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Abstract 11 

A two-dimensional axisymmetric model of a solar evaporator was developed, based on a 12 

rigid biosourced open-cell foam floating on the surface of water contained in a beaker, 13 

including a set of boundary conditions and water transport in the porous medium. 14 

Experiments were carried out to validate the model for two cases, with and without a layer of 15 

insulating material around the beaker. Several concrete cases of experimental solar 16 

evaporation studies recently reported in the literature, with or without insulation, radiation 17 

intensification, etc., have then been studied in the light of our model. We have thus been able 18 

to compare the observed trends with those of the numerical model in order to explain the 19 

results reported in the literature and, in some cases, to find a geometric optimum. The effect 20 

of ambient conditions on the evaporation rate was investigated, and significant changes were 21 

observed by modifying solar input, air temperature and air humidity. We also showed that 22 

increasing the evaporation area and using an insulating layer between the water and the 23 

evaporative material increases the evaporation performance. 24 

 25 

 26 

 27 
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1 Introduction 31 

In modern society, energy plays a major role, and its development as we know it today is 32 

only possible with access to a significant amount of resources. Nowadays, improving the 33 

effectiveness of systems and producing energy from more sustainable sources is more 34 

relevant than ever. Water evaporation, for example, is a subject of great interest [1] and a 35 

wide variety of materials have recently been developed to produce clean water from any 36 

source, even polluted water and seawater, without the need for an energy grid. Evaporation 37 

indeed occurs with or without solar flux at the water surface, but it can be enhanced by adding 38 

a floating porous medium. 39 

Water evaporation systems (WESs) are composed of one or more materials, sometimes 40 

synthesised or manufactured from a natural resource, whose characteristics can be modified to 41 

improve evaporation efficiency [2]. In general, studies aim to improve materials properties, 42 

e.g. to increase the absorption of sunlight, to improve the energy conversion of light into heat 43 

or to improve the transport of water to the surface. Thermal conductivity can also be modified 44 

to reduce transfer to bulk water and thus conserve energy at the surface where evaporation 45 

occurs. In addition, the resistance of materials to clogging has been studied in seawater 46 

evaporation processes, where salt can affect long-term performance [3]. Changes in geometry 47 

have also been made to exploit heat exchange from the air to the surface instead of letting the 48 

transfer occur from the hot evaporation surface to the air [4].  49 

Besides the large variability of solar evaporation systems mentioned above, a common 50 

problem encountered when reading the literature is that the protocol for measuring 51 

experimental performance is not identical in all publications. For example, some studies 52 

report mass loss measurements under a transparent bell jar and others do not. The bell jar has 53 

the effect of increasing the temperature and humidity of the air around the material compared 54 

to an open air system. In addition, tests can be carried out in different locations around the 55 
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world with different humidity and temperature conditions. In some cases, an insulating layer 56 

can be used to support the evaporation material, which would not necessarily be able to float 57 

on its own, and to provide thermal insulation with the bulk water. Examples of such a system 58 

have been published based on pomelo peal [5] or plant stems [6]. All of these differences lead 59 

to more or less favourable conditions for the evaporation of water, regardless of the material.   60 

The interest in proposing a numerical model that takes into account the mass and heat 61 

transfer that underlies water evaporation is the ability to accurately capture the behaviour of 62 

such WESs, and to explore the effect of experimental parameters such as those presented 63 

above. Whether it is the layout of the system, the geometry of the material or even the 64 

properties of the water within the material, it is possible to examine all of these impacts on the 65 

overall performance and behaviour in order to better understand how to design an efficient 66 

evaporation system. Furthermore, although numerical simulations have been used in the past 67 

for solar evaporation systems, they were limited to predicting certain aspects such as 68 

temperature distribution or water diffusion [7–9]. As far as we know, a general model taking 69 

into account the different types of heat exchange between the system and the air, the transport 70 

of water in the material and the evaporation from the water surface is missing in the literature. 71 

