value.

CPL  Cost per liter.

A. GREEK SYMBOLS
k  Constant.

n  System efficiency (%).

B. SUBSCRIPTS

i Initial.

f Final.

b Brine.

pv Photovoltaic or PV.
max Maximum.

oc Open circuit.

mpp Maximum power point.
sc Short circuit.

bat Battery.

nom Nominal.

DoD  Depth of discharge.
oc, r Rated open circuit voltage.

mc Maximum charge.

bc Battery charge.

/ Latent heat.

amb Ambient.

t Total.

FA First annual.

B Bank.

O&M  Operation and maintenance.
TA Total annual.

sys System.

load System load.
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