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Abstract

Due to the current status of water treatment system it is very difficult to produce fresh clean water without electricity.
This research evaluated the intervention of titanium as heat absorber in the heat transfer analysis regarding the solar-based
desalination system. The experiment was carried out in a double-slanted distillation unit designed to harness sunlight’s energy.
The distillation unit contain a transparent glass shield, contaminated water inlet, treated water outlet, two treatment levels, heat
absorber and insulator. Parameters monitors during the experiments included water treatment efficiency, productivity, distillation
temperature and distillation rate. Variable included the heat absorber’s surface area with respect to the surface area of water in
the chamber (10 to 90%). Experimental results were used to calculate water treatment efficiency using the Engineering Equation
Solver (EES), which varied disproportionally with the size of Titanium heat absorber. The highest productivity was observed
at 1.61 liter per day with a water treatment efficiency of 26.2%. The payback period of the solar-based distillation prototype
was 5.5 years. The fastest distillation rate was monitored at 15:00 on average. Water’s level in distillation chamber and thermal
conductivity of the insulator’s thermal conductivity inside both lower and higher still inside the unit have undesirable impact
on performance. Wind speed promoted better heat transfer which resulted in an increase in distillation rate. Two numerical
equations were developed for calculating distillation efficiency and productivity from input parameters such as operating time
and heat absorber’s size. The prototype distillation unit demonstrated excellent results for converting salt water into fresh water.
(© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Nomenclature

Mg, Glass screen weight, kg

Mipsul Insulator weight, kg

Cp.gla Heat capacity for glass material, J/kg °C

Cp.m20 Heat capacity for water, J/kg °C

&g Glass emissivity

Ew Water emissivity

a, Radiation absorbed by the glass screen

ay, Radiation absorbed

Pe Glass reflectivity, kg/cm?

U, Overall heat transfer coefficient, W/m?K

Tinsul Temperature for the insulator, °C

Tg1a2 Temperature for the glass screen in the bottom layer, °C
Tgla1 Temperature for the glass screen in the upper layer, °C
THo02 Temperature for water surface in the bottom layer, °C
Tm0.1 Temperature for water surface in the upper layer, °C

1. Introduction

Fresh water is necessary especially during a pandemic virus outbreak such as the current Coronavirus disease
(COVID-19) crisis. World Health Organization reported that the lethal COVID-19 while having fragile membrane
can have survived as long as 2 days in dechlorinated tap water, hospital and domestic sewage [1,2]. Since most
current water treatment system rely on electricity, water contamination is a major problem for rural areas that do
not have access to electricity [3]. Additionally, since salt water is abundant and can be acquired in many areas in
Thailand, water treatment system can also be applying to transform salt water into clean water. It is therefore useful
for all communities to have a water treatment system that do not rely on electricity. Solar-based water treatment
system can be adapting in rural area to convert salt water to clean water with very little or no electricity consumption.

The amount of solar radiation in Thailand have been observed through various different systems. Solar radiation
data was found to correlate linearly with cloud cover data measured in 24 sites in Thailand [4]. Statistical analysis of
collected data revealed mean solar radiation in the South of Thailand to be 450 w/m? [5]. Another study employed
the Solargis model to estimate daily maximum global horizontal radiation (GHI) of different areas in Thailand.
Daily solar radiation was found to be most intense in the Eastern (5.4 kWh/m?) and Central (5.1 kWh/m?) part
of Thailand [6]. Due to current development in digital signal transmission system, a more precise solar tracking
system can be employed. Chaowanan Jamroen et al. reported the usage of a low-cost automatic dual-axis solar
tracking system, which was found consume half of the energy required for normal solar tracking system [7]. These
innovation results in a better system for evaluating the effectiveness of solar-base device. So far many solar-based
distillation units have been employed for producing clean water from contaminated water [8,9].

