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Increasing the temperature of inlet water is one
way to increase solar distillation efficiency. Heat
recovery using double glazing is a more straightfor-
ward way to raise the temperature of inlet water.
In previous studies, the incoming water tempera-
ture was raised using additional equipment such as
a solar water heater collector or utilizing the heat of
wastewater from another water distillation system.
The earlier studies’ technique caused solar water
distillation to be complicated, and the manufac-
turing cost was expensive. Heat recovery is a pro-
cess of utilizing heat condensation of water vapor
to increase the inlet water temperature. In conven-
tional solar distillation, condensing heat is not used
and wasted into the environment. Double glass is two
glasses arranged in parallel, one on the top of the
other. The distance between the glasses is 2 mm. The
bottom glass is a 1 m? distillation cover glass. Water
flows between the bottom glass and the top glass
before entering the distillation model. The inlet water
receives heat condensation so that the temperature
rises. The increase in temperature causes heat loss to
decrease and leads to efficiency improvement. This
study aims to reveal the effect of heat recovery using
double glazing to improve solar distillation efficien-
cy. The study was conducted with laboratory exper-
iments and simulations. The thickness of the bottom
and top glass and the top glass area influence the
heat recovery process. This study used two varia-
tions of glass thickness, namely 3 mm and 5 mm. The
area of the top glass was varied by 0.1, 0.5, 0.7, and
1.0 m?. The maximum efficiency improvement com-
pared to distillation without heat recovery obtained
is 39.6 % with a glass thickness of 3 mm and 51.0 %
with a glass thickness of 5 mm achieved in the varia-
tion of the top glass area of 0.1 m?
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1. Introduction

Distillation of water with solar distillation (SS) is an
easy and inexpensive way to purify brackish water or seawa-
ter to become potable water, especially in remote areas. The
inclined SS is a type of SS that is widely used. However, the
efficiency of a conventional inclined SS is generally low [1].
SS research is usually carried out to increase efficiency [2].
The critical thing of SS design is that it can minimize heat
losses and maximize the trapped heat energy [3].

The more heat energy trapped, the higher the distillation
efficiency. The parameters that affect the amount of heat en-
ergy trapped are the heating time of the water in the absorb-
er and the temperature of the inlet water [4, 5]. Modifying
the shape of the absorber on inclined SS with grooves, fins,
baffles, and partitions can increase the heating time of water
in the absorber so that the water temperature increases [3].
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The author of the paper [6] shows that the use of baffles on
inclined SS can increase efficiency by 68 % compared with-
out baffles. In [7], the authors examine the use of partitions,
which improve efficiency by 19.76 % compared to conven-
tional inclined SS. Modification of the absorber shape can
indeed increase the heating time. However, it takes a longer
time for the water in the absorber to reach the evaporation
temperature. The longer time for water to reach the evapora-
tion temperature is due to the lower inlet water temperature.

Therefore, studies are devoted to finding a method to
increase the temperature of the input water effectively. The
increase in the inlet water temperature caused the distil-
lation model’s water to reach the evaporation temperature
faster. The faster the inlet water achieves the evaporation
temperature, the higher the distillation efficiency. Now-
adays, solar water distillation is generally used in remote
areas. Therefore, increasing the temperature of the incoming



water must be effective and easy to manufacture, use, main-
tain, and low-cost.

2. Literature review and problem statement

As explained above, the inlet water temperature is one
of the parameters that affect the amount of heat energy
trapped. The higher the temperature of the inlet water, the
more heat energy is trapped. Some studies use other systems
to increase the inlet water temperature of SS. In [8], the
author researched the use of solar water heater collectors
to raise the temperature of the inlet water, which increased
production by 36 %. However, the main problem that arises
with the use of solar water heater collectors is cost. It takes
a lot of additional costs for the manufacture or purchase of a
solar water heater collector. In [9], the author combines the
humidification-dehumidification (HDH) system with six
inclined SS. Inlet water for SS is hot water that comes from
the HDH system. The production of HDH and inclined SS
systems has increased compared to HDH systems alone. The
author of [10] uses HDH wastewater as inlet water into the
inclined SS. Increased efficiency compared to basin type SS
was 210.2 %. However, not all places where solar water dis-
tillation will be applied have HDH systems already installed.
Often the application of solar energy water distillation is in
remote areas, where there is no other system that can be used
to increase the efficiency of solar energy water distillation.
In the inclined SS, there is some loss of heat energy, one of
which is the heat loss on the exit side. The loss of heat on the
exit side is caused by the water that does not evaporate and
comes out as hot wastewater. Some studies utilize heat losses
on this side to increase the inlet water temperature. In the
paper [11] and [12], the authors use wastewater that comes
out of inclined SS as inlet water in basin type SS. Increased
efficiency obtained was 46.23 % [11] and 25.75 % [12] com-
pared to conventional basin SS. Utilizing heat loss from one
system to increase the efficiency of other solar water distil-
lation is a cheaper method than using a solar water heater
collector. This method is also simpler than using the HDH
system. However, this method still has technical problems.
The use of two different types of solar water distillation
systems creates issues related to the regulation of the inlet
water flow, which is quite complicated. In the paper [13], the
author circulated the inclined SS’s wastewater as inlet water
using a pump, which resulted in the increased efficiency by
57.2 % compared to basin SS obtained by simulation. The
utilization of wastewater as input water in the inclined SS in
the paper [13] is an appropriate way to raise the temperature
of the inlet water. However, using a water pump to flow the
wastewater to the inlet is a drawback of this method. Using a
pump adds to the cost and complexity of controlling the flow
rate. Another problem is the need for electricity for pumps,
which must be provided by the solar cell system, especial-
ly in remote areas where there is no electricity. The most
important thing from the design of an SS is that it is easy
to make and operate, and also efficient in producing clean
water [14]. The use of other systems or wastewater from heat
losses on the exit side to raise the inlet water temperature
causes the design of the SS to become complicated. All this
suggests that it is advisable to conduct a study on a cheap
and straightforward method to raise the temperature of the
inlet water. This study proposes a new method that is easier
and simpler to increase the inlet water temperature. The

new method is heat recovery using double glazing (Fig. 1).
Heat recovery is the use of heat losses on the top side of the
distillation to heat the inlet water. In a conventional inclined
SS, the heat loss on the top side comes from the heat energy
released by water vapor during the condensation process on
the cover glass inner surface. In a conventional inclined SS,
the condensing heat energy is released into the environment
through the glass cover without being utilized.
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Fig. 1. Heat recovery using double glass: a — side view;
b — top view

