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INTRODUCTION

The fresh water crisis has become a global 
issue in recent decades. Fresh water is a renew-
able resource, but human population growth 
and increasing exploitation of water resources 
mean the world’s 7 billion people will face a 
clean water crisis in the coming years (Subra-
mani and Jacangelo, 2015). It is predicted that 
approximately 70% of the global population 
will experience a water deficit by 2025 (Anand 
et al., 2021). Despite having relatively large 

freshwater resources (6% of the world’s water 
reserves), Indonesia is considered a country at 
high risk of experiencing a water crisis. Accord-
ing to a report by the World Resources Institute 
(WRI), Indonesia is among the countries fac-
ing a high risk of water scarcity by 2040, based 
on the water scarcity projections (Asfahan et 
al., 2022). Compared to neighboring countries, 
such as Malaysia, the Philippines, Singapore, 
and even Vietnam, Indonesia’s water availabil-
ity remains far below average. Indonesia’s piped 
water supply system is only capable of serving 
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ABSTRACT
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performance of the developed hybrid solar desalination system was quite high with hourly yield of 28.03 L/m2 over 
5 hours, and the optimum desalination efficiency of 55.42%, which was obtained at a cooling water flowrate of 
4 L/minute, and the use of black gravel. The energy supplied to the system ranged from 13,064–15,506 kJ, with an 
energy consumption of 9,415–9,601 kJ. Meanwhile, the energy loss within the system was 3,463–6,091 kJ, or ap-
proximately 26.51–39.28% of the energy supplied to the system. Under optimum conditions, the thermal efficiency 
and gain output ratio (GOR) of the HSDS were 58.7% and 1.32, respectively.
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21.8% of its total population of 270.2 million. 
This is the lowest service capacity in Southeast 
Asia (Bappenas, 2019). Therefore, the improve-
ment efforts to address the threat of this water 
crisis are highly relevant and urgently required.

The water crisis is one of the most impor-
tant global issues that requires serious atten-
tion, because it affects the existence of the hu-
man population on Earth. In the countries with 
abundant freshwater resources, the water crisis 
can be anticipated by improving water resource 
management systems, for example by optimiz-
ing the development and management of strate-
gic water reservoirs. However, in the areas with 
limited water resources, one solution to the wa-
ter crisis is to utilize the most abundant natural 
resources, namely seawater and brackish water, 
through a process called desalination (Pistocchi et 
al., 2020). Scientific studies conducted by many 
researchers indicate that the application of desali-
nation technology to purify seawater and brack-
ish water has very promising prospects for use in 
the efforts to reduce the rate of clean water deficit 
(Pistocchi et al., 2020; Raihananda et al., 2021). 
These desalination installations globally produce 
no less than 160 million m3/day (Kumar et al., 
2022), and serve as the primary water source for 
approximately 0.5 billion people globally (Alhaj 
et al., 2022). Unfortunately, Indonesia still re-
lies on conventional water production systems, 
which in reality are only capable of serving 21.8–
47.71% of the population (Fairuz et al., 2023). At 
this point, there is a gap in technological imple-
mentation that needs to be bridged by develop-
ing innovative water production systems, such as 
sustainable desalination systems, by maximizing 
the potential of national resources.

This research aimed to study the character-
istics and performance of a hybrid solar desali-
nation system (HSDS) powered by solar driven 
interface/thermal energy storage materials for sa-
linity reduction in salt water. The effect of cooling 
water flowrate, energy analysis, and thermal ef-
ficiency of the system was also investigated. The 
combination of a two-way heating system (direct 
and indirect heating), a vacuum system, the use 
of heat storage materials, and the use of separated 
condensation system in the integrated HSDS de-
vices constitute the innovative configuration in 
the hybrid solar desalination system that is being 
used for the first time in this study.

MATERIALS AND METHODS 

The research was conducted at the Fugha 
Workshop in Lhokseumawe City, which has a 
solar energy conversion system facility with a 
capacity of 1800 WP, and has a work area with 
intense sunlight exposure and an adequate source 
of cooling water.

Materials 

The HSDS system consists of three main 
units, namely the evaporator, with a heat trans-
fer surface area of ​​≥ 0.25 m2 (Munawar et al., 
2022; Munawar and Majuar, 2019), and is as-
sembled with a feed tank and condenser, as well 
as a solar power conversion system (Figure 1). 
The evaporator uses a dual heating system, con-
sisting of direct solar heating and heating with a 
heater supplied with electrical energy from a solar 
energy conversion unit. The solar energy conver-
sion system consists of solar panels, an inverter, 
and an energy storage system or battery (Isah et 
al., 2022; Munawar, 2022). The evaporator is also 
filled with solar-driven interface (SDI) or heat 
storage (HS) materials (Dong et al., 2022; Li et 
al., 2020; Raihananda et al., 2021; Nema et.al., 
2025), consisting of black gravel, quartz sand, 
and black sand. A vacuum system is used to trans-
port vapor from the evaporator to the condenser 
(Munawar and Majuar, 2019).

Experimental design 

Determination of optimum conditions of HSDS 

Determining the optimum conditions for 
HSDS was conducted in two experimental sec-
tions: (1) experiment 1.1, determining the opti-
mum feed water flow rate; and (2) experiment 
1.2, determining the optimum initial feed water 
concentration. Both experiments were conducted 
in a semi-batch manner, with a feed water volume 
of 20 liters, an operating pressure of 70 mbar, and 
a cooling water flow rate of 1 L/minute.

In experiment 1.1, feed water with an initial 
concentration of 10 g/L was fed into the evapora-
tor at a flow rate varying between 0 and 50 ml/
minute. Then, several key parameters were mea-
sured periodically every 60 minutes for a 5-hour 
period: solar irradiance, temperature in each sub-
unit, condensate volume, and product water qual-
ity parameters (salinity, total dissolved solid, pH, 
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Figure 1. Developed innovative hybrid solar desalination system (HSDS)

Figure 2. Tray for 2nd filling option of the SDI/HS material

and turbidity). All these parameters were mea-
sured by three replications. In experiment 1.2, 
feed water with initial concentration variation 
between 10–35 g/L, flowed into the evaporator 
flow rate of the optimum discharge in experiment 
1.1. Then, several key parameters were measured 
periodically every 60 minutes within a period of 
5 hours, namely: solar irradiance, temperature 
in each sub-unit, condensate volume, and wa-
ter product quality parameters. Measurement of 
these parameters was carried out in 3 replications.