Solar-based desalination system usually employed heat transfer mechanism to promote distillation of high salt
concentrated solution in a distillation chamber There are currently two different types of solar-based distillation
system; passive and active type. Active distillation unit comprised of an external source of energy that required
electricity input to operate effectively [10]. For instance, Hosseini et al. developed an active distillation unit for
water treatment assisted by a vacuum heat exchanger which was capable of producing 1.5 kg of clean water per m?
per day [11]. Although active distillation unit are relatively effective, it is still difficult to construct and implement
this type of water treatment system in rural area. Passive type of distillation unit does not use electricity to operate,
so water treatment activity is initialed and carried out entirely by radiation from sunlight [12,13]. A generic form
of passive distillation unit for water treatment consisted of two slanted chamber for carrying contaminated water,
an inlet/outlet, transparent glass shield, heat absorbers and insulator. Different operating conditions were observed
to influence the distillation performance such as material used to make the heat absorber, water height inside the
chamber, wind speed, and angle of the slanted slope. Optimization of water treatment process using solar-based
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distillation unit were studied by many researches. Arash Ranjbaran and Mahdi Norozi prototyped a hybrid solar
distillation unit with parabolic trough collector and cascading solar still capable of recycling 6 kg/m? of brine
solution. In this research a cascading type still was observed to perform significantly better compared with a
single basin still [14]. Ravishankar Sathyamurthy et al. proposed usage of sand cube as heat absorber to facilitate
efficient heat transfer inside a solar-based water treatment system [15]. Different types of heat absorbers have been
employed to improve the performance of the distillation unit. For instance, addition of charcoal heat absorber to a
V-configuration distillation unit with advance sunlight collector system was found to increase efficiency to 30% [16].
A parabolic type solar-based distillation system was also employed for extraction of volatile oil [17]. Additionally,
the solar technology was applied for absorption cooling system which provided both clean water and atmospheric
cooling of the system [18].

2. Development of heat profile inside the system

Radiation from sunlight travel from the atmosphere into contaminated water inside two sloped chambers. Heat
is initially absorbed and penetrated through the transparent glass shield in the upper chamber. The penetrated heat
was absorbed by the contaminated water causing molecular vibration. Eventually, the accumulated energy exceeds
the threshold energy which cause the intermolecular bond to break and evaporation of water. Water vapor will rise
toward the transparent glass shield and then condensed back to liquid form which will fall onto a metal gutter on
top of the chamber. The gutter is slightly slope to allow treated water to fall into a collector at the bottom.

2.1. Estimation of insolation using radiation ratio equation

Calculation of solar energy that reaches the Earth’s surface is referred to as insolation. Unlike solar radiation solar
insolation is affected by angle of sun and distance from the sun, and atmosphere. For this reason, insolation varies
significant due to differences in the measurement position, time of the day and month of the year. For this reason,
insolation needed to be recorded throughout the year in order to determinate the highest average solar radiation. A
generic equation for calculating insolation is shown in Eq. (1). Solar insolation (Syy) is determined as the product
between solar insolation per day (Sip) and the total daily radiation ratio (DR;4,) is shown in Eq. (2).

S = Sip X DRyagio (D
a + bcosw COS W — COS Wy
DRTotal =T X — T (2)
24 sin wg — (5222) cos wy

a = a; + ap sinsin (ws — 60) and b = by + b, sin sin (ws — 60)

The incidence angle between sunlight and collided platform is denoted as ws, a and b values are constants that
are determine by the measurement location. Since this experiment was performed in Kalasin province the coefficient
values are used according to reference (a; = 0.79, a, = —0.033, b; = 0.202 and b, = 0.218).

2.2. Energy balance inside the solar-based system

Heat transfer analysis is an important step in determining possible heat loss inside the distillation unit system.
Convective and radiation heat transfer are usually responsible for heat transfer from air to either liquid or solid
material. However, unlike convection heat transfer via radiation can penetrate through solid barrier. Additionally,
radiation can also be reflected by relatively high emissivity object which included glass shield, metal and water’s
surface. Conduction heat transfer mode is also involved inside the distillation unit.