Double glass is two glasses arranged in parallel, one on
the top of the other. The distance between the glasses is
2mm. The bottom glass is a 1 m? distillation cover glass.
Inlet water flows between the bottom glass (gi) and the
top glass (g3) before entering the distillation model. While
flowing, the inlet water receives heat condensation so that
the temperature rises (Fig. 1). The thickness of the bottom
and top glasses and the area of the upper glass are factors
that influence the heat recovery process. This study used
two variations of glass thickness. The variation of the area of
the upper glass is expressed as the ratio of the area of the top
glass to the area of the bottom glass (Ag2/Ag1).

However, there has been no previous research regarding
condensation heat to increase solar water distillation inlet
water temperature. Therefore, research needs to be carried
out to determine the increase in the inlet water temperature
that can be achieved, the reduction in heat energy loss that
occurs, the increase in efficiency that can be achieved, and
the Agy/Ag; ratio, which results in the maximum efficiency
increase.

3. The aim and objectives of the study

The study aims to determine the maximum efficiency
improvement of solar energy water distillation due to the
utilization of condensation heat (heat recovery) for increas-
ing inlet water temperature. A distillation model without a
heat recovery (SG) model was used as a comparison of the
distillation model with heat recovery (DG) models.



To achieve this aim, the following objectives are accom-
plished:

— by determining the increase of the inlet water tempera-
ture of the DG model compared to the SG model distillation;

— by calculating the reduction of heat energy losses at
the inlet side and exit side of the DG model compared to the
SG model;

— by calculating the efficiency improvement of the DG
model compared to the SG model using a 3 mm and 5 mm
thick cover glass;

— by determining the variation of Ag2/Ag1, which yields
the maximum efficiency improvement of the DG model.

4. Materials and methods

4. 1. Model description

The DG model scheme is shown in Fig.2. The main
parts of DG are the top glass (g), the bottom glass (g1), the
absorber (), and the outer frame. This study uses two vari-
ations in the thickness of the top glass (g2) and the bottom
glass (g1), i. e. 3 mm and 5 mm. The area of the bottom glass
(g1) of the DG model is 1 m?. The area of the top glass (g2)
of the DG model varied by 0.1, 0.5, 0.7, and 1 m?. In other
words, the area ratio of the top and bottom glasses (Ag2/Ag1)
of the DG model is varied by 0.1, 0.5, 0.7, and 1.0 (Fig. 3).
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Fig. 2. Scheme of the DG model (side view)

Wick absorber has a thickness of 1.5 mm and is black. The
size of the outer frame is 1.35%0.9 m. Insulation is made of glass
fiber insulation material with a thermal conductivity value of
0.043 W/m-C. Insulation thickness is 5 cm. DG has a length of
1.25 m, width of 0.8 m. The slope of the DG is 15°. The absor-
bance of the wick is 0.9. The absorbance and the reflectivity of
the 3 mm thick cover glass are 0.09 and 0.05, respectively. The
absorbance and the reflectivity of the 5 mm thick cover glass
are 0.19 and 0.17, respectively. The distance between the top
glass (g») and the bottom glass (g;) on the DG model is 2 mm.

The inlet water of DG (wy) flows through the gap be-
tween the top glass (g2) and the bottom glass (g1). The inlet
water flows from the lower side to the upper side of the cover
glass, then enters the absorber (Fig. 2,3). The SG model
scheme is shown in (Fig. 4, 5).

The main parts of the SG model are the same as the DG
model except for the absence of the top glass (g2). The SG
model only has one cover glass (g1), or the SG model is dis-
tillation with Agy/Ag1 of 0.0. In other words, the SG model
is a distillation model without heat recovery and is used as a
comparison of the distillation model with heat recovery (DG
model). Inlet water of SG (w) flows directly from the inlet
water tank to the upper side of the absorber and flows to the
lower side of the absorber (Fig.4). In this study, the inlet
water flow rate of both SG and DG models is 3.5 kg/hour.

Fig. 3. Scheme of DG (front view): a — Ag,/A;=0.1,
b—Ap/An=0.5, c— Ap/An=0.7, d— Ap/As=1.0
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4. 2. Mathematical model

Mathematical models for DG and SG are developed
based on the energy balance of the main components with
the following assumptions:

a) there is no temperature gradient between the cover
glass and the absorber;

b) there is no water vapor leak;

¢) condensation from water vapor on glass is uniform
with negligible heat capacity;

d) the area of the absorber and the cover glass is the same;

e) the position of the cover glass is parallel to the absorber;

f) the reflection of heat radiation from dew to the absorb-
er is ignored;

g) water flow and water temperature in the absorber are
uniforms;

h) the process occurs in a steady-state.

Energy balance of DG.