Determination of HSDS performance

The HSDS system performance study was 
conducted in a semi-batch manner, consisting of 
two experimental sections: (1) experiment 2.1, 
determining the effect of using SDI/HS materi-
als, namely the materials that accelerate evapo-
ration on the surface (solar-driven interface) or 
materials that store heat (thermal energy storage), 
and (2) experiment 2.2, determining the optimum 
cooling water flow rate; both experiments were 
conducted with a feed water volume of 20 liters, 
an operating pressure of 70 mbar, and the opti-
mum flow rate and initial concentration of the 
feed water in experiment (1).

Experiment 2.1 was conducted using the op-
timum conditions of experiments (1), using three 
variations of SDI/HS materials: black gravel, 
black sand, and river (quartz) sand. The SDI/HS 
material was placed in the evaporator in two dif-
ferent placement options: (1) filled directly into 
the evaporation chamber, and (2) floated in the 
liquid filling the evaporator using a perforated 
tray structured as shown in Figure 2. The filling 
option that yielded the optimum results was then 
used in experiment 2.2. As in the previous experi-
ment, several key parameters were measured pe-
riodically every 60 minutes over a 5-hour period: 
solar irradiance, temperature in each sub-unit, 
condensate volume, and water product quality 
parameters including salinity, total dissolved sol-
ids (TDS), pH, and turbidity. All these parameters 
were also measured in 3 replications.

Experiment 2.2 was conducted with several 
variations in cooling water flow rates between 1–4 
L/minute, with the feed water flowing at the opti-
mum flow rate and initial concentration of the feed 
water in experiment (1). Then, several key param-
eters were measured periodically every 60 minutes 
for a 5-hour period, including: solar irradiance, 
temperature in each sub-unit, condensate volume, 
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and product water quality. Measurement of these 
parameters was carried out in 3 replications.

Analysis of variance (ANOVA)

In order to obtain conclusions regarding the 
effect of the use of SDI/HS materials on the per-
formance of the HSDS, as well as the effect of the 
interaction between the time variable and the type 
of material, the experimental data were analyzed 
by using the 2-way ANOVA statistical method.

RESULT AND DISCUSSION 

The research began with the fabrication of 
desalination equipment and the installation of a 
solar energy conversion system. The desalina-
tion equipment developed uses a hybrid heating 
system (direct and indirect heating), consisting 
of four main units: a feed tank, evaporator, con-
denser, and condensate tank. The desalination 
equipment was mounted on a support system that 
allowed for easy movement according to opera-
tional and mobility requirements (Figure 3).

Unlike conventional solar still systems, and 
the systems used by previous researchers such 
as Isah et al. (2022), Abd Elbar and Hassan, 
(2020b), Munawar et al., (2022), and El Mouss-
aoui et al., (2021), the HSDS system used has a 
separate condensation unit, as well as a feed tank 
designed to accommodate a heat recovery system 
with a feed water recycling system and cooling 
water return from the condenser through tubes. 
The HSDS system was also equipped with a vac-
uum system, a feed water recycling system, and 
uses a solar driven interface (SDI) or heat storage 

(HS) material, which aimed to improve the over-
all performance of the system. The combination 
of a two-way heating system, a vacuum system, 
the use of SDI/HS material, and a heat recovery 
system in one integrated system is a new innova-
tion in the solar still system that is being used for 
the first time in this study.

The supporting system for indirect heating 
is a solar energy supply system (photovoltaic), 
which consists of 18 integrated solar panels, an 
AC-DC inverter, and a current storage battery, 
which has a maximum electrical energy sup-
ply capacity of 1800 W (Figure 4). This system 
supplies the energy needs for heating in a solar 
desalination system (HSDS) with a power of 
1000 W. Such a system has its own advantages, 
namely allowing electrical energy storage in the 
battery during the day, thus enabling the use of 
electrical energy at night.

While the use of solar energy conversion sys-
tems has significant potential to reduce the energy 
costs in thermal desalination systems, their imple-
mentation requires a relatively large initial invest-
ment. Furthermore, these systems require proper 
maintenance to avoid problems such as short cir-
cuits, corrosion, and environmental damage. If 
all systems supporting the desalination process 
could utilize the electrical energy from solar ener-
gy conversion systems, the system would be able 
to operate at very low costs, as the energy would 
be available free of charge.

Optimum system condition 

The optimum conditions of the HSDS system 
were determined with several variations in feed 

Figure 3. (a) Developed hybrid solar desalination system, (b) cooling water system
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flow rate, cooling water, and feed concentration as 
described in section 2.4. The volume of the con-
densate produced by HSDS was inversely propor-
tional to the feed water flow rate. The higher the 
solution flow rate, the lower the condensate vol-
ume produced (Figure 5a). The optimum conden-
sate volume was obtained under batch conditions 
(flow rate 0) which produced 2974 ml of fresh-
water. The production flux (5-hourly yield) for 
batch conditions was quite high, reaching 11.9 L/
m2 (Figure 5b). Under continuous conditions, the 
system’s production flux reached 10.42 L/m2 ob-
tained at flow rate of 42.0 ml/min. These data con-
firmed that the HSDS has a potential of optimum 
daily yield of 50 to 57.1 L/m2.day under continu-
ous and batch conditions, respectively. As a com-
parison, these data were quite high compared to 
the yield reported by several previous researchers, 
such as Isah et al. (2022a), Munawar et al. (2022), 
and Abd. Elbar and Hassan (2020) with yields of 
19.7 L/m2.day, 18.5 L/m2.day, and 3.5 kg/m2.day, 
respectively. The initial feedwater concentration 

has the same effect as the flow rate, where the 
higher the initial feedwater concentration, the 
lower the volume of condensate produced (Fig-
ure 6a). This is closely related to the colligative 
properties of solutions, where the solutions with 
high concentrations will experience an increase in 
boiling point compared to their dilute counterparts 
(Elsayed et al., 2021). On the other hand, accord-
ing to Al-Shammiri (2002), an increase in the ini-
tial concentration will lower the vapor pressure at 
the liquid surface, thereby decreasing the evapora-
tion rate. Similarly, Sharqawy et al. (2010) stated 
that evaporation in an evaporator is a function of 
salinity and temperature.

In a batch system, evaporation slows down as 
the brine concentration increases. However, in a 
continuous system, a flow rate that is too high also 
has the potential to reduce the evaporation rate 
due to mixing that is too fast, which causes the 
temperature of the solution in the system to de-
crease. The optimum condensate volume is 2817 
mL, obtained at an initial concentration of 10 g/L. 

Figure 4. Solar energy conversion system (PV system): (a) solar panels; (b) control panels

Figure 5. (a) Condensate volume, (b) hourly yield at various flowrate of feed water
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The highest 5-hourly yield at this initial concen-
tration variation was 11.7 L/m2 (Figure 6b), quite 
close (around 5.3%), below the optimum yield 
in the previous feedwater flowrate determination 
experiment. This data indicated the daily poten-
tial yield of 54.1 L/m2. 