In this work, we developed a model based on experimental results obtained under strictly 72 

controlled conditions, using a mimosa tannin foam that we have synthesised and used to 73 

improve water evaporation. Two cases were experimented, with and without insulation 74 

around the vessel containing the water to be evaporated, to limit heat exchange at the 75 

boundaries. These two cases were simulated, as the physics at the boundaries are different, 76 

and were validated using the same model apart from the system geometry and a few 77 

parameters. Various cases from the open literature have also been considered, allowing the 78 

effects of various operating conditions and materials geometry to be explored, and to which 79 

our model has been applied. Although the results between the literature experiments and our 80 
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simulations cannot be directly compared due to the different materials used, the main trends 81 

could be successfully compared. 82 

Therefore, our model should be particularly interesting in revealing the optimal geometry 83 

parameters, such as the dimensions of the insulation to be used beneath a material, or to study 84 

the impact of the insulation provided by synthetic foams used to allow the flotation of the 85 

material. Prior to our research, a guideline for the main experimental conditions, such as 86 

ambient temperature, relative humidity, geometry or position of the different elements, had 87 

been discussed [10]. Here, these conditions are investigated to describe their impact on the 88 

final evaporation rate and efficiency results, as our model takes into account the ambient air 89 

temperature, relative air humidity, air convection type and solar flux. 90 

2 Materials and Methods 91 

2.1 Evaporation material 92 

Firstly, a bio-based foam was prepared, from which water evaporation experiments were 93 

conducted to validate our model. This foam was synthesised from tannin, a natural extract 94 

from the bark of the mimosa tree (Acacia Mearnsii), using a process described elsewhere 95 

[11]. The material was obtained by physical foaming, which involves producing a gas in situ 96 

in a thermosetting resin during its polymerisation. Table 1 shows all the ingredients used in 97 

the process, indicating their relative amounts and their role in the formulation. Briefly, tannin 98 

is first dissolved in water under magnetic stirring and then mixed with furfuryl alcohol. Next, 99 

diethyl ether and a 37 wt. % aqueous solution of formaldehyde are added and the mixture is 100 

carefully homogenised. Finally, a 65 wt. % aqueous solution of para-toluenesulphonic acid 101 

(pTSA) is added under stirring, after which the mixture expands rapidly while polymerising at 102 

the same time. Once fully expanded and cured, the foam is dried at room temperature for one 103 

week; further details are given elsewhere [12]. The foam is then cut to the proper dimensions, 104 

as shown in Fig. 1 (about 58 mm in diameter and 15 mm thick). 105 
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 106 

Table 1. Standard formulation of tannin-based foam. 107 

Ingredients Role in the formulation Mass (g) 

Mimosa tannin extract Base of the resin 60 

pTSA (65 wt. % in water) Acidic catalyst 22 

Furfuryl alcohol Co-monomer 21 

Formaldehyde (37 wt. % in water) Crosslinker 14.8 

Water Solvent 12 

Diethyl ether Blowing agent 6 

 108 

2.2 Experimental protocol and measurement methods 109 

The experiment consists in illuminating a beaker (60 mm diameter), filled with tap water 110 

and with the foam floating on the surface, with a solar light simulator (SOLAR LIGHT LS-111 

1000). The experimental setup is shown in Fig. 1. A Sartorius ENTRIS weighing scale 112 

accurate to the milligram is used to measure the mass of the whole system, and it is thus 113 

possible to determine the amount of evaporated water by difference. T-type thermocouples are 114 

used to measure temperatures at the interface between the evaporation material and the water 115 

on the one hand, and within the evaporation material on the other hand. A thermal camera 116 

(OPTRIS PI) pointing at the surface of the evaporation material is used to measure its 117 

temperature locally. Air temperature and relative humidity are measured using a sensor placed 118 

in the room. To explore the effect of heat exchange from the sides, a second experiment was 119 

also conducted with insulating foam around the beaker. Therefore, case 1 discussed below 120 

will refer to the case without insulation and case 2 to the case with insulation. 121 
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 122 

Fig. 1. Experimental setup used to measure the evaporation rate of water with a dark porous 123 

foam floating on the surface. The 15 mm-thick, 58 mm diameter tannin foam used for this 124 

purpose is shown in the lower right-hand corner. 125 

In order to compare it with the numerical model, the experiment was carried out under 126 

three different solar concentrations: 0.7, 1.0 and 1.3 sun (1 sun being equal to 1 kW m
-2