Fig. 6 shows the energy balance of DG. The energy
balance for the top glass (g2), water between the top and
the bottom glasses (wy), the bottom glass (g1), water in the
absorber (w), and the wick absorber (), respectively is:

dr
(m -C E) = QG—gZ + Qe,w/—gZ +
82
+ r.g1-g2 _Qr,g%a _Qc,g%a’

where Q¢.g» is heat energy from lamp radiation to g», watt,
Qe wf-g2 1s heat energy from wy to gy, watt, Q,.q1.g0 is heat en-
ergy from gy to go, watt, Q4.4 is radiation heat energy from
g» to the surrounding, watt, and Q.. is convection heat
energy from gj to the surrounding, watt.

watt, )

Fig. 6. Energy balance in DG

dr
(mCE) = Qzuf +Qc,g17wf _Qc,wf—gQ’ Watt’ (2)
wf

where Q. is heat energy from vapor condensation to wy,
watt, and Q. g1-of is heat energy from g to wy, watt.

dr
(m C- E) = Q(}fg1 + Qr,w—g1 + Q;,ur—g1 + Q4. -
g1
_Qt,g1—wf - Qr,g1—g2 - Q/r,g1—a - Qr,g1—a’

watt, 3)
where Qg.g1 is heat energy from lamp radiation to g, watt,
Qw1 is heat energy from w to gy, watt, Q. -1 is heat energy
from w to gy, watt, Q, is evaporation heat, watt, Q,.41-, is radi-
ation heat energy from g to the surrounding, watt, and Q. 4.4
is convection heat energy from g to the surrounding, watt.

(m ' C ((117];) :QG*w +Qc,b7w +Qw,i -

_Qmmfg1 - Q(,,w—g1 - Qe - Qm,o’ Watty (4)
where Qg is heat energy from lamp radiation to w, watt,
Qc.b-w is heat energy from the absorber to w, watt, Q,; is heat
energy loss at the inlet side, watt, and Q,,, is heat energy loss
at the exit side, watt.

(mcdl) =Quy—Qpw—Qp, Watt, )
de ), ’

where Qg5 is heat energy from lamp radiation to the absorb-
er, watt, and Q.. is heat energy loss from the absorber to
the surrounding, watt.

Energy balance of SG.

Fig. 7 shows the energy balance of SG. The energy
balance for glass (g1), water in the absorber (w) and wick
absorber (b), respectively is:

dr
(m ' C ' dt)m = Q(}7g1 + er,w—g1 +

+Qt,w—g1 + Q4 - Qc,g1—a - Qr,g1—a’ Watt’ (6)
dT
(m . C dt)” = Q(,Lw + Qc,bfw +
+ch/,i - Qr,w—g1 - Qﬁ,w—g1 - Qe - Qw,o’ Wattv (7)
(m -C- %J =Q6 = Qepw = Qi Watt. ©)
b

Fig. 7. Energy balance in SG

The heat energy in each part of DG and SG is
Radiation from the heating lamp to the top glass is:

chgzzc(i—pg)ochgz, )

where G is lamp radiation, watt, p, is cover glass reflectivity,
2

0 is cover glass absorptivity and Ag» is top glass area, m?.
Convection from water (wf) to the top glass is:

Quyer = Ah, (T, = T), (10)



where ,, is convection coefficient, W/m?°C, T, is the tem-
perature of @f, °C, and Ty is top glass temperature, °C.
Radiation from the bottom glass to the top glass is:

Qe = Ag?hr (Tg1 - TgZ)’

where £, is radiation coefficient, W/m?°C, and T,y is bottom
glass temperature, °C.
Radiation from the top glass to the surrounding is:

Qr,g%a = AgZhr (TgQ - Ts‘ky)’

1

(12)

where T, is sky temperature, °C
Convection from the top glass to the surrounding is:
Qﬁ.g%a = Ag2hm/1 (TgZ - ]:1 )Y (13)
where £, is wind convection coefficient, W/m2°C, and T is
surrounding temperature, °C
Heat energy Q. is:
wa = mmi (Cw];y‘ - CwTw,i)’ (14)
where my; is inlet water flow rate, kg /s, C, is specific water

heat, J/(kg'K), and T,,; is inlet water temperature, °C.
Convection from the bottom glass to water (wf) on DG is:

Q«(:,gl—wf = Ag2hm (Tg1 - Tmf) (15)

Radiation from the heating lamp to the bottom glass on
SG and DG is:

Qc—gi = G(i—pg)ocg [(Ag1 _Ag2)+(1_ps)(1_ag)As2]’ 6)

where Ay is bottom glass area, m?
Radiation from water (w) to the bottom glass is:
Qr,szgl = Abhr,znfg1 (Tm - ];;1 )’ (17)
where A is absorber area, m2, and T,, is water temperature
in the absorber, °C

Convection from water (@) to the bottom glass is:

Q= A (T, ~T,), (18)
where A, is convection coefficient, W/m?2°C

Evaporation heat is:

Q =A4,h.(T,-T,), (19)

where ke is evaporation coefficient, W/m?2°C

Radiation from the bottom glass to the surrounding on
SG and DG is:

Qr,gI—a = (Ag1 - AgZ)hr,gFa (Tg1 - Tvky) (20)

Convection from the bottom glass to the surrounding on
SG and DG is:

Qﬂ,gFa = (Ag1 _AgQ)hu:d (Tg1 - Ta) (21)
Convection from the absorber to water (w) is:
Q(:,b—w = Abhb (]‘b - 7‘1{')7 (22)

where £, is convection coefficient, W/m?°C
Radiation from the heating lamp to water (w) on SG and
DGis:

A, A, )+
Q.. =G(1-p,)(1-c, ), (+(’T_ pg‘;zz | (23)
where ay is water absorptivity.
Heat loss at the inlet side is:
Q,.=m,C,(T,-T,). (24)
Heat loss at the exit side is:
Q,, =(rh,, ~din,)C,(T,~T,,). (25)

where dm, is evaporation rate, kg/s.
Radiation from the heating lamp to the absorber on SG
and DG is:

s =G(1—Pg)(1—(1g)(1—(xm)(xh x
XI:(Am _A82)+(1_p8)(1_(xg)Ag2]’

where ay is absorber absorptivity.
Nuselt number is [15]:

1708 1, 1708 (sint,80)" .
Ray; cos® Ray; cos®

1
N (Rchose)A_1 ,
5830

where R, is Rayleigh number, and 6 is the slope of SG or DG.
Evaporation rate is: [16]

(26)

Nu:1+1,44[1—

27

dme=Q, /h,, (28)
where A, is latent heat of water evaporation, J/kg.
Efficiency is [16]
tdme-h
n=[ Pk g, (29)

o A-G

The efficiency improvement of the DG model compared
to the SG model was calculated for all variations of Agy/Ag
to determine the variation in Agy/Agt, which results in a max-
imum efficiency increase. The efficiency improvement of the
DG model compared to the SG in all variations of Agy/Agt was
carried out for variations in the thickness of the cover glass of
3 mm and 5 mm.