Improvement of HSDS performance 

The performance of a thermal desalination 
system is largely determined by the performance 
of its two main units: the evaporation unit and the 
condensation unit. In this study, the performance 
of the evaporation unit was improved by using 
a two-way heating system, a vacuum system, a 
heat recovery system, and the use of solar driven 

interface (SDI) or thermal energy storage materi-
als to increase surface area and function as heat 
storage (HS) materials. Meanwhile, the conden-
sation system used variations in the cooling water 
flow rate to achieve optimum steam condensation 
in the condenser.

The use of SDI/HS material

The performance of HSDS has been improved 
using the materials that increase the evaporation 
surface area by using the SDI or HS material. The 
materials used were black gravel, black sand, and 
quartz sand. Initially, the SDI/HS material was 
placed directly in the evaporation chamber, and 
for comparison, it was then floated in the liquid 
by placing it in a perforated tray (Figure 7).

Figure 7. SDI/HS material placement options in the evaporator: (a) direct, (b) on tray

Figure 6. Effect of feed water concentration to: (a) condensate volume, (b) hourly yield
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The use of trays for the SDI/HS material 
apparently has an unfavorable effect on HSDS 
performance. The experiments with black sand 
showed that when filled directly into the evapo-
rator, the production rate was in the range of 
722–785 ml/hour, but decreased significantly to 
between 420–576 ml/hour when the SDI/HS tray 
was used (Figure 8). The decrease in production 
rate when using trays is thought to occur because 
some of the vapor is retained at the bottom of 
the tray, which then condenses in the evaporator, 
thereby reducing the steam supply and the con-
densation rate in the condenser unit.

The effect of using SDI/HS materials in the 
evaporator directly was shown in Figure 9a. The 
three SDI materials used, namely black gravel, 
quartz sand, and black sand, showed quite good 
performance, producing condensate of 4754 ml, 
3975 ml, and 3795 ml, respectively. The 5-hourly 

yields were 19.02, 15.9, and 15.18 L/m2 respec-
tively. This means that the potential daily produc-
tion flux of the three materials is 91.3 L/m2, 76.3 L/
m2, and 72.9 L/m2 respectively (Figure 9b). These 
data indicate that black gravel is a better SDI/HS 
material compared to quartz sand and black sand.

These results are consistent with those report-
ed by Nema et al. (2025) who compared the use 
of black-painted gravel aggregate and silica sand 
as thermal energy storage materials in a conven-
tional solar still. The study, which used a solar still 
with a surface area of ​​0.5 m2, reported an increase 
in optimum yield of 131.25%, with a total flux of 
2.59 liters after 12 hours of operation, obtained 
when using black-painted gravel aggregate.

If the solar still with TEMS addition devel-
oped by Nema et al. (2025) was used as a com-
parison to the HSDS system used in this study, 
it would be identified that the use of a direct and 

Figure 8. The effect of the SDI/HS filling method on the condensate production rate

Figure 9. The effect of the SDI/HS material on the: (a) condensate volume, (b) hourly yield
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indirect heating, a vacuum system, and SDI/HS 
materials such as black gravel, has a good perfor-
mance to give a significant impact to enhance the 
desalination system performance. Daily perfor-
mance enhancement was above 180% compared 
to their system. 

Laboratory experiments have shown that 
as a heat storage material, black gravel can still 
produce a yield of approximately 428 ml for a 
cross-sectional area of ​​0.25 m2 under the con-
ditions of decreasing irradiance from 1552 to 
362.5 W/m2. However, because it is used under 
the conditions of high salinity and temperature, 
like rocks in general, gravel has the potential to 
experience weathering after prolonged use (Nah-
has et al., 2019; Oguchi and Yu, 2021). Weath-
ering usually occurs based on the mechanisms 
of salt crystallization within the pores, chemical 
reactions between brine and basalt minerals, or 
thermal cycling (Oguchi and Yu, 2021; Zhang et 
al., 2015). Technically, rock weathering in high-
salinity and high-temperature environments can 
be significantly slowed down by several methods, 
including selecting low-porosity rocks, using hy-
drophobic or impermeable coatings to inhibit salt 
penetration (Andreotti et al., 2019; Lucero et al., 
2025), controlling temperature fluctuations during 
system operation, and periodically cleaning the 
TES material to remove salt accumulation. These 
approaches can collectively extend the life of the 
material even in aggressive environments. From 
another perspective, the effects of each SDI/HS 
material appear very different (Figure 9), making 
it difficult to draw general conclusions. There-
fore, the experimental data need to be analyzed 
statistically using a 2-way ANOVA model with 
interaction. Mathematical model is expressed as:

	 𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖  =  𝜇𝜇 + 𝛼𝛼𝑖𝑖 + 𝛽𝛽𝑗𝑗 + (𝛼𝛼𝛼𝛼)𝑖𝑖𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖 (1) 
 
𝐺𝐺𝐺𝐺𝐺𝐺 =  𝑚𝑚𝐶𝐶𝐿𝐿𝑉𝑉

𝑄𝑄𝑖𝑖
 (2) 

 
𝐸𝐸𝑖𝑖  =  𝑄𝑄𝑐𝑐 + 𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐸𝐸  (3) 
 
𝐸𝐸𝑖𝑖 = 𝑄𝑄𝑆𝑆𝑆𝑆 + 𝑄𝑄𝑆𝑆𝑆𝑆 + 𝐸𝐸𝑉𝑉𝑉𝑉 + 𝐸𝐸𝑊𝑊𝑊𝑊 = 𝑄𝑄𝑖𝑖 + 𝐸𝐸𝑉𝑉𝑉𝑉 + 𝐸𝐸𝑊𝑊𝑊𝑊  (4) 
 
𝑄𝑄𝑆𝑆𝑆𝑆 =  𝐼𝐼𝐴𝐴𝐸𝐸𝑡𝑡  (5) 
 
𝐼𝐼 =  𝐿𝐿𝐿𝐿𝐿𝐿

120  (6) 
 
𝑄𝑄𝑆𝑆𝑆𝑆 = ℎ𝐴𝐴ℎ(𝑇𝑇𝑆𝑆𝑆𝑆 − 𝑇𝑇𝐵𝐵)  (7) 
 
𝑄𝑄𝑐𝑐 = 𝑚𝑚𝑉𝑉𝐿𝐿𝑉𝑉 + 𝑄𝑄𝐵𝐵  (8) 
 
𝐿𝐿𝑉𝑉 = 2501,9 −  2.41𝑇𝑇 + 0.0012𝑇𝑇2 −  0.000016𝑇𝑇3  (9) 
 
