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Abstract

The problem for residents in island and coastal areas is the lack of fresh water, especially during the dry season. In the dry sea-
son, there is abundant potential for solar energy utilization. This potential can be utilized as an energy source for distilling seawater into
fresh water using solar still technology. Solar still performance is influenced by the evaporation and condensation processes. Several
researchers have made efforts to increase evaporation, such as enhancing the heat absorption of absorber plates and preheating seawater.
This research aims to apply initial heating to seawater to enhance the evaporation process. The initial heating of seawater is obtained
from heat absorption in the walls, which function as a cooling medium. Thus, this research aims to investigate the use of cooling water on
the walls as input water to enhance the performance of double-slope solar stills. The research was carried out experimentally and theo-
retically. Research on the performance of a double-slope solar still utilizes wall cooling water as input water (SSDS.WCW.HC) com-
pared to wall water cooling (SSDS.WCW). The research yielded an average daily condensate water productivity using SSDSWCW.HC
experimentally of 3.48 kg/10-hours and theoretically of 3.56 kg/10-hours, which is higher compared to SSDS.WCW experimentally
of 3.16 kg/10-hours and theoretically of 3.27 kg/10-hours. The average daily energy efficiency using SSDS.WCW.HC experimentally
is 53.77 % and theoretically 54.83 % higher compared to SSDS.WCW, which is 48.87 % experimentally and 49.81 % theoretically.
The highest daily average exergy efficiency using SSDSWCW.HC was 6.44 %, compared to 5.33 % for SSDSWCW.
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1. Introduction

Indonesia is a country with a tropical climate [1, 2], so the potential for solar energy is quite
high [3]. This potential can be utilized for the distillation process of seawater into fresh water, using
solar still technology [4, 5]. Solar still technology works by utilizing the evaporation and condensa-
tion method, resulting in fresh water [6, 7]. In this way, the application of solar still technology can
help people who lack fresh water, especially during the dry season [8, 9].

Solar still technology has two types, namely active and passive [10]. In the passive type, se-
veral researchers have developed it by enhancing the performance of the absorber plate to increase
the absorption of solar radiation heat [11, 12]. Increasing the absorption of solar radiation heat
can be achieved by using a fin-shaped absorber plate. Fin-shaped absorber plates can enhance the
reception of solar radiation intensity, thereby increasing evaporation [13, 14]. Increased evapora-
tion can enhance the productivity of solar stills [15].

Some researchers are attempting to enhance the evaporation process by preheating the sea-
water before it is introduced into the solar still basin [16]. There are various ways to provide initial
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heating to seawater before it enters the solar still basin, including using integrated solar collec-
tors (such as concentrator and flat plate collector), other heating units (like evacuated tubes with heat
pipe, parabolic concentrator), and hybrid solar stills (integrated with PV modules, powered by waste
heat, integrated with solar pond) [17]. Other research utilizes solar water heaters to warm water prior
to its entry into the solar still basin, which can enhance productivity [11]. Apart from enhancing the
evaporation process, several researchers are also making efforts to improve the condensation process.
Efforts to improve the condensation process involve increasing the condensation surface area.
Increasing the condensation surface area can be achieved by utilizing various forms of covers, such
as double-slope cover glass [18, 19], pyramid cover glass [20], octagonal-pyramid [21, 22], and four-
fold slope [23]. Efforts to enhance the condensation process also involve reducing the temperature of
the condensation surface. Reducing the temperature of the condensation surface can be achieved by
flowing water over the cover glass [24, 25], spraying water on the cover glass [26, 27], and utilizing
thermoelectric cooling on the cover glass [28, 29].

This research aims to enhance the evaporation and condensation process. Improved the con-
densation process by increasing the condensation surface area. Increased condensation surface area by
utilizing walls as condensation surfaces. The condensation surface is cooled with seawater. Apart from
enhancing the condensation process, this research also aims to improve the evaporation process. Im-
proving the evaporation process can use fin absorber plates made of mortar material [30]. In addition to
utilizing fin absorber plates, this research also involves preheating sea water before it enters the solar still
basin. Sea water, as a cooling medium on the walls, can absorb heat from the solar still system, causing
the sea water temperature to rise. The seawater is used as input water to facilitate the evaporation process.