Energy balance is performed separately in each section of the distillation unit. As shown below, Eq. (3)
represented energy balance of the insulator located at the bottom of the distillation unit.

minsul.Cp.insul. dT(ll—n;m =1 (t) Ainsul. — insul. — Qloss (3)
where (o5 1S the amount of heat loss from system, Qinsy, iS the amount of heat transferred from the insulator, Ajygy.
is surface area of the insulator, Tineul, Cpinsur. 18 heat capacity of the insulator. An expanded polystyrene (EPS)
with heat capacity of 1,300 J/(kg.K) was used as an insulator for this experiment because vapor cannot permeate
through this insulator material. The weight of insulator (mj,g,.) used was 2 kilograms.
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The fourth equation described energy balance of the water surface in the bottom level of the distillation unit.
dTh20.1

mp20.1Cp 120 = I(t) An20.1 + Qinsul — Qr,H20,1 — Gc,H20.1 — Gev,H20.1 4

where q;mo0,1 is radiative heat transfer, gc m20.1 is heat transfer via convection, Apao.1 is surface area C, o or
specific heat capacity of water is 4,178 J kg=! K~!, mypg, is the mass of water inside the lower chamber, and
Qev.H20.1 18 heat transfer during evaporation.

Next Eq. (5) represented energy balancing of the transparent glass shield in the bottom chamber.

dTgla.l
dt
where qc gni—2 is heat transfer between glass shield of the bottom chamber and water in the upper chamber, Tgj, 1
is temperature monitored on the glass shield in the bottom chamber, A, is surface area of glass shield in the
bottom chamber, heat capacity of glass or C,, o151 is equaled to 800 J kg’1 K1, myg, | is the weight of glass shield
which is equaled to 5.7 kg.
Eq. (6) represent energy balance of the water body in the upper chamber.

mgla.lcp,gla.l =1 (t) Agla.l + Ar,gla.1 + (c,gla.1 + Qev,glal — {c,gH1-2 (5)

dTH20.2

my20.2Cp H20 = I(t) Ap202 + Qe.gH1-2 — Qe,gH2-2 — Qr.gH1-2 — Gr.gH2-2 + JABS (6)

where qags is heat transfer from the heat absorber, qc gx1-2/9r,¢n1—2 is conductive/radiative heat transfer from glass
shield in the bottom chamber to water body in the upper chamber, qc gr2—2/qr,g2—2 is conductive/radiative heat
transfer from water body in the upper chamber to glass shield in the upper chamber, Ay is surface area of the
body of water.
Eq. (7) represented the energy balance of the glass shield in the upper chamber section of the distillation unit.
Glass shield in this case was exposed to the atmosphere consisting of direct sunlight.
dTgla.Z

Mgy 2Cp gl ———
g p-g dt

where qc g2ai/qr,g2ac 18 heat transfer based on radiation mechanism between atmosphere, Ag, 2 is area of the glass
shield in the upper chamber, Ty, is the temperature measured at the glass shield in the upper chamber.
Eq. (8) demonstrated the collection of treated water in the form of distillation rate

dm, Th20.1 — Tgla1 Th202 — Tgla2
R — he gri—1 |:—gai| + he g2 [—M:| (8)
dt hfg@Tl-lzo.l hfg@Tmo.z

where he gr11—1/he gi2—2/Dig@Tyy0 | /Nie@Tyy0, are heat transfer coefficients used to as part of the differential equation
and mpg quantity of treated water collected at the bottom of the distillation unit.

=1(t) Agla2 + ge,gH2—2 + qr,gH2—2 + Gev,gH2—2 — Gr,g2At — Je,g2At @)

2.3. Governing equation in the form of heat transfer in heat absorber

The equation below is used to find the quantity of energy that is transferred to the Titanium heat absorber.
qHA = o (IpTab + LisTrs) )]

where 7,5 is defined as the directional movement of solar radiation with the flow of ununiformed steam, I is defined
as the solar radiation profile perpendicular to the impact area by hour, t,, is defined as the directional movement
of solar radiation with the flow of absorbed steam and I, is defined as the solar radiation profile parallel the steam
absorption vector and « is defined as the degree of absorption

2.4. Calculating the efficiency of solar distillation unit

Eq. (10) demonstrated the efficiency of the solar-based distillation unit.