) for 127 

about one hour for each illumination. This allowed the evolution of heat and mass to be 128 

studied as a function of solar concentration. The system efficiency was calculated using Eq. 1: 129 

  
     

         
 Eq. 1 

where    (kg m
-2

 h
-1

) is the evaporation rate,      (sun) is the solar concentration, and      130 

(1000 W m
-2

) is the power density of the average solar light on earth. Typical results in the 131 

literature present the evaporation rate and efficiency for a given specific solar power. 132 

Assuming a theoretical efficiency of 100 % and with 1 sun illumination contributing only to 133 
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the evaporation of water, whose enthalpy of vaporisation is 2450 kJ kg
-1

 under STP 134 

conditions,    is equal to 1.47 kg m
-2

 h
-1

, which therefore represents the theoretical limit of 135 

evaporation. Sometimes in the literature, evaporation in the dark is subtracted from the 136 

evaporation rate with illumination to take into account only evaporation due to light. It is 137 

useful to note that Eq. 1 does not take into account the heat exchange with the air, but only the 138 

solar illumination input and the evaporation rate output. This is deliberate, as Eq. 1 is most 139 

often used in the literature, and this is how we can compare our results with what has already 140 

been published. 141 

3 Physical model 142 

A 2D axisymmetric model was written using COMSOL Multiphysics 5.6. Bulk water and 143 

evaporation material were modelled as rectangles (in blue and red, respectively, in Fig. 2). 144 

This basic geometry was adapted to cases 1 or 2 of the study, i.e., without or with an 145 

insulating layer around the beaker, respectively. In this model, the upper surface is 146 

illuminated by a solar radiation, is cooled by convection with air, and evaporates water. On 147 

the sides and bottom, there are only convection and conduction, respectively. 148 
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 149 

Fig. 2. Types of heat exchange at the boundaries of the system: (a) case 1: without insulation; 150 

and (b) case 2: with insulation. 151 

3.1 General equations 152 

In order to simulate the heat and mass transfers existing during the evaporation process, 153 

energy and mass conservation equations were used to obtain the temperature, T, (Eq. 2) and 154 

the volume fraction of liquid in the pores,    (Eq. 3). 155 

The conservation of energy equation describes conductive heat transfer and temperature 156 

changes over time. The energy associated with mass transfer is small and due to the very slow 157 

kinetics of this phenomenon, it has therefore been neglected in this study. This conservation 158 

of energy equation is applied to calculate the temperature in the beaker and in the insulator 159 

(corresponding to case 2). 160 

      

  

  
                

Eq. 2 
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where    (kg m
-
³) is the density,      (J kg

-1
 K

-1
) is the heat capacity, and    (W m

-1
 K

-1
) is the 161 

thermal conductivity of component j (water w, evaporation material m or insulating layer i). 162 

The mass transfer is described by a phenomenon of water diffusion in the porous material 163 

and is not solved in water or in the insulated medium. A transient equation is used in order to 164 

allow the material to dry out and thus reduce surface evaporation when it is no longer 165 

saturated. The equation is obtained by keeping the water liquid inside the material (Eq. 3). 166 

  

   
  

       
       

    
         

Eq. 3 

where    (dimensionless) is the water volume fraction in the evaporation material,    167 

(dimensionless) is its skeleton volume fraction,    (kg m
-
³) is the density of liquid water,    168 

(kg m
-
³) is the skeleton density of the evaporation material, and   (m² s

-1
) is the diffusion 169 

coefficient of water in the evaporation material. 170 

3.2 Boundary conditions 171 

In this section, the boundary conditions used are specified. It should be noted that thermal 172 

continuity conditions are used for the heat equation for all internal boundaries. 173 

3.2.1 Interface between the air and the material 174 

The heat exchange at the surface (Eq. 4) takes into account convection, incoming light 175 

radiation, as well as losses by emission and by water evaporation (Fig. 2). The latter involves 176 

the surface evaporation,        (kg m
-2

 h
-1

), multiplied by the energy consumed to raise the 177 

temperature of water and the enthalpy of vaporisation of water,    (J kg
-1

). 178 

                                                          

