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36  Abstract

37

38

39 Water scarcity is a major threat to the future due to the fact that the pollution rate of
40 freshwater resources is getting increased rapidly. At the same time, the level of water
41 usage is dramatically increased. Hence, to fulfill the water demand, converting the brackish,
42 saline water into pure water is one of the viable solutions. Desalination using solar still is a
43 simple technique among various techniques available for salinity removal. Researchers
44 have consistently attempted to improve the performance of solar stills due to poor
45 productivity. This article highlights various factors that have an impact on the performance
46 of the solar still such as solar radiation, basin area, saline water depth, insulation material,
47 the thickness of glass cover, and wind speed. In order to achieve high performance via
48 optimization of the effected parameters required for solar still, the design of experiments
49 (DOE) can determine the most effective parameters and eliminate the least important ones.
50 Moreover, solar still is often complex and time-consuming due to the various parameters
51 that must be taken into consideration. Furthermore, this research focuses on reducing the
52 computing time and determines the most significant parameters of the solar still, such as
53 Basin area, saline water depth, and solar radiation. The theoretical results demonstrate that
54 the most important factor that affects solar still productivity is basin area, saline water
55 depth, and solar radiation respectively. While the insulation thermal conductivity, ambient
56 temperature, and glass thickness have no effect on the performance of still.
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75 1. Introduction

76 Lacking access to potable water is considered as one of the major issues for individuals
77 who live in arid remote areas from all around the world. United Nations has named the
78 twenty-second of March World Water Day of every year, with the 2017 theme of "Water
79 Quality: Clean Water for a Healthy World." to draw the global attention to such crisis [1].
80 About 1.1 billion persons, globally, are deprived of clean freshwater [2]. Along with
81 expensive fossil fuel, the deficiency of drinkable water becomes aggravated for these
82 people. Solar Still technology came as one of the optimal suitable solutions for this
83 problem, especially in areas where solar energy is abundant which coincides with the

84 pretense of the deprived water communities [3].
85

86 Solar Stills can be placed at each house for producing at least potable water. They are
87 economical and inexpensive, simple in design, and pollution-free. Yet, there is a serious
88 challenge that is associated with solar still which is the relatively small amount of fresh
89 water produced. The latter is affected by a set of factors that increase the temperature
90 difference between saline water and glass cover inside solar still such as the amount of solar
91 radiation, saline water depth inside still, basin area, insulation thickness, and many other

92 parameters.
93

94 Khalifa and Hamood. (2009) studied the effect of insulation on the productivity of a basin

95 type solar still. Solar stills with an insulation thickness of 30, 60, and 100 mm were

96 examined, and the results were compared with those obtained for a still without insulation.

97 they found that the insulation thickness has a significant impact on the productivity of the

98 still up to a thickness of 60 mm. Moreover, the insulation thickness could influence the