𝑄𝑄𝐵𝐵 = 𝑚𝑚𝐵𝐵𝐶𝐶𝑝𝑝(𝑇𝑇𝐵𝐵 − 𝑇𝑇𝐹𝐹𝐹𝐹)  (10) 
 
𝐸𝐸𝑃𝑃 = 𝑃𝑃 · 𝑡𝑡  (11) 
 
𝑃𝑃 = 𝑉𝑉 · 𝐼𝐼 · 𝑓𝑓p  (12) 
 
𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐸𝐸 = 𝐸𝐸𝑖𝑖 − 𝑄𝑄𝑐𝑐 − 𝐸𝐸𝑉𝑉𝑉𝑉 − 𝐸𝐸𝑊𝑊𝑊𝑊  (13) 
 

	 (1)

Assuming εijk​∼N(0,σ2), independent. Refer-
ring to the experimental design, the research de-
sign of the effect of using SDI/HS materials is a 3 
× 5 factorial experiment with 3 replications. The 

hypotheses tested in the ANOVA analysis were: 
(1) Ho: There is no impact of variables (time, type 
of materials) and interaction between its to pro-
duction rate of condensate, and; (2) H1: There is 
an impact of variables (time, type of materials) 
and interaction between its to production rate of 
condensate. The results of ANOVA are summa-
rized in Table 1. The results of ANOVA show that 
factor A (time) giving F ≃ 30490178, higher than 
the Fcrit (α =0.01) ≃ 4.02, indicating a significant 
influence on the condensate production rate. Fac-
tor B (materials) giving F ≃ 463593, higher than 
the Fcrit (α =0.01) ≃ 5.39, also indicating a sig-
nificant influence on the condensate production 
rate, as well as interaction A×B that giving F ≃ 
417518, higher than the Fcrit (α =0.01) ≃ 3.17. 
Factor A contributes more than 97.19% impact on 
condensate production rate, compared to 1.48% 
and 1.33% contribution of factor B (type of mate-
rial) and A×B interaction, respectively.

Effect of cooling water flowrate

The cooling water flow rate has a significant 
effect on production flux. Data trends confirm that 
the product volume increases directly with cool-
ing water flow rate (Figure 10a). The optimum 
5-hourly yield obtained was 28.03 L/m2 (Figure 
10b), which was produced at a flow rate of 4 L/
minute, and almost 3-fold increase compared to 
the flux at a flow rate of 1 L of cooling water/
minute. These results illustrate that the developed 
HSDS has a fairly high daily yield potential when 
compared to previous studies, including those by 
Isah et al. (2022a), Munawar et al. (2022), Abd 
Elbar and Hassan (2020b), and Iqbal et al. (2024), 
who reported the daily flux of 19.7 L/m2.d, 18.5 L/
m2.d, 3.5 kg/m2.d, 8.3 L/m2.d, respectively. These 
data show that the developed innovative HSDS 
having a good potential for further development.

These results are considered quite realistic, 
considering that the condensation of water vapor 
in the condenser is largely determined by the quan-
tity of cooling water mass that serves to lower the 

Table 1. ANOVA calculation summary

Source of variation Sum of square (SS) Degree of freedom (df) Mean square (MS) F

Factor A (time) 73176427 4 18294107 30490178

Factor B (type of material) 556312 2 278156 463593

Interaction A×B 2004086 8 250511 417518

Error (SSE) 18 30 0.6 -

Total 75736843 44 - -
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temperature of the vapor until it reaches its dew 
point. Similar phenomena have been reported by 
several previous researchers, such as Attia (2015), 
Larboui et al. (2024), Smith et al. (2024), who 
showed that the condensation process is greatly 
influenced by the cooling water flow rate, cooling 
temperature, and condenser configuration.

The configuration of the steam (hot fluid) 
and cooling water (cold fluid) flow direction in 
the condenser also affects the condensation rate 
(Figure 11). The application of countercurrent 
flow produces a higher flux, which indicates that 
condensation takes place better if the countercur-
rent flow configuration is used. In counterflow or 
countercurrent flow, the temperature difference 
(ΔT) distribution between the steam and cooling 
water remains larger and more even throughout the 
condenser, thus encouraging a higher heat trans-
fer rate, and increasing condensation efficiency. 

Meanwhile, in the concurrent flow configuration, 
the temperatures of the hot and cold fluid streams 
meet more quickly, thus encouraging the initial 
condensation rate, but decreasing the temperature 
gradient over time, which causes a decrease in the 
overall condensation rate.

Energy analysis 

The performance of the desalination system 
was analyzed in terms of thermal efficiency, ex-
pressed as the Gain Output Ratio (GOR), which 
represents how much production capacity can 
be generated from a given amount of heat en-
ergy supplied to the desalination system. The 
GOR was analyzed by using Equation 2 (El-
henawy, 2022):
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Figure 10. The effect of cooling water flowrate on the: (a) condensate volume, (b) hourly yield

Figure 11. The effect of fluid flow direction on condensation rate
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where: mc – mass of condensate, LV – latent heat 
of vaporization, Qi – input energy to the 
evaporation system. 

In order to obtain the GOR value, it is neces-
sary to calculate the energy entering the desalina-
tion system, Ei. Referring to the energy balance, 
the general equation of the heat balance can be 
expressed in the form:
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where:	QC – consumption of energy in the sys-
tem, and Qloss,E − losses of energy from 
the system. 

Since the input energy comes from solar heat, 
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(4)

where:	QSS – heat from solar light, QSH – heat from 
solar heater, EVP – energy used by vacuum 
pump, EWP – energy used by cooling wa-
ter pump. 

The heat from sunlight (Qss) can be calculated 
by using Equation 5:
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where:	 I − solar irradiance (W/m2), AE − cross-
sectional area of evaporator (m2), and t − 
operating time (s). 

The heat from the solar heater (QSH) can be 
calculated using Equations 6 and 7:
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where:	QSH − heat from solar heater, h − convec-
tive heat transfer coefficient, AH − cross-
sectional area of heater, TSH − temperature 
of solar heater, TB − temperature of brine. 