       
      

Eq. 4 

with    (W m
-1

 K
-1

) the thermal conductivity of the evaporation material,    (W m
-2

 K
-1

) the 179 

convection coefficient at the surface,       (J K
-1

 kg
-1

) the heat capacity of water,      (K) the 180 

initial temperature of water,       (1000 W m
-2

) the standard solar surface power,      (sun) 181 
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the solar concentration (used to achieve different values of solar power),    (dimensionless) 182 

the emissivity of the material and   (5.67 × 10
-8

 W m
-2

 K
-4

) the Stefan-Boltzmann constant, 183 

and      the unit vector normal to the boundary. 184 

To calculate the convective heat transfer coefficient, the following equation was used: 185 

   
    

  
   Eq. 5 

where Lc is the characteristic length of the surface (which corresponds to the diameter for the 186 

top surface and the height for the side), and Nu is the Nusselt number (plane surface 187 

assumption), which can be calculated as follows: 188 

                   
  

 
   

 
 

   
      

  

 
 
 

 
 

 
Eq. 6 

In Eq. 6, Re is the Reynolds number and Pr the Prandtl number, such that: 189 

   
 

 
 Eq. 7 

in which   is the thermal diffusivity and   the dynamic viscosity of the fluid, here the air. The 190 

Reynolds number is calculated using the following equation: 191 

   
   

 
 Eq. 8 

with u the velocity of air (m.s
-1

) and   is kinematic viscosity (m
2
.s

-1
). 192 

Since    is fitted for the case without any forced convection, the Nusselt number for the 193 

case of natural convection,          , is determined using Eq. 5. Then, a Nusselt number 194 

          , combination of both forced and natural convection, can be calculated [13]: 195 

                     
          

  
 
  Eq. 9 

At the upper surface, the water loss in the diffusivity equation is equal to the evaporation 196 

rate: 197 
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              Eq. 10 

Finally, since water evaporation comes from the difference between the mass concentration of 198 

the surface and the air, then        is calculated as follows [14]: 199 

          

 

 
 
  

     

 
     

  
     

  
  Eq. 11 

where   (18 × 10
-3

 kg mol
-1

) is the molar mass of water,   (8.314 J mol
-1

 K
-1

) is the universal 200 

gas constant,   
     

 (Pa) and   
     

 (Pa) are the water vapour pressures at the local 201 

temperature   (K) and at the air temperature    (K), respectively,    is the water activity,    202 

(%) is the relative humidity and    (m s
-1

) is the convective mass exchange coefficient, 203 

calculated using the Colburn analogy [13]: 204 

   
  

    
 Eq. 12 

  
     

 and   
     

 are calculated from the Clapeyron formula as follows: 205 

  
            

  

 
  

 

  
 

 

 
   Eq. 13 

where   
     

 is the water vapour pressure at the temperature of the environment,    is the 206 

standard pressure of 101 325 Pa and    is the boiling point of water (373.15 K). 207 

3.2.2 Interface between the air and the side of the system 208 

Heat exchange between the air and the wall of the beaker involves convection and 209 

radiation losses: 210 

                                
      Eq. 14 

  

where    (W m
-1

 K
-1

) has the same meaning as in Eq. 1,      (W m
-2

 K
-1

) is the convection 211 

coefficient at the side, and    (dimensionless) is the emissivity of the side. 212 

For forced convection at the side of the system, the following Nusselt expression is used 213 

assuming a vertical cylinder: 214 
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 Eq. 15 