Thus, this research aims to enhance the productivity and efficiency of double-slope solar stills.
Double slope solar still with the addition of water cooling on the wall (SSDS.WCW) was compared
to a double slope solar still with the addition of water cooling on the wall, where the cooling water
is used as input water (SSDS.WCW.HC).

2. Materials and methods

2. 1. Experimental set up

The research was conducted at the Solar Energy and Alternative Energy Laboratory, De-
partment of Mechanical Engineering, Widyagama University, in Malang, East Java, Indonesia.
The geographical condition of the city of Malang is characterized by a latitude of —7.266667 and
a longitude of 112.716667, or with coordinates 7°16” South Latitude and 112°43” East Longitude.

The cover and walls of the double-slope solar still are made of 3 mm thick clear glass, while
the bottom is made of 5 mm thick glass. To minimize heat and steam loss, all glass is sealed with
silicone adhesive. Equipment setup can be seen in Fig. 1. This research is a continuation of pre-
vious research by utilizing heat from cooling water as input water [31].

| ==
iwoimputeri BY ~

Fig. 1. Set up solar still equipment [31]
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2. 2. Measuring equipment
Various instruments for measuring parameters used are thermocouples, pyranometers, ane-
mometers, and measuring cups. The associated error percentage, accuracy, and range of instru-
ments can be seen in Table 1.
Table 1
Measuring equipment
Range
No. Instrument Accuracy - % error
Min Max
1 Thermocouple 0.1 °C -100 °C 200 °C 0.25 %
2 Pyranometer +1.0 W/m? 0 W/m? 1200 W/m? 1%
3 Anemometer +0.1 m/s 0m/s 25 m/s 5%
4 Measuring cup +1.0 mL 0mL 200 mL 1%

2. 3. Experimental procedure

Research was conducted both experimentally and theoretically. Double-slope solar still equip-
ment with the cover glass tilted towards the east and west to maximize the receipt of solar radia-
tion intensity. The water height at SSDS.WCW is 10 mm. At SSDSWCW.HC, the water level was
5 mm, and cooling water was added with a flow capacity of 1.1x10~* liters per second during the test.
Data on temperature, solar radiation intensity, wind speed, and distillate output are measured every
60 minutes. Measurements of all necessary parameters are carried out from 7 a.m. to 5 p.m.

2. 4. Theoretical models of solar efficiency still

A mathematical model for heat balance in solar stills [32]. However, for solar still double slope
absorbent mortar fins were developed based on previous research. To simplify the analysis, it can be
assumed that the heat capacity of the cover glass, absorbing fins, and insulating materials are negligible.
There is no vapor leakage in the solar still. Air and water vapor are considered as ideal gases. The
temperature gradient does not change with the thickness of the glass cover. The physical properties
of various materials are constant, and it is considered that there are no impurities on the cover glass.

Fig. 2 explains the heat transfer scheme in the double slope solar still by utilizing cooling

water as feed/input water.
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Fig. 2. Heat transfer scheme on solar still double slope by utilizing cooling
water as feed water

Solar radiation received by the cover glass is partially absorbed, reflected and mostly
transmitted to the absorber plate. The heat absorbed by the absorber plate is partly used to heat

seawater on the porous fin body for the evaporation process, partly convected and reflected to
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the condensation surface. In addition, the heat on the surface of the absorber plate will be trans-
ferred to the water basin by effective conduction. The heat received by the water basin will be
stored, partially used for evaporation, convection and radiation to the condensing surface. On the
condensation surface the heat will be discharged into the atmosphere and simultaneously the con-
densation process will occur. The condensation process will turn water vapor into fresh water.