99 productivity of the still by over 80%. Al-Karaghouli and Alnaser. (2004) fabricated two
100 solar-stills (single basin and double-decker) and tested at the campus of the University of
101 Bahrain. Two types of measurements were conducted; one with still-sides insulation and
102 the other without. They observed that the influence of side insulation is significant in water
103 production, especially for the double-basin type by about 43.8% in June. Manokar et al.
104 (2020) investigated experimentally the impact of water depth and insulation on the
105 productivity of acrylic pyramid solar still, the results showed that the maximum yield from
106 solar still without insulation at different depths of water namely 2, 3, and 3.5 cm were found
107 to be 2.8, 2.26, and 1.67 kg/m? respectively. whereas, the effect of insulation improved
108 the freshwater produced higher yield and recorded as 3.38, 2.94, 2.06 kg/m? respectively.
109 Velmurugann et al. (2008) conducted an experimental study aimed to increase the distilled
110 water productivity for the single basin solar still by increasing exposure area in different
111 ways (still with sponges, wick type solar still, and still with fins at the basin). The
112 results show that
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113 productivity increased 29.6% when wick type solar still was used, 15.3% productivity
114 increased when sponges were used, and 45.5% increased when fins were used. Hachemi.
115 (1999) investigated a new technique to enhance the heat transfer with fully developed
116 turbulent flow. An experimental study showed that the generated enhancement of thermal
117 performance. The offset rectangular plate fins mounted in a staggered pattern, were
118 oriented parallel to the fluid flow and are soldered to the underside of the absorber plate.
119 High thermal performances were obtained with low flow friction and in consequence a low
120 electrical power consumption by the fan in comparison to the flat plate collector. El-Sebaii
121 et al. (2015) examined the effect of fin arrangement on the solar still productivity. they
122 inferred that the fin height was proportional to productivity while the fin thickness and fin
123 number were inversely proportional to the performance. Nisrin Abdelal et al. (2017)
124 conducted an experiment to study the effect of using absorber plates made of carbon
125 fiber/nanomaterials- modified epoxy composites at different concentrations on pyramid
126 solar still. Their experimental results showed that the productivity of still increases by 109%
127 and 65% when adding 5% and 2.5% Nano weight concentrations respectively. Ghoneyem
128 et al. (1997) used software to solve some of the Empirical equations to statement the
129 dependency of the water output on the ambient temperature and solar radiation fallen on
130 solar still cover. He concluded that the average daily output increase with increase of solar
131 radiation. Omar et al. (2007) performed theoretical and experimental analysis on single
132 inclination solar still based on a change of solar radiation intensity. They concluded that as
133 the solar intensity increases, the productivity of water output increases due to an increase in
134 the latent heat of water inside solar still. Emad A. Almuhanna et al. (2014) concluded that
135 the Efficiency of solar stills increases as solar radiation intensity Increases. Sahoo et al.
136 (2008) concluded that the efficiency of solar still increases 11%, by increase the capacity
137 of water in the solar basin from 10 to 20 kg. Suneja et al. (1999) used numerical calculations
138 on double basin solar still to analyses the effect of water depth on the water productivity
139 and Concluded that an increase in water depth decreases the efficiency of the solar still.
140 Rajamanickam et al. (2012) studied the effect of water depth on water productivity in the
141 double slope (DS) solar still, they used different water depth at the same condition

142 0.01 m, 0.025 m, 0.05 m, 0.075 m and obtained a maximum distillate yield (3.07 I/m?) per
143 day at minimum water depth (0.01 m). Sebaii et al. (2000) used Numerical calculations on
144 typical summer and winter days to analyze the effect of wind speed on water yield. It was
145 found that productivity still increases with the increase of wind speed up to a critical value
146 beyond which the increase in wind speed becomes inefficient. Rahmani et al. (2018) carried
147 out numerical and experimental study on the effect of wind velocity on condensation
148 surface area of still in summer and winter conditions, the results show that the effect of
149 wind speed was more effective for small condensation area. EI-Sebaii et al. (2004) studied
150 the effect of wind velocity on the daily water yield for passive and active solar distillation
151 using some of the numerical calculations and concluded that the daily productivity
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152 increases when wind speed reaches to a typical velocity (10 m/s in summer and 8 m/s in
153 winter) beyond which the increase in wind speed becomes inefficient. Edeoja et al. (2015)
154 studied the effect of using five glass cover thickness on solar still performance. Still 1 has
155 one glass cover, still 2 has two glass covers, still 3 has two glass covers with airspace
156 separate between each other’s, still 4 has three glass covers without airspace, and still 5 has
157 three glass covers with airspace separate between each one. The results showed that Still 1
158 has the highest water productivity, where it reached to about 306 cm?® and an efficiency about
159 24%. Hitesh N Pancha et al. (2012) conducted three experiments to investigate the effect of
160 different glass cover thicknesses on single slope solar still in winter conditions of Mehsana.
161 The three thicknesses of glass cover are 0.004 m, 0.008 m, and 0.012 m. The experiment
162 results showed that as increase glass cover thickness, the distillate water, and efficiency
163 decrease. Abu Abbas & Al-Abed Allah. (2020) investigated the effect of condenser
164 materials type and condenser slope on the performance of the solar still numerically. five
165 types of condenser materials were examined: PMMA, PET, PC, Glass, and PVC.
166 Moreover, four slope angels for condenser were tested at different seasons: 5°, 20°, 35°, and
167 45°, the results revealed that the daily solar still productivity increases as transmissivity
168 value of condenser material increase. Besides, it was noted that the maximum productivity
169 in summer (May) was at the lowest condenser slope angle (5°) and it was decreased as the
170 condenser slope angle increased. On the other hand, the maximum productivity of solar
171 still in the winter season (January) was at (20°) and then decreased as the condenser slope
172 angle increased.

