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a b s t r a c t
A theoretical evaluation of a double slope solar still using the Energy2D computer program is presented 
in this document. The heat absorbing plate is 0.25 m2 square, 5 cm high and constructed of stainless 
steel. The water film is 3 cm high. Conduction heat losses of three commercial thermal insulation 
were studied: (i) polyurethane (PU), (ii) glass wool (GW), and (iii) expanded polystyrene (EPS). The 
insulation thickness is 15 cm and the glass cover is tilted at an angle of 30°. For the simulation, thermal 
conductivity, specific heat, mass density, and optical properties such as emittance, absorptance, 
reflectance, and transmittance coefficients were considered. After five hours of simulation, the left, 
central and right zones of insulator indicates 29.7°C; 45.2°C; 25.2°C, while the left, central and right 
zones indicates 75.7°C; 75.0°C; 75.5°C. The heat flux insulator, water and glass cover in its central 
zones are: 16.4, 301 and 72.9 W.m–2, correspondingly. The lower heat loss was observed when PU is 
used as thermal insulation, while the greater loss when EPS is used. The three materials PU, EPS, and 
GW registered a temperature of 45°C, at a simulation time of 3 h, 1.5 h, and 45 min, respectively.
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1. Introduction

At present, the greatest challenge facing humanity is water 
supply. Increased demand, due to industrial development 
as well as demographic and economic growth limits its 
availability. The current energy circumstances require new 
technologies and environmental friendly methods to meet 
the most basic human needs in addition to enhancing the 
efficiency of existing systems. An important technology that 
contributes to a solution for a shortage of drinking water is 
distillation through solar thermal energy, or solar distillation. 
In order to develop this technology, it is necessary to 
understand the thermal-physical-chemical phenomena 
involved in the distillation process in order to optimize its 
efficiency. There are studies dealing with water desalination 
that provide basic information on solar energy desalination 

methods, including small-capacity installations with practical 
applications, or used as demonstration pilot units [1]. Other 
research are based on configurations including single or 
double slopes, double deck cover, passive, and active stills [2], 
as well as multi-stages coupled to evacuated tube collectors 
[3,4]. Some solar still technologies have also been adapted 
to external parabolic reflectors [5]. In addition, the effects 
of the inclination of an external reflector attached to the still 
have been studied [6], as well solar collectors with a water 
storage tank [7]. There are theoretical studies on the effects 
of the cover, heat absorber and insulator on the productivity 
of a still [8] and expanded polystyrene [9]. Ghachem et al., 
[10] studied the effects of the buoyancy ratio and the angle of 
inclination to optimize the distiller that promotes maximum 
heat and mass transfer. As a result, it was determined that a 
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buoyancy ratio with value of 1.5 and an inclination angle of 
–30º are the optimal parameters for the distiller. Al-Sulttani et 
al. [11] studied the performance of a new hybrid double-slope 
solar still with rubber scraper. As a result, it was observed 
that in the first one, more drops of water condensation are 
generated, which means that the productivity of water is 
63% compared with the second. A theoretical study of the 
components determining the efficiency of a still is crucial 
to evaluate the influence of the operational and design 
parameters, as mathematical regression and linear modelling 
is used to accurately predict the productivity of a solar still 
ladder type [12]. El-Samadony et al. [13] presented a new 
theoretical analysis of heat radiation transfer rate inside 
a stepped solar still. They also reported the productivity 
of the solar still is found to be sensitive to the radiation 
shape, particularly at low solar insolation and/or high 
glass cover inclination angle and vice versa, obtaining an 
acceptable correlation with a maximum deviation of 3.16%. 
Furthermore, exergetic efficiency analysis of a passive solar 
still, including design, operational and climatic parameters 
has been studied [14], in addition to the exergy analysis of 
passive solar stills through the analysis of a single slope 
still [15] in which a theoretical exergy analysis is presented 
in the steady and transient states of the main components 
of a solar still, as well as the ergonomic optimization of a 
solar distillation system in order to evaluate the parameter 
costs, together with the energy and exergy system analysis 
[16]. Dumka and Mishra [17] evaluated solar-earth water 
still suitability, analyzing the energy and exergy of a 
modified single slope solar still integrated with earth and 
conventional single slope. As a result they observed an 
increase in efficiency, energy and exergy. Another important 
aspect is the computational modelling and simulation in 
order to improve the still’s performance. This can be done 
by using a multi-phase computational fluid dynamics model 
in simulation software such as Ansys Fluent, checking the 
correspondence between the experimental and simulated 
data [18]. Likewise, Alvarado-Juárez et al. [19] reported the 
numerical study of double-diffusive natural convection in 
a tilted rectangular cavity. The study analyzes the effect of 
the glass cover in the aspect ratio range of 5 ≤ A ≤ 20, and in 
the tilt angle interval 15° ≤ θ ≤ 35°. They conclude that when 
aspect ratio decreases, the multicell pattern decreases, and 
the convective heat and mass transfer increase up to 41%. As 
the tilt angle increases, the Sherwood and Nusselt numbers 
increase up to 3.8% and the condensate of water increases 
about 3% when the one-cell pattern prevails. On the other 
hand, Maalem et al. [20] established a model of heat and 
mass transfer phenomena in a trapezoidal cavity. This study 
was partly based on experimental results obtained in the case 
of a trapezoidal-shaped solar distiller.