Meanwhile, the energy consumption in the 
system (Qc) is the energy for evaporation of liq-
uid in the evaporator, which can be expressed by 
Equation 8:
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𝐸𝐸𝑖𝑖  =  𝑄𝑄𝑐𝑐 + 𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐸𝐸  (3) 
 
𝐸𝐸𝑖𝑖 = 𝑄𝑄𝑆𝑆𝑆𝑆 + 𝑄𝑄𝑆𝑆𝑆𝑆 + 𝐸𝐸𝑉𝑉𝑉𝑉 + 𝐸𝐸𝑊𝑊𝑊𝑊 = 𝑄𝑄𝑖𝑖 + 𝐸𝐸𝑉𝑉𝑉𝑉 + 𝐸𝐸𝑊𝑊𝑊𝑊  (4) 
 
𝑄𝑄𝑆𝑆𝑆𝑆 =  𝐼𝐼𝐴𝐴𝐸𝐸𝑡𝑡  (5) 
 
𝐼𝐼 =  𝐿𝐿𝐿𝐿𝐿𝐿

120  (6) 
 
𝑄𝑄𝑆𝑆𝑆𝑆 = ℎ𝐴𝐴ℎ(𝑇𝑇𝑆𝑆𝑆𝑆 − 𝑇𝑇𝐵𝐵)  (7) 
 
𝑄𝑄𝑐𝑐 = 𝑚𝑚𝑉𝑉𝐿𝐿𝑉𝑉 + 𝑄𝑄𝐵𝐵  (8) 
 
𝐿𝐿𝑉𝑉 = 2501,9 −  2.41𝑇𝑇 + 0.0012𝑇𝑇2 −  0.000016𝑇𝑇3  (9) 
 
𝑄𝑄𝐵𝐵 = 𝑚𝑚𝐵𝐵𝐶𝐶𝑝𝑝(𝑇𝑇𝐵𝐵 − 𝑇𝑇𝐹𝐹𝐹𝐹)  (10) 
 
𝐸𝐸𝑃𝑃 = 𝑃𝑃 · 𝑡𝑡  (11) 
 
𝑃𝑃 = 𝑉𝑉 · 𝐼𝐼 · 𝑓𝑓p  (12) 
 
𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐸𝐸 = 𝐸𝐸𝑖𝑖 − 𝑄𝑄𝑐𝑐 − 𝐸𝐸𝑉𝑉𝑉𝑉 − 𝐸𝐸𝑊𝑊𝑊𝑊  (13) 
 

	 (8)

where:	mV − mass of vapor, QB − heat of brine. 

The latent heat of vaporization, and sensi-
ble heat of vaporization can be calculated using 
Equations 9 and 10:

	

𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖  =  𝜇𝜇 + 𝛼𝛼𝑖𝑖 + 𝛽𝛽𝑗𝑗 + (𝛼𝛼𝛼𝛼)𝑖𝑖𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖 (1) 
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𝐸𝐸𝑖𝑖 = 𝑄𝑄𝑆𝑆𝑆𝑆 + 𝑄𝑄𝑆𝑆𝑆𝑆 + 𝐸𝐸𝑉𝑉𝑉𝑉 + 𝐸𝐸𝑊𝑊𝑊𝑊 = 𝑄𝑄𝑖𝑖 + 𝐸𝐸𝑉𝑉𝑉𝑉 + 𝐸𝐸𝑊𝑊𝑊𝑊  (4) 
 
𝑄𝑄𝑆𝑆𝑆𝑆 =  𝐼𝐼𝐴𝐴𝐸𝐸𝑡𝑡  (5) 
 
𝐼𝐼 =  𝐿𝐿𝐿𝐿𝐿𝐿

120  (6) 
 
𝑄𝑄𝑆𝑆𝑆𝑆 = ℎ𝐴𝐴ℎ(𝑇𝑇𝑆𝑆𝑆𝑆 − 𝑇𝑇𝐵𝐵)  (7) 
 
𝑄𝑄𝑐𝑐 = 𝑚𝑚𝑉𝑉𝐿𝐿𝑉𝑉 + 𝑄𝑄𝐵𝐵  (8) 
 
𝐿𝐿𝑉𝑉 = 2501,9 −  2.41𝑇𝑇 + 0.0012𝑇𝑇2 −  0.000016𝑇𝑇3  (9) 
 
𝑄𝑄𝐵𝐵 = 𝑚𝑚𝐵𝐵𝐶𝐶𝑝𝑝(𝑇𝑇𝐵𝐵 − 𝑇𝑇𝐹𝐹𝐹𝐹)  (10) 
 
𝐸𝐸𝑃𝑃 = 𝑃𝑃 · 𝑡𝑡  (11) 
 
𝑃𝑃 = 𝑉𝑉 · 𝐼𝐼 · 𝑓𝑓p  (12) 
 
𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐸𝐸 = 𝐸𝐸𝑖𝑖 − 𝑄𝑄𝑐𝑐 − 𝐸𝐸𝑉𝑉𝑉𝑉 − 𝐸𝐸𝑊𝑊𝑊𝑊  (13) 
 

	
	

𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖  =  𝜇𝜇 + 𝛼𝛼𝑖𝑖 + 𝛽𝛽𝑗𝑗 + (𝛼𝛼𝛼𝛼)𝑖𝑖𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖 (1) 
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𝐸𝐸𝑖𝑖  =  𝑄𝑄𝑐𝑐 + 𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐸𝐸  (3) 
 
𝐸𝐸𝑖𝑖 = 𝑄𝑄𝑆𝑆𝑆𝑆 + 𝑄𝑄𝑆𝑆𝑆𝑆 + 𝐸𝐸𝑉𝑉𝑉𝑉 + 𝐸𝐸𝑊𝑊𝑊𝑊 = 𝑄𝑄𝑖𝑖 + 𝐸𝐸𝑉𝑉𝑉𝑉 + 𝐸𝐸𝑊𝑊𝑊𝑊  (4) 
 
𝑄𝑄𝑆𝑆𝑆𝑆 =  𝐼𝐼𝐴𝐴𝐸𝐸𝑡𝑡  (5) 
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120  (6) 
 
𝑄𝑄𝑆𝑆𝑆𝑆 = ℎ𝐴𝐴ℎ(𝑇𝑇𝑆𝑆𝑆𝑆 − 𝑇𝑇𝐵𝐵)  (7) 
 
𝑄𝑄𝑐𝑐 = 𝑚𝑚𝑉𝑉𝐿𝐿𝑉𝑉 + 𝑄𝑄𝐵𝐵  (8) 
 
𝐿𝐿𝑉𝑉 = 2501,9 −  2.41𝑇𝑇 + 0.0012𝑇𝑇2 −  0.000016𝑇𝑇3  (9) 
 
𝑄𝑄𝐵𝐵 = 𝑚𝑚𝐵𝐵𝐶𝐶𝑝𝑝(𝑇𝑇𝐵𝐵 − 𝑇𝑇𝐹𝐹𝐹𝐹)  (10) 
 
𝐸𝐸𝑃𝑃 = 𝑃𝑃 · 𝑡𝑡  (11) 
 
𝑃𝑃 = 𝑉𝑉 · 𝐼𝐼 · 𝑓𝑓p  (12) 
 
𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐸𝐸 = 𝐸𝐸𝑖𝑖 − 𝑄𝑄𝑐𝑐 − 𝐸𝐸𝑉𝑉𝑉𝑉 − 𝐸𝐸𝑊𝑊𝑊𝑊  (13) 
 

