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Abstract. Conventional basin-type solar still (CSS) is the simplest type of solar water distillation system. In this study,
CSS was modeled and simulated. The effect of variations in water mass inside the basin, absorber absorptivity, glass
absorptivity, glass reflectivity and heat loss coefficient were investigated. Finally, the system was simulated using the same
data of solar radiation intensity, ambient temperature and wind speed in each variation and the highest distilled water results
are 2.33 kg in water mass inside the basin variation of 5 kg, absorber absorptivity variation of 0.9, glass absorptivity
variation of 0.06, glass reflectivity variation of 0.08 and heat loss coefficient variation of 14 W/(m?K). Overall study shows
that TRNSY'S is a very useful tool for design and parameter analysis of solar water distillation system.

Key words: Simulation, Distillation, Solar Still.

INTRODUCTION

The demand for clean water continues to increase due to the increasing population and rapid industrial growth
worldwide, while the availability of drinking water is also decreasing day by day. Clean water is needed for household,
industrial and agricultural purposes [1]. Drinking water is indispensable for life and its scarcity continues to increase
worldwide, especially in arid regions and modern industrial areas. Similar problems occur in remote areas and islands
where freshwater supply is obtained through expensive transportation [2]. On the other hand, seawater is abundant in
many parts of the world but requires the removal of salinity at the added cost of energy, which is another scarce
resource. One of the solutions to solve this problem is to provide several sources of sustainable water distillation.
Therefore, solar energy will be a potential choice to become a source of energy for water distillation in these places
[3].

The working principle of solar distillation is based on a natural phenomenon. The water in oceans, rivers and lakes
evaporates as it is heated by solar energy. Water vapor reaches the atmosphere and condenses, then falls back down
as rainwater. The conventional basin-type solar still (CSS) recreate this natural phenomenon on a small scale. CSS
system is the most common method for solar water distillation [4]. The CSS is basically an insulated basin filled with
shallow uniform temperature contaminated water heated by absorption of incoming solar radiation through the
transparent condensing glass pane on the top [5].

Another problem that exists is the low efficiency of this solar water distillation system. Thus, many studies have
been conducted to improve the performance of CSS. Some researchers suggest the addition of a sensible heat energy
storage in the form of knitted jute cloth wrapped over the entire surface of the heat-storing sand material to increase
the CSS performance. It was found that the water temperature in the CSS with sensible heat energy storage was 25%
higher than the CSS without sensible heat energy storage and the yield of clean water in the CSS with and without
sensible heat energy storage was 5,9 kg/m? and 5,5 kg/m? respectively [6]. Other variations have also been researched,
such as in the double slope basin-type with multi-wick solar still. The result indicates that the thermal efficiencies of
the solar still with the addition of jute and black cotton wicks are 20.94% and 23.03% [7]. Another study has been
carried out to show the CSS performance compared with the CSS modified with 100 sand-filled cotton bags (MSS).
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The overall efficiency of MSS for 30 kg and 40 kg basin water is improved by 28.96% and 31.31% compared with
the CSS [8]. Apart from experimental research, there is also analytical research using simulations from various
software. Some researchers have analyzed the CSS using ANSYS CFX with the processes of condensation and
evaporation in the solar still made in a two-phase three-dimensional model. The obtained simulation results of distillate
output are compatible with experimental results [9]. Other researchers have modeled and simulated an Inclined Solar
Water Distillation (ISWD) system with the effects of feed water mass flow rate and solar radiation intensity on the
system parameters were investigated. The simulation results are compatible with the experimental results [10]. The
advantage of simulation is that there is no need to physically change the solar still device to achieve the cost savings.
The simulation results can show the characteristics of each type of solar still, which can be used as a reference in
designing the most efficient solar still system. In this study, a simulation will be carried out using TRNSYS by making
a mathematical model of the CSS.

MATHEMATICAL MODEL

This section will discuss the mathematical modeling used in simulation analysis. Here we use the units as follow:
energy and heat loss are measured in W/m?, temperature in °C, distilled water mass evaporation rate in kg/(second.m?),
convection heat transfer coefficient and total heat transfer coefficient in W/(m?2.°C), the partial pressure of vapor in
Pa, wind speed in m/s, mass in kg, heat capacity in J/(kg.°C), temperature changes in °C and time changes in second.

The efficiency of the solar still is the ratio between solar energy that can be used for the evaporation process with
solar energy received by the solar still, formulated as

4
=10 ()

where g, is the portion of solar energy that can be used for the evaporation process and I(t) is the solar energy received
by the solar still. The distilled water mass evaporation rate is obtained from

9e
dm, ==,
me = )

where dm, is the distilled water mass evaporation rate and h¢ is the latent heat of water evaporation.
There are many types of solar still and the conventional (basin) is the simplest type (Figure 1).