4. 3. Experiment and simulation methods

The experiments were carried out in the Fluid Mechan-
ics Laboratory of the University of Sanata Dharma Indone-
sia using heating lamps as the heat source [17]. Eight heating
lamps with 400 watts per lamp are used to heat each model.
Fig. 8 shows the position of the lamp. The heating lamp has
a spectrum of 67 % infrared and 51 % solar radiation. The
maximum average radiation on the surface of the cover glass
per model that can be produced is around 1,000 watts/m?2.
There is no special treatment on heating lamps to get parallel



radiation. The use of heating lamps only aims to obtain rea-
sonable uniform radiation.
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Fig. 8. Heating lamp position

The series of heating lamps are positioned parallel to
the surface of the cover glass with a distance of 90 cm. The
wind is simulated using three fans, which can produce a
maximum wind speed of 5 m/s. Dimers and timers control
heat radiation from the lamp and wind speed. The con-
troller regulates the voltage of the heating lamp and the
voltage of the motor from the fan to produce heating lamp
radiation and different wind speeds every hour during
the experiment. During the experiment, the heating lamp
radiation was measured by a polycrystalline silicon PV
cell sensor with an accuracy of 3 % (01,200 W/m?) and a
resolution of 1 W/m?2. Wind speed (V,y) is measured with
an anemometer.

Other data measured in the experiment are the tem-
perature and the yield of distilled water (dme). Tempera-
ture data measured are ambient (7,), cover glass (Ty
and Ty), water in absorber (T,), inlet water (T,,; for SG,
and T, for DG), wastewater (7Ty,,). Every temperature is
measured with a DS18B20 thermocouple sensor (type K),
which has a measurement range of 55 °C to +125 °C with
a resolution of 0.5 °C. The DS18B20 sensor is calibrated
with a standard mercury thermometer with an accuracy
value of £0.5 °C. In cover glass temperature measurement,
the thermocouple is placed in the center of the cover glass.
In the water in the absorber temperature measurement,
the thermocouple is placed in the center of the absorber.

An e-tape liquid level sensor measured distilled water
produced by each model. Measurement data from all sen-
sors are recorded using an Arduino microcontroller data
logger that has been programmed to record each sensor’s
data every 1 minute. The microcontroller used is Seeed-
uino Stalker v2 (ATMEGA328). The microcontroller is
connected to a PC wirelessly using a wireless sensor node
and Wi-Fi to monitor the sensor’s data. The experiment
begins by regulating the same mass flow of inlet water of
3.5 kg/hour in the DG and SG models. A small 5W peri-
staltic pump was used to maintain a constant flow of the
inlet water. The inlet water mass flow of 3.5 kg/hour was
carried out for 10 hours for each variation.

A simulation was made based on the mathematical
model. The temperature of each main component and the
distilled water produced from DG and SG can be calcu-
lated. Calculations are carried out by the Euler method
numerically to solve first-order differential equations
simultaneously from DG and SG. The simulation is done
using TrnSys software [18]. The integration of the DG
and SG models into the TrnSys software is done using a
FORTRAN program.

5. Results

5. 1. Comparison of distilled water results from exper-
iments and simulations

The first stage of this research is the experiments in the
laboratory. Experiments were carried out on both SG and
DG models. The thickness of the cover glass used is 3 mm.

Fig. 9 shows the ambient air temperature and wind speed
during the experiment.

Fig. 10 shows the heat radiation from the heating lamp
during the 10hour test.
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Fig. 9. Average ambient temperature and wind velocity
during the experiment
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Fig. 10. Average irradiance of the heating lamp
during the experiment

The second step is to simulate both SG and DG models.
The simulations are carried out using the same ambient air
temperature, wind speed, and heat radiation data as the ex-
periments. The thickness of the cover glass of both the SG
and DG models used in the simulation is also 3 mm.

Fig. 11 shows a comparison of distillation water re-
sults from experiments and simulations for the Ag/Ag
ratio of 0.0, 0.1, 0.5, 0.7, and 1.0. As can be seen from the
graph, the difference in distillation water results from
experiments and simulations ranges from 1.70 % to 4.8 %.
The difference in temperature of the SG and DG models
from experiments and simulations ranges within 2—3 °C.
Differences in the results of distillation water and tem-
perature in that range are commonly obtained in similar
studies [11,12,17]. As well as showing the simulation
results are valid.

Fig. 11 shows that the distilled water produced by the
DG model is more than the SG model for all variations
of the Agy/Agq ratio. However, Fig. 11 also shows that
the higher the ratio of Az /Ay, the less distilled water is
produced by the DG distillation model. In other words,
the greater the Agy/Ag ratio, the smaller the efficiency
improvement of the DG model compared to the efficiency
of the SG model.
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Fig. 11. Comparison of distillation water results from
experiments and simulations on the SG and DG models with
the 3 mm thick cover glass: a — DG with Ag,/A;=0.1,

b — DG with Agz/Ag1=0.5, ¢ — DG with Agz/Ag1=0.7,
d— DG with Agz/Ag1=1.0

5. 2. Effects of heat recovery using double glass on
distillation efficiency

The first and second stages of this study showed the
results of the simulation carried out following the re-
sults of the experiment. The third stage of this research
is to conduct a simulation like the second stage, but the
thickness of the cover glass used by both the SG and DG

models is 5 mm. The results of the second and third stage
simulations in the two models were compared to analyze
the effects of heat recovery using double glazing on the
efficiency of distillation. Fig. 12 shows the results of the
distillation water of both SG and DG models using 3 mm
and 5mm cover glass thickness. SG is the distillation
model with Ag/Agr of 0. DG is s the distillation model
with Agy/Ag of 0.1, 0.5, 0.7, and 1.0.