3.2.3 Interface between the weighing scale and the bottom of the beaker 215 

At the interface between the weighing scale and the bottom of the beaker, only a 216 

convective heat flow was assumed, formalised by: 217 

                          Eq. 16 

where      (W m
-2

 K
-1

) is the convection coefficient at the bottom. 218 

3.2.4 Interface between the water and the evaporation material 219 

At the interface between the water and the evaporation material, as the latter is considered 220 

saturated, the liquid fraction is fixed at a value equal to the porosity,  , and thermal continuity 221 

is assumed, i.e.: 222 

     Eq. 17 

3.3 Simulation parameters 223 

Table 2 lists the input parameters used in the simulation, and their symbols, definitions, 224 

units and values considered are also given. 225 

Table 2. Input parameters used in the simulation. 226 

Symbols Definitions Units Values 

  ,   ,   ,    Thermal conductivities of water, skeleton of the 

evaporation material, air, insulating material 

W m
-1

 K
-1 

0.6, 0.32, 

0.0262, 0.043 

   Porosity of the evaporation material - 0.955 

    ,     ,      Heat capacities of water, evaporation material 

and insulating material 

J K
-1

 kg
-1

 4180, 1800, 871 

D Coefficient of diffusion of water inside the 

material 

m
2
 s

-1 
10

-8 

  ,   ,    Density of water, skeleton density of the 

evaporation material, and bulk density of the 

insulating material 

kg m
-3 

1000, 1550, 30 
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   Stefan-Boltzmann constant W m
-2

 K
-4

 5.67 × 10
-8 

   Universal gas constant J mol
-1
 K

-1
 8.314 

   Molar mass of water kg mol
-1 

0.01801 

    Standard pressure Pa 101325 

    Boiling point of water K 373.15 

       ,      Heat transfer coefficients at the surface, the side 

and the bottom 

W m
-2

 K
-1 

5, 5, 1 

       Emissivities of the material and of the side of the 

beaker 

- 0.8, 0.8 

3.3.1 Water activity 227 

Fig. 3 shows the water activity, aw, as a function of water uptake (wt.%). aw was obtained 228 

from the experimentally obtained moisture sorption isotherm, taken from a previous study 229 

[15], and corresponds to the partial vapour pressure of water divided by the standard vapour 230 

pressure of water. From the knowledge of the moisture content inside the material, it was 231 

possible to obtain the partial vapour pressure of water with the water activity, and thus to 232 

calculate the evaporation rate using Eq. 11. Since the evaporation rate is related to the amount 233 

of water at the surface, the WES performance is limited if there is not enough water at the 234 

surface. At 31% water uptake, the water activity is 1, and remains constant for higher water 235 

uptakes. 236 

 237 

Fig. 3. Water activity in the tannin foam as a function of water uptake (after data from [15]). 238 
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3.3.2 Thermal conductivity 239 

Since the porous evaporation material is partially filled with water, its average thermal 240 

conductivity    (W m
-1

 K
-1

) must be calculated taking into account the thermal conductivities 241 

of the material skeleton, water and air: 242 

                  Eq. 18 

where    is the volume fraction of solid in the porous evaporation material,    is the 243 

corresponding volume fraction of gas such that           , and   ,    and    (W m
-1

 244 

K
-1

) are the thermal conductivities of water, material skeleton and air. 245 

3.3.3 Heat capacity 246 

The mass heat capacity of the material,     , varies much with the presence of water but 247 

the effect of air on      can be neglected. Therefore, the volumetric heat capacity was 248 

calculated as follows: 249 

                                                Eq. 19 

where    (kg m
-3

) and      (J kg
-1

 K
-1

) are the density and the mass heat capacity of the 250 

simulated material filled with water, respectively, and       (J kg
-1

 K
-1

) is the mass heat 251 

capacity of the dry, porous, evaporation material. 252 

3.3.4 Vaporisation enthalpy 253 

The enthalpy of vaporisation of water,    (kJ kg
-1

), changes slightly with the temperature 254 

according to [16]: 255 

               
 

       
 
 

 Eq. 20 
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3.3.5 Numerical model 256 

Calculated variables T and    were obtained using the commercial software COMSOL 257 

Multiphysics 5.6. First, a preliminary parametric study on the triangular mesh was carried out 258 

in the first study case (i.e., without insulation) for three meshes comprising 2569 elements 259 

(mesh #1), 2873 elements (mesh #2), and 5553 elements (mesh #3). Since the impact of mesh 260 

size on the results were extremely limited, mesh #2 with 2873 elements was used. Fig. 4a 261 

shows a mesh consisting of 2873 elements for the first study case and 5431 for the second 262 