2. 4. 1. Energy balance on glass cover
The heat balance on the cover glass is a development of [33, 34] and can be seen in equa-
tions (1)—(4). the equation is as follows:

Og (1 - Rg)l(t) tGtwgtqt.f-g = qt.g-ar M

where a, is the intensity of solar radiation absorbed by the cover glass, R, is the intensity of so-
lar radiation reflected by the cover glass, /i, is the intensity of solar radiation at a certain time,
1.0-g 1 the total heat from the water basin to the glass, g, 1, is the total heat from the water basin
to the glass, and is the total heat from the glass to the atmosphere. To calculate q; .g, g/ /g a0d G -4
use the following equations:

Gt.w-g = (QCm—g + quwgw) + (qg.wfg tGe.w-go ) + (qr.wfg + qu@)fgw)v (2)
qi.fg= (Qc:f—g + Qc.f—gw) + (Qe.f-g + Qe.f»gmv)+ (Qr.f-g + Qr.f-gm), 3)
di.g-a = (%.gc-a tGr.gca ) + (%.gw—a + Qr.gw—a), @)

where in equation (2) for g .g is the heat of convection from water basin to glass, . -go is the
heat of convection from water basin to glass wall, g, ... is the heat of evaporation from water basin
to glass, ¢, «-gw 18 the heat of evaporation from water basin to glass wall, g,. ¢ is the heat of radia-
tion from water basin to glass and g,,,.4 is the heat of radiation from water basin to glass wall.
In equation (3) for g, ¢ is heat of convection from fins to glass, g, 14 is heat of convection from
fins to glass wall, g, 1.¢. is heat of evaporation from fins to glass, g. 1.4 is heat of evaporation from
fins to glass wall, g, 1., is heat of radiation from fins to glass and g,.1.4, is heat of radiation from
fins to glass wall. In equation (4) for g, g, is the heat of convection from glass cover to atmosphere,
Gr.gc-a 18 the heat of radiation from glass cover to atmosphere, ¢, 4. is the heat of convection
from glass wall to atmosphere and ¢, g,-, is the heat of radiation from glass wall to atmosphere.

2. 4. 2. Heat balance in the fin absorber
The heat balance of the fin absorber plate is developed from [33, 35] into equation (5),
as follows:

(1_0(«g)(1_Rg)(1_Rf)0Cf[(t) =qt.fg +QC.eff + YGsas (5)

where R/ is the intensity of solar radiation reflected by the fins, o/ is the intensity of solar radiation
absorbed by the fins, g. ./ is the effective conduction heat and gy, is the heat loss to the side.

2. 4. 3. Effective conduction heat transfer
Heat transfer from the absorbent surface of the fins to the water basin [30], become:

dT
Geeff = kefr Ay I (6)

where to calculate the effective conduction coefficient [30, 36], as follows:

ke = ((1-€) ks )+ (e = ko). (7)
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2. 4. 4. Heat balance in basin water

2.4.4. 1. System SSDS.WCW

The heat balance of the basin water in the SSD.WCW system is a development of [37] and is
presented in equation (8), as follows:

dT,
Geeff = Gtw-g t qba T MyCy 7 y (8)

where ¢y, is the heat loss to the bottom of the system, m,, is the mass of the water basin, ¢, is the
specific heat water, dT,, is the water temperature difference and dt is the time difference.

2.4.4.2. System SSDS.WCW.HC
The heat balance of the basin water in the SSD.WCW.HC system is a development of [38]
and is presented in equation (9), as follows:

dT,
Geeff T Ghc = Gtw-g T Gba T MyCy 7 ’ (9)

where g, is the seawater preheating of the water cooler on the wall.

2. 4. 5. Distillation output productivity and efficiency

The evaporation process occurs in alkaline water and fin absorbents. The productivity of
distilled water is measured every 60 minutes:

1. Productivity of distilled water in basin water.

From the theory written [39, 40], the equation becomes:

_ qg.w»g -3600

M,
Lev

(10)

Evaporation latent heat using equation [41]:
L, =(2501.67 —2.389T;,)- 103, (J/kg). (11)

2. Productivity of condensate water on fin absorbers:

Ge.f-¢ - 3600
1 :efiT' (12)

3. Total distillation productivity.
Total productivity every 60 minutes, becomes:

Mfw(t) =M/ + M. (13)

2. 4. 6. Efficiency energy solar still
Efficiency values every 60 minutes, [42] become:

_ M) Leo
M) = Ab'zl(t)'At. (14)

2. 5. Mathematical model efficiency exergy
The exergy efficiency calculation is formulated by [43, 44]:

Exergy Output

ex —

Exergy Input (15)
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The exergy associated with solar distillation products is transferred from the fins and sea-
water to the glass via evaporation, namely Ex,, and EX,,.,. Therefore, the exergy efficiency
equation of [45, 46], developed into:

Exewg+ Exe g

Nex = (16)

Exsun

3. Result and Discussion

This research aims to enhance the efficiency of double-slope solar stills. The research com-
pared a double-slope solar still with water cooling on the walls (SSDSWCW) to a double-slope
solar still with water cooling on the walls using the input water (SSDS.WCW.HC).