In this study, a theoretical evaluation of a double slope 
solar still using the Energy2D software is performed. 
This computer-aided engineering free software has been 
previously used by [21,22,23], and widely recommended in 
[24]. The still consists of a simple thermally insulated base, 
heat radiation stainless steel absorber of 0.25 m2 and 5 cm 
high, which also has the function of containing the water to 
be distilled. The water film to be distilled is 3 cm in depth. 
Three commercial thermal insulation materials are studied: 
(i) polyurethane, PU; (ii) glass wool, GW; and (iii) expanded 

polystyrene, EPS. The thickness of the insulation is 15 cm. 
For the simulation, thermal conductivity, specific heat, mass 
density, and optical properties such as emissivity, absorption, 
reflection and transmission coefficients are evaluated. The 
study consists of a non-stationary heat transfer simulation of 
a double slope solar still, and the influence of several thermal 
insulators on the temperature and heat flux distribution over 
different still components.

2. Materials and methods

The criterion for selection of solar still includes economic 
aspects, availability and easy access to the material for its 
construction. The system that fulfils these requirements 
is the single-base still or simple-base, passive, cooled by 
natural convection [8]. By not using forced convection, the 
use of fans and their respective energy supply system is 
avoided, although it may consist of a photovoltaic system 
for the supply of electric energy, even though this implies 
an additional cost. The analyzed prototype uses glass as a 
cover, polyurethane as the insulating material, a stainless-
steel tray as a heat absorber and container of water to be 
distilled, and polyvinyl-chloride (PVC) pipes, which are 
easily accessible and inexpensive. Being a prototype, the 
physical dimensions were chosen to provide portability as 
did previous studies [1]. A comparison of three commercial 
thermal insulators includes: polyurethane, glass wool and 
expanded polystyrene. The parameter that allows them 
to be compared to each other is their thermal conductivity. 
Although, the three materials have similar conductivity, in 
practice, EPS continues to be used, mainly for its low cost, 
while glass wool has the disadvantage of absorbing water 
[25]. The still consists of the following components: (i) a 
stainless steel heat absorber of 5 mm thickness, 50 × 50 cm 
base, 5 cm high; (ii) thermal insulator of 80 × 80 cm base 
and 15 cm high; (iii) a glass cover 15 cm high and 4 mm of 
thickness, this allows the cover to have 30° tilt; and (iv) a 
water film to be distilled 3 cm in depth. This study consists 
in the simulation of the heating and cooling process of the 
device by using commercial and free access computational 
software. The temporal variation of the temperature (T) and 
the heat flux (q”) is obtained in different zones: left (l), central 
(c), right (r), upper (u); of polyurethane (p), water (w), and 
glass (g).

2.1. Simulation in Energy2D

For the development of the simulation, a free-access 
general purpose computer program called Energy2D 
or computer-aided engineering (CAE) system from the 
Concord consortium [26] is used to simulate the heat 
transfer phenomena in two dimensions, and at a non-
stationary state. The first step to simulate the thermal 
performance, is to define the medium properties such as 
background temperature, thermal conductivity, specific 
heat, mass density, viscosity, etc. In Energy2D, this must 
be done in the Model Properties menu (Fig. 1(a)). If solar 
radiation needs to be taken into account, it must be activated 
in the Sunlight, sub-menu. Thermal and mass boundary 
conditions can be established in the Boundary sub-menu of 
the Model Properties menu, (Fig. 1 (b)). Upper, right, lower 
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and left thermal and mass boundary can be specified in this 
menu. Thermal boundary can set as Dirichlet type, constant 
value, Neumann, or heat flux type thermal boundary 
condition. Mass boundary can be established as reflect, stop 
or through. On the other hand, it is necessary to include 
the initial value condition of each defined geometry. At the 
Source sub-menu in the Properties menu, it can set the initial 
temperature as Constant temperature; if is Not a heat source; or 
if a Power Source must be considered (Fig. 2(a)). Also, in the 
sub-menu of material properties, you can be define some 
thermal properties as thermal conductivity and specific heat 
(Fig. 2(b)).