	 (9)

and:

	

𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖  =  𝜇𝜇 + 𝛼𝛼𝑖𝑖 + 𝛽𝛽𝑗𝑗 + (𝛼𝛼𝛼𝛼)𝑖𝑖𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖 (1) 
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𝐸𝐸𝑖𝑖  =  𝑄𝑄𝑐𝑐 + 𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐸𝐸  (3) 
 
𝐸𝐸𝑖𝑖 = 𝑄𝑄𝑆𝑆𝑆𝑆 + 𝑄𝑄𝑆𝑆𝑆𝑆 + 𝐸𝐸𝑉𝑉𝑉𝑉 + 𝐸𝐸𝑊𝑊𝑊𝑊 = 𝑄𝑄𝑖𝑖 + 𝐸𝐸𝑉𝑉𝑉𝑉 + 𝐸𝐸𝑊𝑊𝑊𝑊  (4) 
 
𝑄𝑄𝑆𝑆𝑆𝑆 =  𝐼𝐼𝐴𝐴𝐸𝐸𝑡𝑡  (5) 
 
𝐼𝐼 =  𝐿𝐿𝐿𝐿𝐿𝐿

120  (6) 
 
𝑄𝑄𝑆𝑆𝑆𝑆 = ℎ𝐴𝐴ℎ(𝑇𝑇𝑆𝑆𝑆𝑆 − 𝑇𝑇𝐵𝐵)  (7) 
 
𝑄𝑄𝑐𝑐 = 𝑚𝑚𝑉𝑉𝐿𝐿𝑉𝑉 + 𝑄𝑄𝐵𝐵  (8) 
 
𝐿𝐿𝑉𝑉 = 2501,9 −  2.41𝑇𝑇 + 0.0012𝑇𝑇2 −  0.000016𝑇𝑇3  (9) 
 
𝑄𝑄𝐵𝐵 = 𝑚𝑚𝐵𝐵𝐶𝐶𝑝𝑝(𝑇𝑇𝐵𝐵 − 𝑇𝑇𝐹𝐹𝐹𝐹)  (10) 
 
𝐸𝐸𝑃𝑃 = 𝑃𝑃 · 𝑡𝑡  (11) 
 
𝑃𝑃 = 𝑉𝑉 · 𝐼𝐼 · 𝑓𝑓p  (12) 
 
𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐸𝐸 = 𝐸𝐸𝑖𝑖 − 𝑄𝑄𝑐𝑐 − 𝐸𝐸𝑉𝑉𝑉𝑉 − 𝐸𝐸𝑊𝑊𝑊𝑊  (13) 
 

	 (10)

where:	mB − mass of brine, Cp − heat capacity of 
water, TB − temperature of brine, and TFW 
− temperature of feed water. 

The energy requirements for the vacuum 
pump (EVP), and the cooling water pump (EWP), 
since both are electric pumps, can be calculated 
using Equation 11:

	

𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖  =  𝜇𝜇 + 𝛼𝛼𝑖𝑖 + 𝛽𝛽𝑗𝑗 + (𝛼𝛼𝛼𝛼)𝑖𝑖𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖 (1) 
 
𝐺𝐺𝐺𝐺𝐺𝐺 =  𝑚𝑚𝐶𝐶𝐿𝐿𝑉𝑉

𝑄𝑄𝑖𝑖
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𝐸𝐸𝑖𝑖  =  𝑄𝑄𝑐𝑐 + 𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐸𝐸  (3) 
 
𝐸𝐸𝑖𝑖 = 𝑄𝑄𝑆𝑆𝑆𝑆 + 𝑄𝑄𝑆𝑆𝑆𝑆 + 𝐸𝐸𝑉𝑉𝑉𝑉 + 𝐸𝐸𝑊𝑊𝑊𝑊 = 𝑄𝑄𝑖𝑖 + 𝐸𝐸𝑉𝑉𝑉𝑉 + 𝐸𝐸𝑊𝑊𝑊𝑊  (4) 
 
𝑄𝑄𝑆𝑆𝑆𝑆 =  𝐼𝐼𝐴𝐴𝐸𝐸𝑡𝑡  (5) 
 
𝐼𝐼 =  𝐿𝐿𝐿𝐿𝐿𝐿
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𝑄𝑄𝑐𝑐 = 𝑚𝑚𝑉𝑉𝐿𝐿𝑉𝑉 + 𝑄𝑄𝐵𝐵  (8) 
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	 (11)

where:	Ep − the pump work (J), P − the pump 
power, and t − the operating time (s). 

The pump power for 1-phase alternating cur-
rent can be calculated using Equation 12:

	

𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖  =  𝜇𝜇 + 𝛼𝛼𝑖𝑖 + 𝛽𝛽𝑗𝑗 + (𝛼𝛼𝛼𝛼)𝑖𝑖𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖 (1) 
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𝑄𝑄𝑐𝑐 = 𝑚𝑚𝑉𝑉𝐿𝐿𝑉𝑉 + 𝑄𝑄𝐵𝐵  (8) 
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	 (12)

where:	V − voltage (V); I − current (A), and; fp − 
power factor (for pumps: fp = 0.7–0.9). 

Using the energy balance principle, heat loss 
(Qloss,E) can be calculated from the input energy 
data (Ei), energy consumption in the system (Qc), 
and pump energy (EVP, EWP) using Equation 13:
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120  (6) 
 
𝑄𝑄𝑆𝑆𝑆𝑆 = ℎ𝐴𝐴ℎ(𝑇𝑇𝑆𝑆𝑆𝑆 − 𝑇𝑇𝐵𝐵)  (7) 
 
𝑄𝑄𝑐𝑐 = 𝑚𝑚𝑉𝑉𝐿𝐿𝑉𝑉 + 𝑄𝑄𝐵𝐵  (8) 
 
𝐿𝐿𝑉𝑉 = 2501,9 −  2.41𝑇𝑇 + 0.0012𝑇𝑇2 −  0.000016𝑇𝑇3  (9) 
 
𝑄𝑄𝐵𝐵 = 𝑚𝑚𝐵𝐵𝐶𝐶𝑝𝑝(𝑇𝑇𝐵𝐵 − 𝑇𝑇𝐹𝐹𝐹𝐹)  (10) 
 
𝐸𝐸𝑃𝑃 = 𝑃𝑃 · 𝑡𝑡  (11) 
 
𝑃𝑃 = 𝑉𝑉 · 𝐼𝐼 · 𝑓𝑓p  (12) 
 
𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝐸𝐸 = 𝐸𝐸𝑖𝑖 − 𝑄𝑄𝑐𝑐 − 𝐸𝐸𝑉𝑉𝑉𝑉 − 𝐸𝐸𝑊𝑊𝑊𝑊  (13) 
 

	 (13)

The results of heat calculation of Ei, Qc, Qloss, 
are displayed in Figure 12. The energy supplied 
to the system ranges from 13,064–15,506 kJ, 
with an energy consumption of 9,415–9,601 kJ. 
Meanwhile, energy loss within the system was 
3,463–6,091 kJ, or approximately 26.51–39.28% 
of the energy supplied to the system. This amount 
of energy loss was quite reasonable, considering 
that the developed system does not use thermal 
insulation yet. Calculation of Gain output ratio 
(GOR) giving an optimum result of 1.32, ob-
tained at cooling flowrate of 4 L/minutes. 