_ Zmdhfg
I
where I is summation of solar radiation derived daily, my is the distillation rate based on the performance of
distillation unit, and hy, is latent heat.

(10)
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2.5. Protocol for determining the distillation efficiency

Performance in terms of efficiency was calculated from operational input using the Engineer Equation Solver
(EES). EES is a computer program used to mathematical find solution for complicated differential equations and
multiple non-linear algebraic equations. Since many equations can be solving all at once. EES have been successfully
use to give accurate transport properties of material and thermodynamic. Many add-on libraries were installed and
used for the simulation in this research including heat transfer functions (conduction convection, and radiation),
regression equation with uncertainty analysis module and graphical user input/output software features. Additional
data such as the mechanical properties of the heat absorber (Titanium), solar radiation distribution functions, and
rapid evaporation of high sodium chloride solution functions were added into the EES software with written Pascal
codes. Fig. | illustrated the calculating logic and procedure used to command the EES. The first step is to find the
value of solar radiation from Eq. (3) to Eq. (8). This can be done by plugging in the temperature at different location
inside the distillation unit. Five sensor probes were installed inside the distillation unit to measure atmosphere
temperature (Ty ), glass shield’s temperature in the upper chamber (Tg,.2), water’s temperature in the upper chamber
(TH20.2) and glass shield’s temperature in the bottom chamber (Tgj,.1), Water’s temperature in the bottom chamber
(Tm20.1) and temperature of the insulator. According to the EES logic. Latent head was also employed to find the
efficiency of the heat transfer system. Fig. 1 demonstrated various input parameters.

3. Methodology

3.1. Design of distillation system

This research developed a prototype distillation system with 2 slightly slanted water chambers as shown in Fig. 2.
The unit is 100 cm x 150 cm x 65 cm. The water level in both chambers were initially set at 20 cm. The two covers
were made out of transparent borosilicate glass with melting point of 400 °C. Multi-level platform was constructed
from fiberglass material and coating with superhydrophobic paint in order to improve heat absorption and reduce
fouling due to sodium chloride in salt water. The slope of both water chamber is controlled at 14°. Titanium metal
sheet (grade 5 TA6V, 10 mm) was cut into various size block and then sanded using silicon carbide paper (240).
Water solution for this experiment was prepared using NaCl 1M.

Various sensor was installed inside the distillation unit in order to record the temperature at different places in
the unit. These data are combined with heat transfer coefficients, solar intensity measurements and water treatment
rate in order to determine the efficiency of the system. The size of titanium heat absorber was also varied from
10% to 90% based on the surface area of glass shield on top of the upper chamber. K-type temperature sensors
(Extech RHT20) were place to monitor water temperature, insulator temperature, and glass shield temperature.
Initial amount of water in the bottom and upper chamber equaled to 24.6 liters and 75.2 liters. The amount of
treated water that flow out of the outlet was measured using a volumetric flask. Wind speed was measured using an
anemometer (Kestrel 0855YEL 5500 Weather Meter) attached to a digital data logger. Solar intensity was measured
using the built-in solar light sensor with precision photo diode (Extech SP505). Conductivity of the water product
was measured using a portable probe (Oakton CON 6+). The conductivity probe was used to confirm that water
product no longer contain salt.

4. Results and discussion

4.1. Data acquisition for solar intensity

The distillation unit in this experiment were equipped with titanium heat absorber. Different size heat absorber
as percentage of the glass shield surface area (10 to 90%) were used and compared. The distillation rate was also
recorded by measuring the amount of treated water that flow out from the distillation unit. Solar intensity at the
system installation were measured in the hottest month of the year which was in April 2019. Recorded data were
analyzed and averaged to obtain a solar distribution profile. According to the collected data, as shown in Table 1,
the average solar intensity was equaled to 413.54 W m~2. The highest total solar intensity recorded at 13:00 was
equaled to 912.5 W m~2. Relative humidity corresponds well with the findings from solar intensity measurement.
According to Table 1, the initial relative humidity recorded at 7:00 in the morning was 85.4%. An increase in solar
intensity caused relative humidity to decrease to as low as 54.9% when measured at 15:00 in the afternoon. The
weather condition during measurement of solar performance was mostly sunny with very little cloud.
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Fig. 1. Flow chart illustration of the logical path carried out by the Engineering Equation Solver (EES) to find efficiency.
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Upper chamber