As shown in Fig. 12, the distillation water produced by
both the SG and DG models with the 3 mm cover glass is on
average 58.9 % more than the distillation water produced by
both models with the 5 mm cover glass. On the variation of
the thickness of the 3 mm cover glass, the DG model with
Ago/Ag10f0.1,0.5,0.7, and 1.0 produced more distilled water
than the SG model. On the variation of the thickness of the
5mm cover glass, the DG model with Agy/Ag of 0.1, 0.5,
and 0.7 produced more distilled water than the SG model.
However, on Agy/Agi of 1.0, the DG model produced distilled
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Fig. 12. Yield of distilled water per day

water less than SG.

The resulting distillation water is directly proportion-
al to the distillation efficiency. As shown in Fig. 13, the
efficiency produced by both the SG and DG models on
the 3 mm thick cover glass variation is higher than the
efficiency of the two models on the 5 mm thick cover glass
variation. On the variation of the thickness of the 3 mm
cover glass, the DG model efficiency with Agy/Agq of 0.1,
0.5, 0.7, and 1.0 is higher than the efficiency of the SG
model. On the 5 mm thick cover glass variation, the effi-
ciency of the DG model with A4y/Ag 0f 0.1, 0.5, and 0.7 is
higher than the SG model. However, on the A49/A4 of 1.0,
the efficiency of the DG model is lower than the efficiency
of the SG model.

Fig. 14 shows an increase in the efficiency in both the
SG and DG distillation models against the SG model as a
comparison. Increased efficiency is the difference between
the efficiency of the model and the efficiency of the SG model
divided by the efficiency of the SG model.
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Fig. 13. Distillation efficiency
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Fig. 14. Enhancement of distillation efficiency
against the SG model

As can be seen in Fig. 14, on the cover glass of 3 mm
thickness, the increase in the efficiency of the DG model
with Agy/Agt of 0.1, 0.5, 0.7, 1.0 is positive. A positive value
of increasing efficiency shows that in the 3 mm thick cover
glass variation, the DG model efficiency is higher than the
SG model for all Ago/Ag values. In the 5mm thick cover
glass variation, the increase in the efficiency of the DG mod-
el with Agy/Ag of 1.0 is negative. A negative value indicates
that at the same top glass area as the bottom glass, the DG
model distillation efficiency is lower than the SG model.

Fig. 15 shows the temperature of the water entering into
both the SG and DG distillation models. In the SG model,
inlet water comes from the water reservoir and directly enters
the SG model, without preheating. Water that enters the DG
model gets preheated so that the temperature of the water en-
tering the DG model is higher than that of the water entering
the SG model. Before water enters the DG model, water flows
between the top and bottom glass. During flow between the
top glass and the bottom glass, water gets heat energy from
the bottom glass. The heat from the bottom glass that moves
to water comes from water vapor that releases heat to the
bottom glass when condensing. The utilization of condensing
heat to heat distilled input water is called the heat recovery
process. The temperature of water entered into the DG model
at 3 mm thick cover glass variation is higher than in the 5 mm
thick cover glass variation. Higher inlet water temperature
indicates more moisture that is condensed so that the conden-
sation heat is received more by the water.

Fig. 16 shows the amount of condensation heat received
by water (Q.y) before entering the distillation model. As
shown in the graph, the condensation heat received by water
(Qy) before entering the DG model at 3 mm glass thickness
variation is on average 12.7 % greater than the 5 mm glass
thickness variation.
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Fig. 15. Inlet water temperature

DG model distillation has advantages over the SG model
because, in the DG model, the heat recovery process can be

carried out so that the inlet water temperature is higher than
in the SG model. However, the use of double glazing in the
DG model to carry out the heat recovery process has disad-
vantages. The use of double glazing in the DG model causes
less heat radiation to be received by the absorber compared
to the SG model distillation, which uses only one cover
glass. The heat radiation that comes in the distillation model
always passes through the cover glass before the absorber is
received. Not all heat radiation received by the cover glass is
transmitted to the absorber. Some of the heat radiation is re-
flected in the environment, and the cover glass absorbs some.
In the SG model distillation, which only has one glass cover,
the heat radiation received by the glass cover is reflected and
absorbed once. In the DG model distillation, which has two
glass covers, the incoming heat radiation is reflected and ab-
sorbed twice. The greater the area of the top cover glass, the
more heat radiation is reflected and absorbed by the cover
glass. The more heat radiation reflected and absorbed by the
cover glass, the less heat radiation the absorber receives. As
an illustration, in the DG model distillation with Agy/Ag of
0.1 (Fig. 17), the top glass and the bottom glass reflected and
absorbed 10 % of the heat radiation. At the same time, 90 %
of the thermal radiation is reflected and absorbed by the bot-
tom glass. The thickness of the glass also affects the amount
of heat radiation reflected and absorbed by the cover glass.
The thicker the cover glass, the greater the reflectivity and
absorbance value of the glass. In other words, the thicker the
cover glass, the more heat radiation is reflected and absorbed
by the cover glass. Fig. 18 shows the heat radiation received
by the absorber on both the SG and DG distillation models.
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Fig. 16. Amount of condensation heat received by water (Q,)
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Fig. 17. Heat radiation on the DG model with A /A1 of 0.1

As shown in the graph, the heat radiation received by the
absorber on both models with a 3 mm cover glass thickness
is, on average, 37.7 % greater than with the 5 mm cover glass
thickness. Fig. 18 also shows that the higher the Agy /A4y val-
ue, the less heat radiation the absorber receives.