P

FIGURE 1. The distillation process of the CSS
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Solar energy absorbed by the basin will transfer to the water inside the basin by convection. The energy that
transfers by convection from the basin to the water is obtained from

q=h(T, —T,), (€))

where q is the amount of energy that is convected from the basin to the water (q.p), h is the convection heat transfer
coefficient from the basin to the water (h.y), T; is the basin temperature (T},) and T, is the water temperature inside
the basin (T},,). Some energy received by water inside the basin is used for the water evaporation and some will transfer
to the glass by convection and radiation. The amount of energy radiated to the glass is obtained from

_ o[(Ty +273,15)* — (T, + 273,15)*]
g, = 1 : @)

where o is the Stefan-Boltzmann constant (5,67x10® W/(m?.K*)), T, is the water temperature (T,,), T, is the glass
temperature (T), & is the water emissivity (&,,) and &, is the glass emissivity (&,). The amount of energy convected
to the glass is obtained from equation (3) where g is the amount of energy convected to the glass (g.), h is the
convection heat transfer coefficient from the water to the glass (h.), T; is the water temperature (7,,) and T, is the
glass temperature (T;). Convection heat transfer coefficient (h.) formulated as

(B, — B,)(T,, +27315)]"/°
2689 x 10° — B,

h. = 0,884|T, — T, + , (5)

where T,, is the water temperature, T is the glass temperature, B, is the partial pressure of vapor at water temperature
and F; is the partial pressure of vapor at glass temperature. The energy used for water evaporation formulated as

qe = 16,273 x 1072, h. (B, — F,). (6)

The heat energy received by the glass from the water is the energy of water evaporation, the energy that is
convected and radiated from the water to the glass will be discharged to the surrounding environment by convection
and radiation. The amount of heat energy discharged by glass into the environment by convection is calculated using
equation (3) where g is the amount of energy discharged by convection into the environment (q.), h is the convection
heat transfer coefficient from the glass into the environment (hg ), T; is the glass temperature (T,) and T, is the ambient
temperature (T, ). Convection heat transfer coefficient from the glass into the environment (hg) is obtained from

heg = 5,7 + 3,8V, (7)

where 1, is wind speed. The amount of heat energy discharged into the environment by radiation is obtained from the
equation (4) where Ty is the glass temperature (Ty), T, is the sky temperature (T, ), & is the glass emissivity (4) and
&, is the sky emissivity (&g, = 1). The sky temperature (T, ) is obtained from

Tspy = To — 6, (8)

where T, is the ambient temperature.

The heat energy loss dramatically affects the efficiency of solar still. It occurs because of the temperature difference
between the solar still and the ambient temperature. Insulation material and geometry, the quality of the material and
the solar still device, and wind speed greatly influence the magnitude of the heat energy loss. The amount of heat loss
is calculated by the equation (3) where q is the amount of heat loss (q;), h is the total heat transfer coefficient from
the basin into the environment (U,), T; is the basin temperature (T}, ) and T, is the ambient temperature (T,).
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Energy Balance in the CSS

The energy balance equation can express the process that occurs in a solar still device. The energy balance equation
in the solar still produces a system of first-order differential equations, which is a function of the temperature of all
parts of the solar still device (glass, cooling water, distilled water and absorber). The system of equations is solved to
get the temperature in each part of the solar still device in each time range of data collection. The temperatures obtained
are used to determine the performance of the solar still device (yield of distilled water and efficiency) and other
influencing parameters.

The energy balance in the CSS is divided based on the parts of the device (Figure 2), which are basin, water inside
the basin and glass.

Arg
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FIGURE 2. The energy balance in the CSS
Energy Balance in the Glass

The energy stored in the glass = the energy that goes into the glass — the energy that goes out of the glass,

dT,
mgcpgd_f = I(t)(l - pg)ag + qr + qc + e — ch - qrg: (9)

where m, is the glass mass, Cy, is the glass heat capacity, dT; is the change in temperature of the glass, dt is the
change in time, I(t) is the incoming solar energy, p, is the glass reflectivity, a, is the glass absorptivity, g, is the
energy radiated from the water to the glass, q. is the energy that is convected from the water to the glass, g, is the
energy used for water evaporation, g4 is the energy that is convected from the glass into the environment and q,4 is
the energy radiated from the glass into the environment. /(t), g,, . and g, is the energy that goes into the glass, while
4cg and g4 is the energy that goes out of the glass.