Fig. 3 displays the wind speed and solar radiation intensity. Solar radiation will be absorbed
by the fin absorber plate through the cover glass. The solar radiation absorbed by the surface of the
fin absorber plate is converted into heat. The heat received by the fin surface is transferred to the
porous fin body, which contains water in the form of a thin layer. Additionally, the heat from the fin
surface will also be transferred to the basin water. The heat received by the water in the fin body
and the water basin is utilized for evaporation.
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Fig. 3. Wind speed and solar intensity

The temperature data of the test results are presented in Fig. 4, 5. Average daily temperature
of basin and fins water on SSDS.WCW.HC has increased compared to SSDS.WCW. An increase
in the daily average temperature of the basin water of 2.40 °C and an increase in the average daily
temperature of fins of 0.11 °C. This increase in temperature indicates that by utilizing cooling
water as feed/input water and with a basin water level of 50 mm can increase the temperature of
basin water and fins.
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Fig. 4. Solar temperature still double slope water cooler (SSDS.WCW)
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Fig. 5. Solar still double slope temperatures utilize water cooling
as feed water (SSDS.WCW.HC)

The test was carried out for 6 days in obtaining data. The data obtained include temperature
data for each solar still element. From these data obtained information about temperature diffe-
rences between elements in solar stills. Daily average temperature difference on SSDS.WCW.HC
has increased compared to SSDS.WCW. An increase in temperature difference occurs in the water
basin to the glass cover and fins to the glass cover. Increased temperature differences can increase
heat transfer to condensing surfaces (glass cover and glass wall). The average temperature diffe-
rence increased during the 6-day experiment from basin water to glass cover by 2.07 °C and from
basin water to glass wall by 2.21 °C. While the increase in heat transfer from fins to glass cover
by 0.87 °C and from fins to glass wall by 1.01 °C. The increase in temperature difference indicates
an increase in evaporation [47].

In Fig. 6, it is possible to see the accumulation of water productivity experimentally and
theoretically using SSDS.WCW. HC is higher compared to SSDS.WCW. Using water cooling on
the wall as feed water can increase the temperature of basin and fins water, thereby increas-
ing the temperature difference between the evaporation surface and the condensing surface [48].
Increasing the temperature difference of the evaporating surface with the condensing surface can
increase the value of evaporative heat [49]. Increasing the heat value of evaporation can increase
freshwater productivity [50].
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Fig. 6. Cumulative yield SSDSWCW.HC and SSDS. Experimental and theoretical WCW
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In Fig. 7, it is possible to see the highest freshwater productivity on the third day of testing
using SSDS.WCW.HC theoretical is 3.56 kg/10-hours and experimental is 3.48 kg/10-hours, while
the highest productivity is using SSDS.WCW is theoretically 3.27 kg/10-hours and experimentally
3.16 kg/10-hours at an average daily solar radiation intensity of 306.72 W/m?.
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Fig. 7. Daily productivity SSDS.WCW.HC and SSDS. Experimental and theoretical WCW

Fig. 8 presents theoretical and experimental energy efficiency. The difference in theoretical
and experimental energy efficiency values is not significant in both SSDS.WCW and SSDSWCW.HC.
Highest energy efficiency using SSDS.WCW.HC are compared to SSDS.WCW. This condition is
caused by the difference in water temperature to the glass cover and the fins temperature to the
glass cover. The difference in fins temperature to glass cover and water temperature to glass cover
can increase the evaporation rate. High evaporation rates can increase the productivity of conden-
sate water. High condensate water productivity can improve energy efficiency [51].