The conductive heat losses through the insulator material 
were primarily analyzed, considering the aforementioned 
alternatives: PU, GW, and EPS. Likewise, the water heating is 
simulated as a phenomenon of conducting heat from the heat 
absorbing plate to the water film, and the convection of heat 
from the water film into the interior of the cover. Finally, the 
heat transfer from the cover to the environment is evaluated, 
whereby the cover is cooled, allowing the condensation of 
evaporated water from the surface of the glass cover. Fig. 3 shows 
a two-dimensional diagram of the solar still, its components, 
and the location of the temperature sensors that will be used to 
evaluate the thermal performance of the prototype.

(a) (b)

Fig. 1. Medium properties of surrounding air menu (a), thermal and mass boundary menus (b).

Fig. 2. Source properties in “Properties” menu (a), and thermal properties of materials in material “Properties” menu (b).

Fig. 3. Components (a) and location (b) of temperature sensors over solar still.



29J.A.A. Navarro et al. / Desalination and Water Treatment 151 (2019) 26–33

2.2. Temperature and heat flux sensors

The temperature sensors of the insulator are identified 
by the following nomenclature: Til is used to distinguish 
the temperature sensor located on the left side of the 
thermal insulation, Tic, for the central zone sensor, and 
Tir, for the right-side zone; analogously for the sensors 
placed on the glass cover: Tgl, Tgc and Tgr, for left, center 
and right sensors, respectively. The thermal properties of 
each element considered in the simulation are presented 
in Table 1, namely: thermal conductivity, λ; specific heat, 
cp; mass density, ρm; also the main optical properties 
were considered, these are: emissivity or emittance, ε; 
absorption or absorptance, α; reflection or reflectance, ρ; and 
transmission or transmittance, τ. 

In a similar way, sensors available in Energy2D software 
are used for heat flux quantification. The heat flux sensors of 
the insulator are identified by the following nomenclature: 
q”il is used to distinguish the heat flux –by conduction– sensor 
located on the left side of the thermal insulator; q”ic, for the 
sensor of the central zone, and q”ir, for the right side; in a 
similar manner for the heat flux sensors placed on the double 
deck glass cover: q”gl, q”gc and q”gr, for left, center and right 
side heat flux sensors, respectively. The precise location of 
each heat flux sensor is presented in Appendix (Fig. A1).

3. Results and discussion

A series of simulations under different conditions 
were performed to analyze the heat transfer from the 
heat absorbing plate to the water film, as well the heat 
losses by conduction from the stainless-steel plate to the 
insulator material. The heating process was evaluated and 
compared using three commercial materials as the insulating 
component: (i) polyurethane (PU), (ii) glass wool (GW), 
and (iii) expanded polystyrene (EPS). Natural convection 
heat losses from the water film into the glass shell and from 
the glass to the environment were also evaluated. Once the 
best insulating material was identified, the cooling process 
simulation was performed, analyzing and comparing 
different zones, principal heat flux, and temperature 
sensors. For all simulations the initial and boundary thermal 
conditions were established. The initial and boundary 
thermal conditions are Dirichlet type, i.e., constant 

temperature [32]. The stainless-steel heat absorber was set 
at 80°C, also known – in Energy2D software – as Constant 
temperature, while surroundings were set an environmental 
temperature of 20°C, including the insulating material, 
the water film, the glass cover and the surrounding inner 
air. However, excepting the heat absorbing plate, all the 
materials can increase or decrease its temperature as time 
increases, also known in Energy2D software as not a heat 
source, due to the aforementioned heat transfer mechanisms. 
Once heating process simulation is done, the opposite 
procedure is simulated, i.e., the cooling process, but only 
by natural convection. The maximum steady-state values of 
each component during heating simulation, was considered 
as the initial value for the cooling process simulation. 
The temperature-time evolution in different zones of the 
thermal insulator, on water film and over the glass cover, 
was obtained. Also, the temporal changes of the heat flux 
observed at the same points where the temperature was 
measured, allowing a comparison between both analyzed 
variables. The simulation time is a function of the acquired 
value by the temperature and heat flux variables, either by 
conduction or by natural convection. The stop criterion of 
each simulation is the point where there was no change in 
the value of measured variables.