Energy Balance in the Water Inside the Basin

The energy stored in the water = the energy that goes into the water — the energy that goes out of the water,

drT,
mWCPWd—ZV = I(t)(l - pg)(l - ag)aw tqch —qr —qGc—qe + Qw,in» (10)
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where m,, is the water mass, Cp,, is the water heat capacity, dT,, is the change in temperature of the water, dt is the
change in time, I(t) is the incoming solar energy, p, is the glass reflectivity, a, is the glass absorptivity, a,, is the
water absorptivity, q., is the energy that is convected from the basin to the water, g, is the energy radiated from the
water to the glass, g, is the energy convected from the water to the glass, g, is the energy used for water evaporation
and q,, i, is the energy that transfers from the water inside the basin to the incoming distilled water. I(t) and q,,, is
the energy that goes into the water, while q,, q., g, and q,,, ;, is the energy that goes out of the water.

Energy Balance in the Basin

The energy stored in the basin = the energy that goes into the basin — the energy that goes out of the basin,

aT,
mbCpr =11)(1—pg)(1 —ag)A — ay)ay — 4o — qu (1)

where m,, is the basin mass, Cy, is the basin heat capacity, dT}, is the change in temperature of the basin, dt is the
change in time, I(t) is the incoming solar energy, p, is the glass reflectivity, a, is the glass absorptivity, a,, is the
water absorptivity, a;, is the basin absorptivity, q., is the energy that is convected from the basin to the water and g;
is the energy convected from the device into the environment. I(t) is the energy that goes into the basin, while g,
and q; is the energy that goes out of the basin.

The system of energy balance differential equations in CSS is formulated as

dr,

T, = T, + —2dt, (12)
d;
dT,,

T, =T, +——dt, (13)
de
dT,

T, =T, + ——=dLt. (14)
dy

The mathematical solution of the equations system is carried out by substitution and integration factors in the
differential equation in each part of the device. Numerical solutions are carried out using the Euler or Runge-Kutta
method.

SIMULATION ANALYSIS OF THE CSS

Simulation analysis was performed using TRNSYS, a simulation program mainly used in the renewable energy
engineering field and building simulation for solar designs. TRNSY'S consists of two parts. The first part is an engine
(called the kernel) where the input file is read and processed, the system is solved repeatedly, the convergence is
determined and the system variables are plotted. The second part is an extensive library of components, where each
of which components models each part of the system's performance. TRNSYSS also accommodates utilities that reverse
matrices, insert external data files and define thermophysical properties. Users are able to customize existing
components or write their own [11].

Simulation Program and Investigated Parameters

The program we used in the simulation was made in the Fortran language. The CSS program is linked to the
Type61Basin icon in the TRNSY'S software (Figure 3). The program to enter the input data for solar radiation intensity,
ambient temperature and wind speed is linked to the TYPEO9c icon. The calculation program for the mathematical
model used in the simulation is linked to the TYPE16a icon, the program for the sum of the yield distilled water output
data is linked to the TYPESS icon, the program for the graphic creation of the output data results is linked to the
TYPEG65-2 icon and the program for the table creation of the output data results is linked to the TYPE25c icon.
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FIGURE 3. TRNSYS scheme used in the simulation

The investigated parameters in this simulation are given in Table 1-5. We carried out five variations in this
simulation, which are variations in water mass inside the basin, absorber absorptivity, glass absorptivity, glass
reflectivity and heat loss coefficient. The results of this simulation can be used as a reference in designing the most
efficient solar still system.

TABLE 1. Investigated parameters of the water mass variation

Parameters Variation 1 Variation 2 Variation 3
Water mass S5kg 10 kg 15 kg
Absorber absorptivity 0.9 0.9 0.9
Glass absorptivity 0.06 0.06 0.06
Glass reflectivity 0.08 0.08 0.08
Heat loss coefficient 14 W/(m?.K) 14 W/(m?.K) 14 W/(m?.K)

TABLE 2. Investigated parameters of the absorber absorptivity variation

Parameters Variation 1 Variation 2 Variation 3
Water mass Skg S5kg S5kg
Absorber absorptivity 0.9 0.7 0.5
Glass absorptivity 0.06 0.06 0.06
Glass reflectivity 0.08 0.08 0.08
Heat loss coefficient 14 W/(m?K) 14 W/(m?.K) 14 W/(m?.K)

TABLE 3. Investigated parameters of the glass absorptivity variation

Parameters Variation 1 Variation 2 Variation 3
Water mass Skg S5kg S5kg
Absorber absorptivity 0.9 0.9 0.9
Glass absorptivity 0.06 0.08 0.10
Glass reflectivity 0.08 0.08 0.08
Heat loss coefficient 14 W/(m2.K) 14 W/(m*K) 14 W/(m?K)

TABLE 4. Investigated parameters of the glass reflectivity variation

Parameters Variation 1 Variation 2 Variation 3
Water mass 5kg 5kg 5kg
Absorber absorptivity 0.9 0.9 0.9
Glass absorptivity 0.06 0.06 0.06
Glass reflectivity 0.08 0.10 0.15
Heat loss coefficient 14 W/(m?.K) 14 W/(m?.K) 14 W/(m?.K)
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TABLE 5. Investigated parameters of the heat loss coefficient variation