173

174

175 As we described above the performance of solar still and its productivity depends mainly
176 on increasing the temperature difference between saline water and glass cover. A lot of
177 parameters studied by a different researcher to improve the temperature difference such as
178 solar radiation intensity, ambient Temperature, depth of saline water, bottom and side
179 insulation thickness, basin area, bottom and side insulation material and wind speed. The
180 parameters like solar insolation intensity and wind speed are uncontrolled because they
181 depend on environmental conditions. While other parameters such as basin water depth,
182 basin area, insulation, etc. are Controllable parameters and can be improved effectively to
183 increasing productivity of still. In this research, design of the experiment (DOE) is used to
184 show the most significant parameters, insignificant parameters, and the interaction between
185 parameters that affect three responses: distilled water, saline water temperature, and glass

186 cover temperature. Moreover, regression equations for all responses have been illustrated.
187
188
189

190 2. Methodology:

13% 2.1 Design of Experiment:

193 Design of Experiment is a tool for designers and experts to use for product design and
194 development, this tool can reduce development lead time and cost, leading to processes or
195 simulations, and has high reliability than other approaches. The main objective of the
196 experiment is to determine which variables are most influential on the response. even you
197 can set the influential factors that affect the system performance near the desired value with
198 its variety and neglect the effects of fewer influence factors. The equation (1) resulting
199 from statistical regression analysis.
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205 Here, f(x) is the predicted response variable, and ao,ai,ai and aij are the regression
206 coefficients of the intercept, linear, quadratic and interaction effects, respectively, while X;
and x; are independent input variables, and ¢ is a random error.

207

208 In this study a reduced factorial design had used to investigate the significance of nine
209 factors that are mostly concerned with solar desalination systems. Three responses had
210 analyzed which are distilled water, Water temperature, and glass cover temperature. A 2"
211 -2 Reduced factorial had used in order to specify the most significant factors of the nine
212 factors of interest, determine their interactions and regression equations for all responses.
213 Table 1 below shows the main parameters of this study. and a schematic view of the
214 proposed solar still is given in Figure 1.

215



https://doi.org/10.5194/dwes-2020-28 Drinkin g Water
Preprint. Discussion started: 9 September 2020

(© Author(s) 2020. CC BY 4.0 License.

Discussions

216

217 2.2 Factorial Design:
218

219 A factorial design is an important type of design of experiments approaches, which is
220 essentially used to find the most significant factors to perform your investigation on them,
221 instead of performing it on a full scale. As a result of this, the researchers could save
222 tremendous effort and time. Furthermore, it would be more cost-effective because the
223 number of experimental trials would much less than performing a full-scale experiment. In
224 addition, the most important advantage of the factorial design is to determine the
225 interactions between the factors of interest which would be impossible to determine in the
226 regular analysis. In order to achieve all the previous advantages the factorial design method
227 can set different values for each factor (levels), these levels and their ranges and values
228 could be specified by experience, then the researchers have to generate a runs table by using

229 probability counting rule (2°¥) where: k is the number of factors. As shown in table (1).
230
231
232
233
234
235

236 2.3 Reduced Factorial 2" °-2);

237

238 This investigation has 9 factors of interest and tremendous effort would be consumed, if a
239 full factorial design had been performed. As a result of this we performed reduced factorial,
240 the main idea in reduced factorial design that the design had performed with much less
241 trials by sacrificing interactions for more than three factors which are not of our interest in
242 this step. On the other hand, reduced factors had been chosen very carefully by checking
243 the alias structure, resolution, balancing and orthogonally. In this study a 2"®? reduced
244 factorial had performed with IV resolution, which means No main effects are aliased with
245 any other main effect or 2-factor interactions, but some 2-factor interactions are aliased
246 with other 2-factor interactions and main effects are aliased with 3-factor interactions. In
247 this step we concerned with the significance of the main effects which mentioned above.
248 Matlab program has been used to simulate the three responses and Minitab software for
249 DOE.
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250
251
252

253 2.4 simulation assessment

254 The flowchart corresponding to the applied method in this study is shown in Figure 2. The
255  simulation starts with a select type of analysis, the number of factors and nature of runs
256 (randomity or non-randomity) using Minitab, after that the unknown temperatures Tg, Tw,
257 Ty, and the distilled water are obtained by solving the differential equations for solar still
258  using Matlab software, The best method for solving the system of equations is Runge-Kutta
259  fourth-order method. The values of Tg, Tw, Tb, and distilled water were calculated for one
260  hour.