The heat radiation received by the absorber and the
inlet water temperature affect the temperature of the water



in the absorber. Fig. 19 shows the water temperature in the
absorber of both SG and DG models in the variation of the
thickness of the cover glass 3 mm and 5 mm. It is clear from
the chart that the water temperature on the model absorber
with the 3 mm thick glass cover is, on average 5.6 % higher
than the water temperature of the model with the 5 mm
thick glass cover.

600
459
S 450 222 423 409 388
S WA - -
2 . 352 e I I S
o 305 281 T 1%
150 A =3 mm
=il =5 mm
0 L] L]

0 0.1 02 03 04 0.5 0.6 07 08 09 1
Ag/A,

Fig. 18. Heat radiation received by the absorber

50
g~ 45.6 4520
% 8 45-1ﬁ ~H4i9 44.6
© 4 : .
5 < =3 mm
§ = =l =5 mm
30

0 0.10203 04050607 0809 1
AylA,

Fig. 19. Water temperature in the absorber

Fig. 19 shows that the water temperature in the absorb-
er from the DG model distillation with Agy/Agt of 0.1 and
0.5 is higher than for the SG model. However, the water
temperature in the absorber from the DG model distillation
with Agy/Agt0f 0.7 and 1.0 is lower than from the SG model
distillation. The water temperature at the absorber from the
DG model distillation with the 5 mm thick glass cover is
higher than the water temperature at the absorber from the
SG model only at the Ago/Agq value of 0.1.

The temperature of the cover glass is influenced by the
heat radiation absorbed by the cover glass and the conden-
sation heat of water vapor received by the cover glass. In the
DG model, water vapor condenses on the inner surface of the
bottom cover glass. The more water vapor that condenses,
the higher the bottom cover glass temperature.

Fig. 20 shows that the temperature of the bottom cover
glass of the DG model with the 5 mm thick glass is 3.5 %
lower than the temperature of the bottom cover glass of the
DG model with the 3 mm thick glass. The temperature of the
DG glass cover model with the 5 mm thick glass is lower due
to less distilled water produced, meaning that water vapor is
also condensed less. The weight of the 5 mm thickness cover
glass is greater than the weight of the 3 mm thickness cover
glass. The greater mass of the glass causes the heat capacity
of the 5 mm thick cover glass greater than the heat capacity
of the 3 mm thick cover glass. The higher the heat capacity of
the cover glass, the lower the cover glass temperature.

As it has been explained above, distilled water from the
DG model with the 3 mm thick cover glass is more than SG

models distilled water. More distilled water shows more
water vapor that condenses on the inner surface of the
bottom cover glass. The more water vapor that condenses,
the more heat receives by the cover glass. In other words,
the temperature of the bottom cover glass of the DG model
should be higher than the temperature of the cover glass of
the SG model.
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Fig. 20. Bottom glass temperature

Fig. 20 precisely shows the opposite. The DG glass cover
temperature is lower than the SG glass cover temperature.
The temperature of the DG glass cover is lower than the SG
cover glass temperature, which shows that the inlet water
flow between the top glass and the bottom glass also func-
tions as cover glass cooling water.

Water vapor in the SG and DG distillation models moves
from the absorber to the surface of the inner cover glass
and then condenses. The water vapor movement is strongly
influenced by the temperature difference between the water
temperature in the absorber and the temperature of the bot-
tom cover glass (AT). The higher the value AT, the faster the
water vapor moves from the absorber surface to the inner
surface of the cover glass. Fig. 21 shows the AT values of the
SG and DG models. It can be seen from the graph that (AT)
of both models with the 3 mm thick glass cover is higher
than the AT value of both models with the 5 mm thick glass
cover. On the 3 mm thick cover glass variation, the AT value
of the DG distillation model with Agy /A4 0f 0.1,0.5,0.7, and
1.0 is higher than the AT value of the SG distillation model.
On the 5 mm thick cover glass variation, the AT value of the
DG distillation model with Ag4y/Agq of 1.0 is lower than the
AT value of the SG distillation model. The lower value of AT
causes less distillation water produced by the DG model
with Agy/Ag of 1.0 than by the SG model distillation.
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Fig. 21. Temperature difference between the water temperature
in the absorber and the temperature of the bottom cover glass

Fig. 21 also shows that the DG distillation model with
the Agy/Ag1 value increases; the value of AT decreases. The
decreasing AT value is caused by the heat radiation received



by the absorber decreases at a higher Agzy/Ag value. The
greater Agy/Agr value causes more heat radiation to be re-
flected and absorbed by the glass.

The transfer of water vapor from the absorber to the inner
surface of the cover glass is also affected by the evaporative
heat transfer coefficient. The convection heat transfer coef-
ficient influences the evaporative heat transfer coefficient.
Fig. 22 and Fig. 23 show that the convection heat transfer
coefficient and the evaporative heat transfer coefficient of
the DG model are on average 13.5 % and 24.1 % higher than
those of the SG model, respectively.
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Fig. 22. Convection heat transfer coefficient
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Fig. 23. Evaporative heat transfer coefficient

In the SG and DG distillation models, heat energy losses
occur during the distillation process. Heat energy losses that
occur include heat energy losses at the inlet and exit sides.
The loss of heat energy at the inlet is caused by the tempera-
ture of the water entering the distillation model. The inlet
water has a lower temperature than the temperature of the
water at the absorber. The lower the temperature of the inlet
water, the higher the loss of heat energy at the inlet side.