3.1. Heating process: temperature and heat flux distribution

The temperature distribution on the heat absorbing 
plate, on the water film, and the insulator is shown in 
Fig. 4. This figure also notes the streamline under and over 
the double slope glass cover. The color bar at the top of the 
figure represents the magnitude of the temperature. The blue 
color corresponds to 20°C, while the white one is associated 
with the highest temperature, i.e., 80°C, corresponding to 
the stainless-steel heat absorbing plate. Likewise, the red 
and yellow colors correspond to a temperature of 40°C 
and 60°C, respectively. In this simulation, the rest of the 
elements, including the air surrounding the design were 
set at 20°C and to be in thermal equilibrium. Basically, 
the heat transfer involves the thermal conduction through 
stainless steel and water film, from stainless steel to 
insulator, natural convection through water film and inner 
air of the glass cover, heat conduction in the glass cover, 
and finally, natural convection from insulator and glass 
cover to the environment. The influence of three commercial 
insulating materials: PU, GW, and EPS, was analyzed via a Table 1

Thermal properties of solar still components. Source: Own 
elaboration with information of [27], [28], [29], [30], [31]

Material Property
ρm λ CP

(kg·m–3) (W·m–1·°C–1) (J·kg–1·°C–1)
Air 12 0.026 1,005
EPS 16 0.040 1,200
Glass 2,600 0.960 840
GW 66 0.039 670
H2O(l) 998 0.600 4,182
PU 70 0.026 1,045
Steel 7,913 15.60 456

Fig. 4. Streamlines over the double slope glass cover and tem-
perature distribution on the absorbing plate, water film and 
insulator.
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2D non-stationary simulation by comparing the temperature 
using the Tic sensor (see Fig. 5). A slower temperature increase 
when PU is used was observed, but when EPS was used, a 
rapid increasing in temperature was observed, reaching 
40°C in less than one-half-hour, and when PU was used, the 
same temperature was reached after an hour and forty-five 
minutes, approximately. A similar analysis was performed 
to compare another zone of insulating material. In this case, 
the temperature was evaluated at the left lateral zone, using 
Til sensor, for the same insulating materials. The results are 
presented in Fig. 6.

Fig. 7 demonstrates the overall temperature distribution of 
the solar still after one half hour simulation. Heat transfer – by 
conduction – through the insulator is clearly observed, as well 
as the water heating process, by means of heat conducting 
from the stainless-steel heat absorbing plate. The obtained 
temperature and heat flux variation vs. time over the central 
zone of insulator are shown in Fig. 8. There is a rapid increase 
in heat flux during the first one half hour, followed by a slow 
change in heat flux, reaching nearly 360 W·m–2. On the other 
hand, temperature vs. time of the central zone of the water 
film is shown in Fig. 9. A heat flux peak is depicted in about 
the first twenty minutes of simulation, followed by a rapid 
increase in the roof’s temperature, causing additional heat 
losses from the cover, this can be seen in Fig. 10(a). After five 
hours of simulation, the sensors Til, Tic, Tir, Twl, Twc, Twr and Tgc 

registered 29.7°C; 45.2°C; 25.2°C, 75.7°C; 75.0°C; 75.5°C and 
11.7°C, respectively, while the sensors q”ic, q”wc and q”gc 
registered 16.4,301.7, and 72.9 W·m–2, correspondingly.

Once upon the water film has reached a thermal 
equilibrium with respect to the absorbing plate, the double 
deck glass cover is heated by the surrounding air (Fig. 10(a)). 
Convective heat losses to the environment are shown in 
Fig. 10 (b). The changes over time of the temperature of the 
insulating and glass cover at several zones, is shown Fig. 11, 
while temperature and heat flux variation on the central zone 
of the double slope glass cover is presented in Fig. 12.

Fig. 5. Temperature vs. time of insulator measured through Tic 
sensor, of the three studied insulator materials.