Parameters Variation 1 Variation 2 Variation 3
Water mass Skg Skg Skg
Absorber absorptivity 0.9 0.9 0.9
Glass absorptivity 0.06 0.06 0.06
Glass reflectivity 0.08 0.08 0.08
Heat loss coefficient 14 W/(m?.K) 20 W/(m*K) 25 W/(m*K)

Simulation Analysis

The solar radiation intensity, wind speed and ambient temperature used in this simulation are the same in each
variation (Figure 4-6).
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FIGURE 4. Solar radiation intensity used in this simulation
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FIGURE 5. Ambient temperature used in this simulation
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FIGURE 6. Wind speed used in this simulation

030002-8

18

18

20

20



The obtained simulation results (Figure 7-11):
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FIGURE 7. The total yield of distilled water from the water mass variation
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The highest total yield of distilled water was at the lowest water mass variation of 5 kg (Figure 7). It can be seen
that the yield of distilled water decreases as the water mass inside the basin increases. The greater the water mass, the
greater the energy needed to raise the water temperature. As a result, the water temperature becomes lower and harder
to evaporate quickly. Thus, the solar still efficiency will be higher if the water mass inside the basin is less.

The highest total yield of distilled water was at the highest absorber absorptivity variation of 0.9 (Figure 8). It
can be seen that the yield of distilled water increases as the absorber absorptivity increases. The absorber will more
easily absorb heat so that the water temperature will quickly rise and the evaporation process is more effective due to
the higher absorber absorptivity. The absorber absorptivity is determined by several factors such as the color and type
of the absorber.

The highest total yield of distilled water was at the lowest glass absorptivity variation of 0.06 (Figure 9). It can be
seen that the yield of distilled water decreases as the glass absorptivity increases. Due to the higher glass absorptivity,
the glass temperature will quickly rise as a result of receiving more energy from solar radiation. The higher the glass
temperature will affect the difficulty of the distilled water condensation process. Glass absorptivity is determined by
several factors, such as the type of glass, the thickness of the glass and the clarity of the glass.

The highest total yield of distilled water was at the lowest glass reflectivity variation of 0.08 (Figure 10). It can be
seen that the yield of distilled water increases as the glass reflectivity decreases. The higher the glass reflectivity, the
lower solar radiation transmitted to the absorber so that the water temperature in the basin is difficult to rise and the
water will take a longer time to evaporate. Like the glass absorptivity, the glass reflectivity is also determined by
several factors, such as the type of glass, the thickness of the glass and the clarity of the glass.

The highest total yield of distilled water was at the lowest heat loss coefficient variation of 14 W/(m2.K) (Figure
11). It can be seen that the yield of distilled water increases as the heat loss coefficient decreases. The loss referred to
here is the heat energy loss that is discharged into the environment, so the lower the heat loss coefficient, the higher
the thermal efficiency. Insulation material and geometry, the quality of the material and the solar still device along
with the wind speed are factors that greatly influence the magnitude of the heat energy loss.

CONCLUSIONS

In this study, we analyzed and simulated the CSS performance with variations in some parameters such as water
mass inside the basin, glass absorptivity, glass reflectivity, absorber absorptivity and heat loss coefficient.
Mathematical models are used to calculate the yield of distilled water from the various variations mentioned to get the
CSS model with the best results. The mathematical solution of the equations system is carried out by substitution and
integration factors in the differential equation in each part of the device. Numerical solutions are carried out using the

030002-11



Euler or Runge-Kutta method. There are several limitations to this study, the simulation only applies to conventional
(unmodified) basin solar still model and under the steady-state process conditions. The results of this study obtained
the following findings:

The best results were achieved for the water mass inside the basin variations at the lowest water mass variation
of 5 kg, with the total yield of distilled water of 2.33 kg.

The best results were achieved for the absorber absorptivity variations at the highest absorber absorptivity
variation of 0.9, with the total yield of distilled water of 2.33 kg.

The best results were achieved for the glass absorptivity variations at the lowest glass absorptivity variation
of 0.06, with the total yield of distilled water of 2.33 kg.

The best results were achieved for the glass reflectivity variations at the lowest glass reflectivity variation of
0.08, with the total yield of distilled water of 2.33 kg.

The best results were achieved for the heat loss coefficient variations at the lowest heat loss coefficient
variation of 14 W/(m?K), with the total yield of distilled water of 2.33 kg.

It can be concluded that TRNSYS is a very useful tool for the analysis and design of solar water distillation
system.

This research could have future research directions such as the development of simulations for modified basin

solar still models to increase efficiency and development of simulations for transient or unsteady state process

conditions.
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