Bottom chamber | 0.65m

Fig. 2. Schematic diagram of the solar-based system. 1. Outlet, 2. Unit barrier wall, 3. Insulator, 4. Transparent glass cover, 5. Water
channel/gutter, and 6. Heat absorber (red cross represent temperature probe locations).. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

4.2. Temperature profile monitor at different location inside the distillation unit

Distribution of temperature inside the solar-based system were analyzed from the averaged data. According to
Fig. 3, maximum temperature measured from all of the sensor probe was recorded at 15:00 in the afternoon, which
corresponded with very low humidity level. Insulator used in this experiments was made out of expanded polystyrene
which have very effective heat control feature. For this reason, temperature recorded at the insulator was 54.6 °C,
which was relatively the highest compared with temperature measured in other position. The lowest temperature
inside the distillation unit was measured at glass shield. This is because glass have very low thermal conductivity.
Therefore, heat transfer passed glass shield in form of radiation which does not increase temperature of the material.
It is also observed that the water temperature measured in the bottom and upper chamber were significantly different.
This gradient in temperature was found to promote heat transfer throughout the distillation unit. Additionally, it was
observed that heat difference between glass shield and water depended significantly on whether the temperature was
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Table 1. Average environmental condition measured throughout the day during
the month of April 2019.

Time (hr) Average solar intensity Relative humidity
(w m™?) (%)
7:00 14.2 85.4
8:00 144.3 83.1
9:00 321.3 82.8
10:00 623.3 78.3
11.00 785.5 70.1
12:00 875.9 62.6
13:00 912.5 56.2
14.00 632.3 55.8
15.00 370.6 54.9
16:00 218.6 67.4
17.00 47.0 72.1
18.00 17.0 78.9
55
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W
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S
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35t
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Fig. 3. Temperature measured at the upper and bottom chamber of (a) atmosphere—glass and (b) atmosphere—water system in distillation
unit assisted by 10% size Titanium heat absorber.

measured in the upper or in the bottom chamber as shown in Fig. 4. This difference was even more recognition
when measured was recorded after 10:00 in the morning. The largest temperature difference between water and
glass shield was 6.93 °C in the upper chamber of the distillation unit. On the other hand, temperature difference
measured at the bottom chamber was 6.12 °C.
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Fig. 4. Temperature difference between glass and water body in the upper and bottom chamber from 10:00 to 24:00 using distillation unit
with 10% black gasket heat absorber (Inset: Accumulated productivity of water distillation in liters)..

4.3. Water treatment productivity and rate of distillation

The amount of distilled water collected after 10:00 in the morning to 24:00 at night is depicted in the insect of
Fig. 4. Total accumulation of treated water was founded to be 1.52 liters. An increase in the rate of water treatment
product can be observed from 10:00 to 16:00. This result corresponded with the atmospheric condition monitored
simultaneously. Water treatment progress is slightly different between the bottom and the upper chamber. Distillation
rate was calculated from the amount of water distilled throughout the experiment. As shown in Fig. 5, distillation
rate in the bottom chamber was clearly lower than distillation rate calculated in the upper chamber. The reason
behind this significant different in the distillation rate is the distinctive heat transfer gradient in the two chamber.
The maximum distillation rate in the bottom and upper chamber was 0.007 g s™! m~2 and 0.028 g s~! m™2.

0.045
---#--- Total accumlation
0.040 {]| --a-- Upper stage
"g 0.035 1 —&— Bottom stage
< .- %
0 0.030 A s “e

8 10 12 14 16 18 20 22 24

Fig. 5. Distillation rate calculated based on the period of time from 8:00 to 24:00.