Fig. 6. Temperature vs. time measured through sensor Til of the 
three studied insulation materials.

Fig. 7. Temperature distribution on the absorbing plate, thermal 
insulator and on the water film.

Fig. 8. Temperature and heat flux vs. time of Tic sensor.

Fig. 9. Temperature and heat flux vs. time of Twc sensor.
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3.2. Cooling process: natural convection

For the cooling process, the maximum values at 
steady-state during the heating process were set as the 
initial conditions. Insulator temperature, water film and 
glass cover were set at 45°C, 75°C and 63°C, respectively, 
while the environmental temperature was set at 28°C, 
based on the average local environmental temperature at 
middle day, measured by using a meteorological system. 
After 5 h of simulating the cooling process – by natural 
convection - temperature sensors Til, Tic, Tir, Twl, Twc, Twr and Tgc 

registered: 34.7°C; 37.3°C; 32.8°C, 44.1°C; 43.4°C; 43.9°C and 
31.5°C, respectively, whereas the heat flux sensor q”ic, q”wc 
and q”gc registered: 74.4, 53.8 and 17.6 W·m-2, separately. 
The changes of the PU’s temperature during this process 
is shown in Fig. 13. After two hours simulation a gap in 
the data is observed, because of the internal storage limit 
of the Energy2D software, but simulation was restarted to 
show more detailed cooling process graphs. The streamlines 
and temperature distribution after the aforementioned 
simulation time is depicted in Fig. 14.

4. Conclusions

A Double slope solar still evaluation by simulation 
using the Energy2D computer-aided engineering system 
was conducted. Using Dirichlet type thermal boundary 

(a) (b)

Fig. 10. Temperature distribution inside the double slope glass cover (a) and outside the glass cover (b).

Fig. 11. Temperature vs. time over the thermal insulator and 
double slope glass cover in several zones.

Fig. 12. Temperature and heat flux versus time on the central 
zone of the double slope glass cover.

Fig. 13. Cooling process over three zones of polyurethane.

Fig. 14. Streamlines and temperature distribution during the 
cooling process.



J.A.A. Navarro et al. / Desalination and Water Treatment 151 (2019) 26–3332

condition, non-stationary simulations were performed 
under different conditions and considering the most 
important thermal and optical properties. Streamlines, 
temperature and heat flux distribution representative figures 
over the solar still components are shown. Heat losses were 
compared by using three commercial insulating materials: 
polyurethane, glass wool, and expanded polystyrene. 
These materials registered a temperature of 45°C, at the 
simulation time of 3 h, 1.5 h, and 45 min, respectively. The 
best insulating material was polyurethane, while the worst 
was expanded polystyrene. For the cooling process, only 
natural convection was considered; the average temperature 
of all sensors located at polyurethane 34.9°C, while the 
water average temperature was 42.8°C. However, in future 
studies, additional forced-convection thermal analysis will 
be performed. Also, in a future study, the experimental 
evaluation and comparison with the theoretical simulated 
will be done and optimized.
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Symbols

cp – Specific heat, J·kg–1·°C–1

EPS – Expanded polystyrene
GW – Glass wool
PU – Polyurethane
PVC – Polyvinyl-chloride
q’’ic – Heat flux at central zone of insulator, W·m–2

q’’il – Heat flux at left zone of insulator, W·m–2

q’’ir – Heat flux at right zone of insulator, W·m–2

q’’wi – Heat flux at central zone of the water film, W·m–2

q’’wl – Heat flux at left zone of the water, W·m–2

q’’wr – Heat flux at right zone of the water film, W·m–2

Tgc –  Temperature at central zone of the glass cover,°C
Tgl – Temperature at left zone of the glass cover,°C
Tgr – Temperature at right zone of the glass cover,°C
Tic – Temperature at central zone of insulator,°C
Til – Temperature at left zone of insulator,°C
Tir – Temperature at right zone of insulator,°C
Twc – Temperature at central zone of the water film,°C
Twl – Temperature at left zone of the water film,°C
Twr – Temperature at right zone of the water film,°C

Greek

α – Absorptance, 1
ε – Emittance, 1
λ – Thermal conductivity, W·m–1·°C–1

ρ – Reflectance, 1
ρm – Mass density, kg·m–3

t – Transmittance, 1
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Appendix

Heat flux sensors location
The exact location of each flux sensor is presented in Fig. A1.

Fig. A1. Heat flux sensor location.