261

262

263
264

265

266 3. Results:

267 The chosen mathematical formula and numerical procedure could determine the amount
268 of freshwater, water temperature, and glass cover temperature for a given conditions.
269 Hence, solar radiation intensity, basin area, water depth, insulation material, insulation’s
270 thickness, glass cover’s thickness, wind velocity, and ambient temperature are considered as
271 variables to understand their effects on the freshwater production. To be more efficient, test
272 conditions are designed based on the methodology of design of experiment (DOE). The
273 design of experiment (DOE) is performed on 2 parameters at two levels to understand
274 their direct effects and also their interactions (indirect effect) on the desired responses.

275

276 3.1 Main Effect Plots Results

277

278 Figure 3 a, b and c illustrate the main factors which affected the responses of the solar
279 desalination system. It has been observed that there is a proportional relationship between
280 the slope of line and the effect of the parameters on the responses. Figure 3.a demonstrates
281 that the most significant factors to increase the amount of distilled water are water depth,
282 basin area, and solar radiation respectively. in contrast, glass thickness, ambient
283 temperature, and insulation material do not have any effect on the system. Figure 3.b shows
284 that water depth and solar radiation are the main factors affected the water temperature of
285 the solar desalination system. While the other factors have a neglectable impact to increase
286 the water temperature. Furthermore, the simulation concluded that the main factors affected
287 on the glass cover’s temperature are water depth, solar radiation, and wind speed
288 respectively as shown in Figure 3.c. The designers should select high-level values for
289 factors that increase water temperature and low-level values for factors that decrease glass
290 cover’s temperature to get the maximum level of distillation.
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291

gg% 3.2 Normal Plots of the Standardized Effects’ Results

294 The obtained results from the simulation illustrates all the influenced and non-influenced
295 factors that affected all responses. Figure 4.a, b, and ¢ show normal plots of the standardized
296 effect for distilled water, water temperature, and glass temperature respectively.
297 Furthermore, it illustrates the interactions between factors for each response. In Figure 4.a,
298 it is clearly observed that the highly weighted factors which play a key role in producing
299 highly distilled water are basin area, solar radiation, and interaction between them
300 respectively, on the high-level values of the studied parameters. On the other hand, at low-
301 level values, the major factors that improve the distilled water productivity are water depth,
302 the interaction between water depth and basin area in addition to the interaction between
303 water depth and solar radiation, respectively. As shown in Figure 4.b the main parameters
304 affected the water temperature at high-level values are solar radiation, the interaction
305 between wind speed and water depth, and insulation thickness. While at the low-level
306 values, the most significant factors that increase water temperature are water depth and
307 interaction of solar radiation with water depth respectively. additionally, Figure 4.c
308 indicates that the most influential factors at high-level values are the interaction of wind
309 speed with water depth, solar radiation, and insulation thickness respectively. While at low-
310 level values are water depth and wind speed respectively.
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311 3.3 Regression Equations
312
313

314

315 Regression has been performed on the obtained data, results, of factorial in order to reveal
316 the effects of these parameters on the freshwater production. Eg.2, 3 and 4 are the
317 regression functions estimated from DOE analysis of 2" factorial model to predict three
318 responses: distilled water, water temperature and glass cover temperature respectively. The
319 constants refer to the affected coefficient of each factor while the plus and minus signals

320 refer to the high or low level of the factors.
321
322
323
324

325

326 Distillated Water = -489 - 14 A- 232 B- 225 C- 0.140 D- 40 E- 35 F+ 1.6 G+ 14 H +
327 202.6 J- 0.8 A*B+7.10 A*C+ 0.0126 A*D+ 12 A*E+ 0.013 A*F+ 0.033 A*G+ 0.13 A*H
328 - 1.832 A*J- 4 B*C+ 0.006 B*D+ 158 B*E+ 0.2 B*F+ 0.6 B*G+ 7 B*H + 4.4 B*J