In order to gain better understanding of the distillation performance in relation with the significant parameters two
mathematical equation were derived. A polynomial model was used to predict the outcome of distillation process
including productivity based on the size of heat absorber and productivity based on the distillation time interval.
Eq. (11) demonstrated a polynomial model that can be used to predict efficiency of the distillation system as a
function of the size of heat absorber.

Formation of the mathematical equation to predict productivity based on the period of time was also conducted.
Among different mathematical models, polynomial model was found to sufficiently predict the outcome of the
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experiment. As shown in Eq. (11), productivity (Pr) can be calculated as a function of operating time (OT,) through
the sixth order polynomial equation. Calculated value from Eq. (11) give very close productivity compared with
the experimental data. Statistical analysis was revealed R? very closer to 1.

Pr = 4 x 1077(OT,)° — 3 x 107°(0T,)’ 4-0.0009(OT,)* — 0.0092(OT,)* +0.0521¢> — 0.1125t, 4-0.1120 (11)

Influence of wind speed on the distillation rate was illustrated in Fig. 6. During the course of the experiment
different wind speed was measured from 1 m s~! to 10 m s~!. Distillation rate was observed to increase with wind
speed. Additionally, it was also found that the distillation rate decreased with water height and thermal conductivity
of the insulator as shown in Fig. 7. Water height influence distillation rate because water height is a barrier which
shielded sunlight from heat absorber. Thermal conductivity of the insulator was modified by addition of silicon
carbide. On the other hand, an increase in thermal conductivity of Titanium heat absorber was found to cause
distillation rate to increase.

—_
(=)

AN N oo O
, ,
.

\

v

N W B W
T
~

|- - - - Wind speed (m/s)
—®— Heat absorber thermal conductivity. (W/m-K x10-2)

Distillation rate (liter/day)

—

(=)

4 6 10
Quantity (m/s, W/m K)

Fig. 6. Effect of wind speed and heat absorber thermal conductivity on the distillation rate of the system.
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Fig. 7. Influence of water height and thermal conductivity of insulator on distillation rate.

The relationship between heat absorber’s size and efficiency can be demonstrated in Eq. (12), which is a fourth
order polynomial. Statistical analysis between experimental and mathematical model revealed R? of 0.9985. Eq. (12)
was proposed as a function of heat absorber size (ay). Relationship between size of heat absorber and distillation
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efficiency is shown in Fig. 8.

Efficiency(%) = 9.7611 x 1077 (Ag)* — 0.0002(Ax)> + 0.0104(Ag)> — 0.3292(Ag) + 28.3291
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12)

Fig. 8. Influence of size of heat absorber on the efficiency of the distillation system.

Efficiency and productivity of the distillation unit assisted by different type of heat absorber were illustrated in
Fig. 9. It is clearly observed that Aluminum performed significantly better than other metal follow by Titanium heat
absorber. Other heat absorber such as black gasket, rubber and zinc demonstrated similar efficiency and productivity.
Maximum capacity of the distillation unit can be calculate from the productivity of the prototype distillation unit.
The productivity will be linearly proportional to the effective volume of the distillation unit.

26.8 1.8
26.6 1 - 1.6
=
264 A 14 3
N =
~ i S
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Fig. 9. Comparison between efficiency and productivity of distillation unit with different type of heat absorbers (Fe = black iron gasket, Al
= aluminum, HC = High carbon steel, and Ti = Titanium).

4.4. Economic analysis of solar-based distillation system

Economic analysis of the prototype solar-based distillation system can be performing based on input data
including payback period after investment and the total cost of distillation activity. The total cost of distillation
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process for water treatment system (7 Cgis) is subject to the yearly interest rate (i), capital cost of the water
chambers (Cy.), the anticipated lifetime of the prototype (Nye,), value of solar-based system after anticipated
lifetime (Venq), yearly productivity (Pyear), yearly operating and maintenance cost (O M.). The price of land for
equipment installation, tax rate, insurance and price of salt water is not part of the analysis. The maintenance cost
comprises of yearly cost required to eliminated salt deposited at the bottom of the water chamber, to clean the
transparent glass cover, and daily water replacement inside the chamber due to water loss. Table 2 demonstrated
the input parameters used for the feasibility analysis. The variation of productivity is linearly proportional to the
dimension of the distillation unit.