After the water enters the distillation model, water flows
on the surface of the absorber. During flow on the surface
of the absorber, water gets heat energy from the absorber by
convection. While flowing, some of the water evaporates and
condenses on the inner surface of the cover glass. Some can-
not evaporate and comes out of the distillation model from
the exit side as hot water. Hot water that comes out on the
exit side of the distillation model is a loss of heat on the exit
side. The more water that does not evaporate and comes out,
the higher the loss of heat energy that occurs on the exit side.
Fig. 24, 25 show the heat energy losses at the inlet and exit
sides of both the SG and DG distillation models. As shown
in the graph, the heat energy losses at the inlet and exit sides
of the two models with the 3 mm thick glass cover are higher
than with the 5 mm glass cover.

The heat loss at the inlet side is influenced by the flow
rate of the inlet water and the difference between the ab-
sorber temperature and the inlet water temperature. The

flow rate of the inlet water in all models is the same. In other
words, the heat loss at the inlet side is greater in the model
with the 3 mm cover glass due to the greater difference
between the absorber temperature and the intake water
temperature.
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Fig. 25. Heat energy losses at the exit side

The heat loss on the exit side is influenced by the flow
rate of the water that does not evaporate, and the tempera-
ture difference between the absorber and the inlet water
temperature. The non-evaporating water flow rate on the
model with the 3 mm cover glass is less than on the model
with the 5 mm cover glass. In other words, the higher exit
side heat loss on the model with the 3 mm cover glass is also
due to the greater difference between the absorber tempera-
ture and the intake water temperature.

6. Discussion of experimental results

The results of the research described above show that
the heat recovery process using double glazing can increase
the yield of distilled water and distillation efficiency. The
increase in water yield and distillation efficiency can be seen
from the comparison of the results of distillation water and
the efficiency of the distillation model with heat recovery, i.e.
the DG model compared to the SG distillation model that
does not use the heat recovery process.

Fig. 12,13 show the comparison of distillation water
yield and DG model distillation efficiency compared to SG
model distillation with the 3 mm and 5 mm thick glass cover
on Ago/Ag variations of 0.1, 0.5, 0.7, and 1.0. The maximum
efficiency increase of DG compared to SG was achieved in
the Ago/Ag variation of 0.1. The maximum efficiency in-
crease of DG compared to SG with the cover glass thickness
of 3mm is 39.6 % and 51.0 % with the cover glass thickness
of 5mm (Fig. 14). More distillation water yields and high-
er efficiency from DG model distillation compared to SG
model distillation are due to the inlet water temperature of



the DG distillation model, which is higher 9.7 €¢C or 33.5 %
than the SG model distillation water temperature (Fig. 15).
Heat recovery in the DG model distillation causes the higher
temperature of the water entering the DG model distillation
than the temperature of the SG model distillation inlet
water. Heat recovery also causes DG model distillation to
get heat energy carried by water into the absorber of Q.
(Fig. 16). The only disadvantage of using double glazing
to carry out the heat recovery process is the reduced heat
energy received by the absorber. In other words, the use of
double glass causes the heat energy received by the absorb-
er to DG model distillation to be less than the SG model
distillation, which uses only a single glass (Fig. 18). Heat
recovery using double glazing on DG distillation models re-
sults in the cooling effect of glass by entering water flowing
in the channel between the bottom glass and the top glass.
Cooling of the glass by inlet water causes the temperature of
the cover glass in the DG model distillation to be lower than
the temperature of the cover glass on the SG model (Fig. 20).
Furthermore, lower glass temperatures cause the difference
in water temperature at the absorber with the cover glass
temperature (AT) in the DG model distillation higher than
AT'in the SG model distillation (Fig. 21). In addition to caus-
ing higher AT, heat recovery also causes the evaporative heat
transfer coefficient of the DG model distillation to be higher
than the SG model distillation (Fig. 23). Heat recovery also
reduces heat loss at the inlet side (Fig. 24). The reduction in
heat energy losses at the inlet side of DG is 45.1 W or 68.7 %
compared to SG. Higher AT and higher evaporative heat
transfer coefficient and less heat energy losses at the inlet
side cause the water in the absorber to evaporate faster. The
temperature of the water in the absorber (Fig. 19) shows the
temperature when the water undergoes a process of evap-
oration. In Fig. 19, the actual temperature of water in the
absorber from the DG model distillation and the SD model
distillation is not much different. However, the higher inlet
water temperature in the DG model distillation compared
to the SG model causes the water evaporation temperature
in the DG distillation model to be achieved in a faster time
than in the SG distillation model. The more rapid evapora-
tion temperature achieved by water in the absorber from the
DG model distillation causes the evaporation process time
of the water to the absorber to be longer. Fig. 26 shows the
distance needed for the inlet water to reach the evaporation
temperature from the inlet side (L;) and the length of the
water at the absorber for the evaporation process (L,).
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Fig. 26. Distance to reach the evaporation
temperature and process

The lower the inlet water temperature, the longer the L,
distance. The longer the L; distance, the longer the time it
takes for water to reach the evaporation temperature. The
greater length of Lj, causes a shorter length of L,. The shorter
the L, distance, the less time is needed for the water in the