320 2)
330
331

332
333 Water temperature = 33.5 - 1.03 A+ 68 B + 4.96 C+ 0.0088 D+ 0.1 E- 0.309 F+ 0.227

334 G-183H-0.12J+ 1.43 A*B+ 0.097 A*C- 0.000082 A*D+ 1.76 A*E- 0.01264 A*F+
335 0.00455 A*G- 0.0325 A*H - 0.0567 A*J- 4.01 B*C+ 0.0101 B*D- 98 B*E+ 0.318 B*F-

336 0.197 B*G+1.79 B*H +0.800 B*J ..oovvoeeeeeee oo 3)
337
338

339
340 Glass temperature = 12.9 + 0.18 A- 1.7 B + 0.46 C+ 0.0181 D+ 15.2 E+ 0.150 F+ 0.007

341 G-0.11 H +0.93 J+ 0.06 A*B + 0.0096 A*C+ 0.000181 A*D+ 0.08 A*E- 0.00954 A*F+
342 0.00020 A*G- 0.0038 A*H - 0.0323 A*J+ 0.20 B*C- 0.0004 B*D+ 1 B*E- 0.012 B*F+
343 0.012B*G+0.03B*H + 0.043 B*J+ 0.000111C*D ....vviinininiiiniiiieceeeeaene (4)

10
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344 3.4 Contour and surface curves
345

346 The contour and surface plots are master tools to describe the effect of each parameter
347 simultaneously rather than calculating one by one via the simulation code. These pros can
348 be clearly observed in Figures 5, 6, and 7 represent the effects of some parameters on the
349 production of freshwater. Figure 5 represents the effect of water depth and solar radiation
350 on the freshwater’s production for a given conditions (A-J). It is shown that the distilled
351 water production is improved when water depth is decreased, and solar radiation is
352 increased. Figure 6 represent another contour that illustrates the effect of water depth and
353 basin area on the freshwater production. As seen, for a given aforementioned parameters
354 (A-J), decreasing the water depth and increasing basin area could play a role in increasing
355 the amount of distilled water. Interesting information is found in Figure 7; the effects of
356 basin area and solar radiation on the distilled water production. As seen, for given
357 conditions (A-J), as increasing basin area and solar radiation the productivity of distilled
358 water increases. These kinds of contours could be drawn for different considered
359 parameters in order to find suitable conditions for the system.

11
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360
361
362

363 Conclusion
364
365

366

367 The DOE methodology has attracted the scientists for a wide range of industrial
368 applications such as Pharmaceutical, biotechnology...etc. There is plethora of advantages of
369 DOE as it provides a rapid evaluation of the effects of different parameters or important
370 factors on the selected response variables and their possible interactions. Thus, factors can
371 be simultaneously changed and optimized. DOE approach enables the study of a large
372 number of parameters as the case of the solar desalination system and the feasibility to
373 operate as a promising and efficient optimization technique. In this study a new
374 methodology of solar desalination system performance evaluation and tool could be
375 developed based on parametric design, to determine the most important factors influenced
376 on distilled water, water temperature and glass temperature. Plots of this curves provides
377 the ability to select the factors (e.g basin area, wind speed, water depth, insulation material
378 and thickness...ect) quickly and accurately according to the required performance of the
379 designers. The developed model has simple form and can calculate rapidly the responses,
380 which allows to study different factors for all solar desalination system design. Moreover,
381 the design of the experiments reduces significantly the number of dynamic simulations
382 required to determine the coefficients of the parametric models.

383

384

385
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Table 1: Description of factor levels

Drinking Water

Discussions

Symbal Factor Mame Low Level High Lavel Unit

A Insulation Thickness 0 5 mm

B Insulation Thermal 0.025 0.12 Wim C®
Conductivity

C Basin Area 0.5 2 m’

D Solar Radiation 600 1200 Wim?
Absorptivity 0.88 0.95 Unitless

F Wind Speed 1 20 m/s

G Ambient Temperature 10 40 ce

H Glass Thickness 2 6 mm

J Water Depth 1 10 cm
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