Table 2. Payback period of solar-based distillation prototype using different type of
heat absorber.

Conditions Values

OM, 10% of the yearly capital cost of the solar-based
prototype

Cye 5,000 Baht per m? for the construction of
solar-based distillation system in Thailand

Nyear 8

i 7

Vend 5% of the capital cost of the solar-based prototype

Pyear Titanium = 584 liter/year, high carbon = 576.7

liter/year, aluminum = 591.3 liter/year, iron = 511
liter/year, and black rubber= 408.8 liter/year

The value of specific cost of water treatment (SCy,yr) Using the prototype is calculated based on the ratio between
total yearly costs of the chamber (7 Cye,) and the yearly productivity as shown in equation below.

Total yearly cost of the chamber
SCwater = (13)
Pyear

The total yearly cost of the chamber (T'Cy,) in the distillation system can be calculated using the equation
below.

TCyear = Ych + OMC - YVend (14)

Where YC,. is the yearly cost of the water chamber, OM, is operating maintenance cost and Y V4 is the yearly
value of solar-based system after anticipated lifetime.

The payback period (Pperiog Of the distillation system is calculated by taking into account the cash flow (Cgow)
of the project, capital and interest rate as shown in the equation below.

Ciow
In [ Criow —(Cwe x1i) :I

P eriod = B 15

period [l +1] (15)
Cash flow of the water treatment system can be found using the equation below.

Chow = Pyear x WP (16)

Where WP is the price of the water that was treated by the prototype solar distillation system.
The payback period calculated from economic analysis of the prototype was 5.5 years when titanium was used
as heat absorber were illustrated in Fig. 10.

4.5. Feedback on design and usability from user

Prior to building the distillation system, researchers gather information on customer’s requirements in order to
really understand what userifi in the area wanted. This was conducted by both face-to-face interview and filling of
survey questionnaire. From these interview and surveys, it was found that the important criteria for the design of
distillation system consisted of weight of system, degree of mobility, cost of system and durability. After construction
and testing of the distillation system in different areas it was found that most users gave positive feedback on the
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Fig. 10. Comparison of payback period for each type of heat absorber (Fe = black iron gasket, Al = aluminum, HC = High carbon steel,
and Ti = Titanium).

four main criteria. Three out of four establishments decided to scale-up the prototype to increase the capacity output
of the distillation system. However, one of the establishment decided to use aluminum instead of titanium because
the place of titanium material is quite expensive. The current capacity of the distillation system is 408.8 to 591.3
liter per year depending on the type of heat absorber. An increase in capacity of the distillation can be achieved
by expanding the upper and lower water compartment. In order to minimize the negative impact, it is possible to
change the shape of the heat absorber and add nanoparticle coating on the surface of the heat absorber.

5. Conclusion

This research developed an appropriate prototype for water treatment using solar radiation to perform water
vaporization. The surface area of heat absorber was found to have a negative impact on the efficiency of the
prototype distillation unit. The amount of treated water reached 1.61 liter per day at an efficiency of 26.2% when the
prototype was operated under the optimum circumstance. The payback period calculated from economic analysis
of the prototype was 5.5 years when titanium was used as heat absorber.

Distillation rate peaked around 15:00 at 0.028 g s™! m~2 combining the productivity of both the bottom and
upper chamber. External factor such as wind speed and thermal conductivity of the heat absorber was found to
have positive effect on the efficiency of the prototype. In contrary, insulator’s thermal conductivity and water height
have a negative impact on efficiency. Experimental data were fitted using polynomial equation, which can be used to
predict efficiency and water treatment productivity. Both equation was statically very close to the actual experiment
data. Comparison between different type of heat absorber were illustrated. Aluminum was observed to have the
highest efficiency and productivity followed by Titanium. Feedback from local user indicated successful design
parameters and cost effective investment opportunity.
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