absorber to evaporate. The short time of evaporation causes
less amount of water to evaporate. The less water evaporat-
ing in the absorber causes less yield of distilled water. The
less water evaporating in the absorber causes the water in
the absorber that does not evaporate and comes out as hot
water on the exit side more and more. In other words, the loss
of heat energy on the exit side is greater. The longer evapo-
ration process causes the distillation water produced by DG
model distillation to be higher than the distillation water
produced by the SG model distillation. The evaporation tem-
perature of water in the absorber of the SG model is achieved
in a longer time than DG. So the process of evaporation of
water at the absorber only has a short time. The shorter time
for the process evaporation of water at the absorber causes
a lot of water that has not enough time to evaporate and
come out of the distillation model as hot water. The loss of
heat energy on the exit side from the DG model distillation
is about 41.9W or 69.1 % lower than that of the SG model
distillation, showing that the mass of water that has no time
to evaporate and exit the DG distillation model is less than
that of the SG model distillation. In other words, the distil-
lation water produced by the SG distillation model is less
than the DG model distillation. The time required for the
inlet water of the SG and DG distillation models to reach the
evaporation temperature is influenced by the temperature of
the water when entering the distillation model and the heat
energy received by the water from the absorber. The heat
energy received by the water from the absorber is influenced
by the heat energy received by the absorber from heat radia-
tion and energy losses at the inlet side. It has been said that
the heat recovery process causes the temperature of water
to enter the DG distillation model on the 3 mm and 5 mm
cover thickness variation and Agy/Ag of 0.1, 0.5, 0.7 and 1.0
to be higher than the temperature of the water entering the
SG distillation model. The maximum heat energy received
by water entering the distillation model from the absorber
is equal to the difference from the heat energy received by
the absorber from heat radiation with losses at the inlet side
(Fig. 27).

500
400
300
200
100

0

Q, (W)

0 0.10203040506070809 1
AplAy

Fig. 27. Heat energy received by inlet water from the absorber

Fig. 27 shows the variation of the thickness of the 3 mm
cover glass and the Agy/Ag values of 0.1 and 0.5, the heat
energy received by the water from the absorber on the DG
model distillation is higher than on the SG model distillation.
Higher inlet water temperatures and heat energy received by
water from the absorber, which is higher in DG distillation
models with the 3 mm thick glass cover and Agy/Ag of 0.1 and
0.5, cause water evaporation temperature to be achieved fast-
er than in the distillation of the SG model. The evaporation
temperature completed more quickly causes the evaporation
time to be longer so that the DG model with the 3 mm thick



glass cover and Agy/Ag1 of 0.1 and 0.5 produces more distilled
water than the SG model distillation.

The same thing happened with the 5 mm thick cover glass
variation. However, in the 5 mm thick cover glass variation,
the heat energy received by the DG model is higher than by
the SG model, occurring only at Ago/Ag values of 0.1.

The heat energy received by water from the absorber on
the DG model with the 3 mm thick glass cover and Ago/Agt
values of 0.7 and 1.0 is less than in the distillation of the SG
model. Even though the heat energy received by the water
from the absorber is lower, the evaporation temperature is
still achieved in a faster time, due to the higher inlet wa-
ter temperature. The more rapid evaporation temperature
reached causes the evaporation time to be longer so that the
distillation water from the DG model with the 3 mm thick
cover glass and Agy/Agq of 0.7 and 1.0 is still higher than in
the distillation of the SG model.

The same thing happened with the variation of 5 mm
thick cover glass with Agy/Ag values of 0.5 and 0.7. In the
5mm thick cover glass variation and Ag/Ag values of 0.5
and 0.7, the heat energy received by water from the absorber
on the DG model distillation is 19.7 % lower than on the SG
model distillation.

In the 5 mm thick cover glass variation and Agy/Agq value
of 1.0, the heat energy received by water from the absorber
in the DG model distillation is 32.8 % lower than in the SG
model distillation. Even though the inlet water temperature
is higher, because the heat energy received by the water from
the absorber is very low, the evaporation temperature is still
achieved for a longer time. The longer time for evaporation
temperature reached causes less time for evaporation so that
the resulting distillation water from the DG model with the
5 mm thick glass cover and Agy/Ag of 1.0 is less than in the
SG model distillation.

The results of the research, as described above, show that
the use of heat recovery using double glazing can increase the
temperature of the intake water more efficiently and cheaply
than previous studies. Increasing the inlet water temperature
causes reduced heat losses on the inlet and outlet sides. The
reduced heat loss improves the distillation efficiency.

The increase in intake water temperature is output, and
an increase in efficiency is the proposed design outcome.
The results showed that the temperature increase reached
an average of 33.5 %. The increase in efficiency was achieved
by an average of 39.6 % (using the 3 mm thick glass) and
51 % (using the 5 mm thick glass). Effectiveness is the ratio
between outcome and output. The effectiveness value of the
proposed design was more than one. In other words, the pro-
posed design is effective. However, the effectiveness needs

to be tested by experiment in real field conditions for a long
time. For example, decreased absorber absorption due to dis-
tilled water contaminants’ deposition due to long use times
also affects the proposed design’s effectiveness.

Compared to previous studies, the proposed method has
the advantage of being more straightforward and cheaper.
The increase in efficiency resulting from the proposed meth-
od is also better than previous studies. As a comparison, the
increase in distillation efficiency using a solar water collec-
tor [8] was 36 %. With the proposed method, the maximum
efficiency increase that could be achieved was 39.6 %.

The limitation of this study is that this method is suitable
only for the distillation of seawater or water contaminated
with small contaminants. Large contaminants such as soil
are not ideal for the proposed model because large contami-
nants can clog the drain gaps in double glazing.

The disadvantage of this method is that the maximum
efficiency increase occurs in the Agzy/Ag variation of 0.1,
meaning that only 10 % of the condensation heat is utilized.
In the future, research is needed to find methods that can
make maximum use of the heat of condensation.

This study can be developed further to reduce more heat
energy losses on the inlet and exit sides. The difficulties
that may be encountered are related to the development of a
suitable mathematical model. Another possible difficulty is
technical issues for experimental testing.

7. Conclusions

1. The average increase in the inlet water temperature of
the DG model was 33.5 % compared to the temperature of
the inlet water of the SG model.

2. The reduction in heat energy losses of the DG model
compared to the SG model at the inlet side and exit side was
68.7 % and 69.1 %, respectively.

3. Heat recovery improves distillation efficiency. The
maximum efficiency improvement of the DG model com-
pared to SG models of 39.6 % and 51.0 % were achieved with
the 3 mm and 5 mm thick cover glasses, respectively.

4. The maximum efficiency of the DG model was achieved
at Agy/Agt variations of 0.1.
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