On the one hand, this condition indicates that 
thermal insulation has not been optimally utilized 
in the developed desalination system. However, 
on the other hand, it indicates that system perfor-
mance can still be improved, also by reducing the 
energy losses within the system. Several system 
improvements, such as the use of thermal insula-
tion (Khalifa and Hamood, 2009; Muthu Mano-
kar et al., 2020), conditioning the evaporator as a 
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thermal absorber (Manchanda and Kumar, 2015; 
Sahoo et al., 2008), and optimizing the heat re-
covery system, are estimated to be effective solu-
tions to reduce energy losses and improve system 
performance. The use of thermal insulation with 
the right thickness (30–60 mm) and the use of 
black color on the inside of the evaporator effec-
tively reduces energy loss and increases thermal 
efficiency between 2.5–80% (Manchanda and 
Kumar, 2015; Muthu Manokar et al., 2020; Sahoo 
et al., 2008; Tony and Nabwey, 2024) compared 
to the system without insulation. Thermal insula-
tion reduces the rate of heat transfer by conduc-
tion and convection from structural elements that 
do not directly contribute to evaporation, so that 
more thermal energy can be used to maintain high 
water temperatures and accelerate evaporation.

The performance of the desalination system 
also analyzed based on the mass and energy bal-
ance calculation data. Besides GOR, three param-
eters were used, namely, thermal efficiency (ET) 
production yield (ED), condensation efficiency 
(EC), calculated using Equation 14, 15 and 16:

	 𝐸𝐸𝑇𝑇 = 𝑚𝑚𝐶𝐶𝐿𝐿𝑉𝑉
𝐸𝐸𝑖𝑖

× 100%  (14) 
 
𝐸𝐸𝐷𝐷 = 𝑚𝑚𝐶𝐶

𝑚𝑚𝐹𝐹𝐹𝐹
× 100%  (15) 

 
𝐸𝐸C = 𝐹𝐹𝐶𝐶.𝑡𝑡

𝑀𝑀𝑉𝑉 × 100%  (16) 
 

	 (14)

	

𝐸𝐸𝑇𝑇 = 𝑚𝑚𝐶𝐶𝐿𝐿𝑉𝑉
𝐸𝐸𝑖𝑖

× 100%  (14) 
 
𝐸𝐸𝐷𝐷 = 𝑚𝑚𝐶𝐶

𝑚𝑚𝐹𝐹𝐹𝐹
× 100%  (15) 

 
𝐸𝐸C = 𝐹𝐹𝐶𝐶.𝑡𝑡

𝑀𝑀𝑉𝑉 × 100%  (16) 
 

	 (15)

	

𝐸𝐸𝑇𝑇 = 𝑚𝑚𝐶𝐶𝐿𝐿𝑉𝑉
𝐸𝐸𝑖𝑖

× 100%  (14) 
 
𝐸𝐸𝐷𝐷 = 𝑚𝑚𝐶𝐶

𝑚𝑚𝐹𝐹𝐹𝐹
× 100%  (15) 

 
𝐸𝐸C = 𝐹𝐹𝐶𝐶.𝑡𝑡

𝑀𝑀𝑉𝑉 × 100%  (16) 
 

	 (16)

where:	mFW mass of feed water, and FC mass flow 
of condensate. 

The results of efficiency analysis are shown 
in Figure 13. The calculation results show that the 

Figure 13. Key performance of developed HSDS at various cooling water flowrate

Figure 12. Input, usage, and losses of energy at various cooling water flowrate
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desalination yield increases with increasing cool-
ing water flow rate. The optimum desalination 
yield was 55.42%, which was achieved at a feed 
flow rate of 42 ml/min, an initial concentration 
of 10 g/L, and a cooling water flow rate of 4 L/
min, and the use of black gravel as the SDI/HS 
material. The maximum steam condensation ef-
ficiency under the same conditions was 84.98%, 
meanwhile the optimum thermal efficiency was 
58.7%, respectively.

Condensation efficiency is influenced by sev-
eral factors, including the cooling water flow rate, 
heat transfer surface area, condenser configura-
tion, fluid flow direction, including the use of a 
vacuum system in the desalination system. The 
experiments on concurrent flow resulted in a low-
er condensation efficiency of 64.67% (Figure 11), 
indicating that the configuration of hot and cold 
fluid flows in the condenser also has an effect on 
condensation efficiency.

Several researchers, including Smith et al. 
(2024) and Attia (2015), have shown that increas-
ing the cooling water flow rate results in a higher 
Reynolds number, thus generally increasing the 
overall heat transfer coefficient (U) and acceler-
ating the release of condensation heat. This in-
creases the condensation rate, provided that the 
condenser inlet temperature is sufficiently low, 
as the cooling temperature is also a determining 
variable (Larboui et al., 2024).

In line with desalination efficiency, under 
optimum conditions of the developed HSDS, the 
thermal efficiency increased along with cooling 
water flow rate. The thermal efficiency of HSDS 
was quite competitive when compared to several 
previous systems. Abd Elbar and Hassan (2020b), 
for example, reported a thermal efficiency of 
38.07% for a hybrid desalination system consist-
ing of solar panels, a solar still, porous materi-
als, and a brine heater. Another study by Isah et 
al. (2022) using a hybrid system based on solar 

Table 2. Comparison of performance between the developed HSDS with recent another solar desalination system

Typical of solar 
desalination system Specification

Key performance
Authors

Yield Units Thermal 
efficiency, %

Rectangular solar 
still

Used preheating system, and black 
steel wool fibers 3.53 kg/m2.d 38.1 Abd Elbar and Hassan 

(2020)

Floating solar still
Used a hydrophilic solar-absorbing 
layer above floating polystyrene 
foam

3.90 L/m2.d 40.3 Xu et al. (2020)

Tubular solar still Used parabolic concentrator solar 
tracking system 4.27 L/m2.d 32.4 Alhadri et al. (2022)

Interfacial solar still Used corrugated wick, barrel wick, 
flat wick, and conventional solar still 4.40 L/m2.d 48.5 Younes et al. (2021)