Fig. 8 shows the highest energy efficiency using SSDS.WCW.HC is theoretically 69.55 %
and experimentally 67.53 % at solar radiation intensity of 623.15 W/m?, while the highest ener-
gy efficiency uses SSDS.WCW theoretically amounted to 64.94 % and experimentally amounted
to 62.66 % at solar radiation intensity of 634.04 W/m?2.
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Fig. 8. Energy efficiency SSDS.WCW.HC and SSDS.WCW experimental and theoretical

In Fig. 9, it can be seen that the highest average daily energy efficiency using SSDS.WCW.HC
is theoretically 54.83 % and experimentally 53.77 %, while the average daily energy efficiency
uses SSDS.WCW is theoretically 49.81 % and experimentally 48.87 % at an average solar radiation
intensity of 306.72 W/m?.

57

Engineering



Original Research Article: (2024), "EUREKA: Physics and Engineering"

full paper

Number 6
n.e.SSDS.WCW.HC B 1.t.5SDS.WCW.HC "“E
70 - - 400 =
B n.e.SSDS.WCW B n.t.SSDS.WCW =
oIt =
T 60 - (® - 350 ‘é
z g
c £
§ 50 - - 300 Z
% 40 - - 250 5
& 5
30 - - 200 S
&
20 - - 150 ©
1 2 3 4 5 6 g

Day

Fig. 9. Daily energy efficiency of SSDS.WCW.HC and SSDS. Experimental and theoretical WCW

In Fig. 10, exergy efficiency increases with increasing solar radiation intensity. Highest exer-
gy efficiency using SSDSWCW.HC by 8.86 % compared to SSDSWCW at 8.31 %. In Fig. 11, the
average daily exergy efficiency during testing using SSDS.WCW.HC at 6.44 % and using SSDS.
WCW at 5.33 %. Exergy efficiency on SSDS.WCW.HC is higher than SSDS.WCW, this condition is
caused by an increase in the temperature of basin water and fins. The increase in temperature causes
an increase in temperature between the base water and the glass cover and between the fins and
glass cover temperatures. An increase in temperature difference can increase evaporation exergy. In-
creased exergy evaporation can increase exergy efficiency and decrease exergy destruction [28, 52].

10 - - 700
. L[]
9 s - 600 __
g 8 E
< 5 - 500 >
g R?=0.9006 2
§ 6 - 400 Z
(%] —
L 5 a
&, - 300 8
= £
N . Nex.SSDS.WCW.HC L 200
3 2 4 nex.SSDS.WCW §
1 o 1(t) R?=0.7634 o | 100
0 T T T T T T T T T T O
~ (o] ()} o — o~ m < wn (s ~ 0
i — i i — i — i i

Time (hour)

Fig. 10. Exergy efficiency SSDS.WCW.HC and SSDS.WCW
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The solar stills efficiency improvement techniques proposed in this study are however limi-
ted by several factors such as weather circumstances, availability of materials and technological
issues. Because of the nature of these areas that were covered in the research done in tropical re-
gions where sunlight shone almost brightly and all the time, it is likely that findings obtained will
be replicated there. For instance, when thinking about applying these results practically, one must
think about environmental conditions structured locally, as well as whether appropriate or suit-
able materials exist for making them work appropriately or not and then lastly consider what level
of expertise is needed to go through with such a project successfully within that region.

This research could be furthered by considering improved methods of heating, advanced
computation models for design enhancement at various environmental situations, and suitable di-
mensions with possible applications in practice. Furthermore, it could involve environmental con-
sequences assessment as well as user-centered design techniques while needed, agricultural ap-
plications would also be integrated into the technology. With these approaches more effective,
versatile and universal solar stills can be reached to tackle water shortage problems.

4. Conclusions

This study compares SSDSWCW with SSDSWCW.HC resulting in condensate wa-
ter productivity using SSDSWCW.HC experimentally by 3.48 kg/10-hours and theoretically by
3.56 kg/10-hours higher than SSDS.WCW experimentally by 3.16 kg/10-hours and theoretically
by 3.27 kg/10-hours. Daily average energy efficiency using SSDSWCW.HC experimentally
53.77 % and theoretically 54.83 % higher than SSDS.WCW experimentally 48.87 % and theoreti-
cally 49.81 %. The highest daily average exergy efficiency using SSDS.WCW.HC is 6.44 % com-
pared to SSDS.WCW of 5.33 %.
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