Hemispherical solar 
still

Added cotton fabric, nanofluid, pure 
and nano-based PCMs; used rubber 
insulation

5.05 L/m2.d 45.6 Sharshir et al. (2023)

Tubular solar still Novel double-effect tubular solar still 
with concentrated sunrays 5.20 L/m2.d 40.4 Ahmed et al. (2021)

Tubular solar still Used PVC, PC, acrylic, glass cover 6.23 L/m2.d 71.6 Sambare et al. (2022)

Tubular solar still Used waste plastic bottles with 
black cotton wick 6.83 L/m2.d 58.5 Elashmawy et al. (2024)

Tubular solar still Tubular solar still with half two 
concentric cylinders and CPC 7.48 L/m2.d 61.4 Kabeel et al. (2020)

Rectangular solar 
still

Added silica sand and black gravel 
as TESM materials 2.59 L/

m2.12h N/A Nema et al. (2025)

Rectangular solar 
still

Optimized design parameters incl. 
glass cover & insulation thickness, 
W/L ratio; used winding flow to 
enhance detention time

2.78 L/m2.8h N/A Iqbal et al. (2024)

Rectangular hybrid 
solar still

Used solar radiation, PV system, 
and combination of solar-PV as a 
heat resources

24.30 L/m2.d 30.1 Isah et al. (2022b)

Rectangular hybrid 
solar still

Used solar-PV and vacuum system 
with separated condenser; used 
quartz sand, black sand, and black 
gravel as SDI/HS materials

28.03 L/m2.5h 58.7 This study (2025)
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Table 3. Water product quality

Parameters
Quality Standard*

Initial Final

Salinity, mg/L 10,057 36.0 <300.0

TDS, mg/L 10,077 36.0 <300.0

Turbidity, NTU 8.70 8.50 <3.0

pH 7.58 8.11 6.5–8.5

Note: *Indonesian Minister of Health Regulation, No. 
2, 2023.

panels and a solar still reported a thermal efficien-
cy of 30.07%. The comparison of yield and ther-
mal efficiency between the developed innovative 
HSDS with several reported solar desalination 
systems was shown in Table 2. 

The yield obtained in the developed HSDS sys-
tem was quite high, compared to previous studies, 
so it is quite difficult to maintain this performance 
in a scale-up system. However, according to the 
technical perspective, there are several options that 
can be recommended to maintain system perfor-
mance, including maintaining the use of a vacuum 
system, optimizing heat recovery, and using a mod-
ular system or a multi-effect modular engineering 
approach. Technically, about 20–40% performance 
drop is typical during initial scale-up. If the design 
is not modular and heat recovery is not provided, 
the performance drop can be over 50%.  All results 
obtained in this study were obtained under summer 
conditions in Lhokseumawe City, Aceh, Indonesia, 
during the period of March to August 2025. The 
differences in results may be obtained in other sea-
sons due to differences in meteorological parame-
ters including solar radiation, ambient temperature, 
wind speed, and humidity. During the desalination 
experiment period, the parameters of solar radia-
tion, ambient temperature, wind speed, and humid-
ity were obtained in the range of 995–1.538 W/m2, 
31–33 °C, 2–3 m/s, and 80–95%, respectively. In 
the rainy season, all these parameters were on av-
erage in the range of 200–1.000 W/m2, 25–29 °C, 
4–14 km/h, and 85–100%, respectively. These me-
teorological data confirm the logical consequence 
of the decreased performance of HSDS under lower 
solar radiation in the rainy season.

Improvement of water product quality 

Salinity reduction in the HSDS desalination 
system is classified as very high, with an aver-
age removal efficiency above 99%. The final 

salinity concentration is 36 mg/L, thus meeting 
the drinking water quality standards referred to 
in the Indonesian Minister of Health Regulation, 
No. 2 of 2023. Likewise, other parameters such 
as TDS, pH, have met the quality standards (Ta-
ble 3). However, the turbidity parameter is still 
above the quality standard value, which requires 
turbidity below 3 mg/L. System improvement is 
certainly still needed, if the condensate is to be 
used as a drinking water product.

The condition of high turbidity in desalinated 
water usually caused by several external factors, 
including the entry of suspended solid particles 
into the condensate, evaporation of volatile or-
ganic compounds (VOCs), recontamination after 
condensation, unfiltered colloids and micropar-
ticles, as well as desalination equipment design 
factors. Although the desalination process involves 
evaporation and condensation, imperfect operat-
ing mechanisms can cause micro-particles from 
the source water to be carried into the condenser. 
The splashing mechanism (steam carrying small 
droplets) in the evaporator can carry suspended 
particles, decomposing materials, or solid waste 
into the condensate if the cooling process is inef-
ficient. In another case, some contaminants with 
boiling points close to or lower than water can also 
evaporate and then condense with the water, caus-
ing turbidity or color. Sometimes, after the steam is 
condensed, cross-contamination on pipe surfaces, 
storage tanks, or through ambient air, such as dust 
or organic aerosols, can cause particles to enter the 
water. The evaporation process was not always ef-
fective in removing all colloidal particles or small 
particles in the liquid phase, especially if there are 
mechanical disturbances such as vibration and tur-
bulence. According to design aspect, device leaks, 
temperature fluctuations, or inefficient condenser 
design can cause variations in electrochemical or 
microscopic features in the condensate. This addi-
tional turbidity can be prevented by using a tightly 
closed desalination system, regular condenser 
cleaning, and using a sterile condensate container. 
In the case of turbidity remains high, polish treat-
ment of the condensate by using microfiltration or 
activated carbon can be an effective solution.

CONCLUSIONS

The performance of innovative HSDS was de-
termined. The data of the optimum conditions and 
performance of the HSDS desalination system 
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have been obtained. The performance of the de-
veloped HSDS desalination system is quite high, 
with hourly yield of 28.03 L/m2 over 5 hours, and 
the optimum desalination efficiency of 55.42%, 
which was obtained at a feed water flow of 42 
mL/minute, a feed water concentration of 10 g/L, 
a cooling water flow of 4 L/minute, and the use of 
black gravel as SDI/HS material. The energy sup-
plied to the system ranges from 13,064–15,506 
kJ, with an energy consumption of 9,415–9,601 
kJ. Meanwhile, the energy loss within the system 
was 3,463–6,091 kJ, or approximately 26.51–
39.28% of the energy supplied to the system. Un-
der optimum conditions, the thermal efficiency of 
HSDS was 58.7%, and gaining output ratio was 
1.32. Improvement for the developed HSDS sys-
tem is still needed, considering that the quality of 
the product water produced still does not meet the 
drinking water standards based on the Indonesian 
Minister of Health Regulation No. 2 years 2023, 
especially for turbidity parameters.
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