(Fig. 4b), both refined at the interfaces between water and evaporation material, as well as the 263 

interface between air and the evaporation material, with 100 elements. The rest of the mesh is 264 

created automatically by the software, depending on the physics involved. Using a desktop 265 

computer with a quad-core Xeon E5 coupled with 64 GB of RAM, the model for a system 266 

without insulation is calculated in 1 minute and 5 seconds, while the model for a system with 267 

insulation around the beaker is calculated in around 1 minute and 40 seconds. The simulation 268 

required 90 calculation steps, with a step time self-determined by the software. 269 
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 270 

Fig. 4. Mesh used for the water evaporation system: (a) without insulation (case 1); and (b) 271 

with insulation (case 2). 272 

4 Results and discussion 273 

In order to validate the numerical model, the results of the calculations were compared 274 

with the results of the experiments obtained with the floating tannin-based foam, for the two 275 

cases, i.e., with and without insulation foam. Then, different cases from the open literature 276 

were examined with the proposed model, and the model was modified if necessary, taking 277 

into account the different parameters considered in these former studies. This includes 278 

ambient air temperature, relative humidity, solar power density, convection coefficient, and 279 

system geometry. Overall, the objective is not to reproduce the same results from the 280 

literature but to compare trends. 281 



18 

 

4.1 Validation of the model 282 

Evaporation experiments were conducted without and with insulation (i.e., corresponding 283 

to case 1 and 2, respectively) around the beaker containing the floating tannin foam, under 284 

different solar inputs. To validate the simulation, the external conditions were imported as 285 

input (   and   ) and the duration was set to that of the experiment. The sunlight power was 286 

set to three different values during the same test: 0.7 sun, then 1 sun and finally 1.3 sun, each 287 

for a duration of 3300 seconds for the non-insulated configuration and 3500 seconds for the 288 

insulated configuration. Changing the illumination in the middle of the test allows the 289 

evolution over time of parameters such as temperature and mass loss to be validated when the 290 

power input changes. The results of the simulation were compared to the average of three 291 

experiments and are shown in Fig. 5. 292 

4.1.1 Non-insulated configuration 293 

Fig. 5a shows the vertical section of the configuration without insulation, where 1, 2 and 3 294 

are the temperature measurement points, and Fig. 5b and Fig. 5c show the experimental and 295 

predicted results. 296 
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 297 

Fig. 5. Revolution cross-section of the model water evaporation system in the case where this 298 

system is (a) non-insulated, and (d) insulated; experimental (circles) and simulated (lines) 299 

temperatures for (b) non-insulated and (e) insulated system; and water mass evolution for the 300 

(c) non-insulated, and (f) insulated system. 301 

The experimental evaporation rates are equal to 0.51, 0.70 and 1.01 kg m
2
 h

-1
 with 302 

efficiencies of 49, 47 and 52 % for 0.7, 1 and 1.3 sun, respectively. In comparison, the 303 

calculated evaporation rates are equal to 0.48, 0.74 and 1.03 kg m
2
 h

-1
 with efficiencies of 46, 304 

50 and 53 % for 0.7, 1 and 1.3 sun, respectively. The difference between the simulated mass 305 

of water and the experimental measurements is no higher than 5% (see Fig. 5c). The three 306 

different solar inputs are clearly visible on the temperature curves, showing three successive 307 

jumps. The agreement between measured and calculated temperatures is better in the 308 

evaporation material (point 2) and at the interface between the latter and the water (point 3) 309 

than at the surface (point 1) (see Fig. 5b). This discrepancy at point 1 is attributed to the 310 

setting of the thermal camera (position, emissivity, measurement area) and the estimation of 311 

fitted parameters in the model such as the convection coefficient. The average differences 312 
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between the simulated and experimental temperatures in the first case study are indeed, from 313 

top to bottom, 1.01, 0.69 and 0.44 °C, which shows that the model reproduces the experiment 314 

fairly closely. 315 

4.1.2 Insulated configuration 316 

Fig. 5d, e and f are equivalent to Fig. 5a, b and c, respectively, the only difference being 317 

the layer of insulating material around the beaker. The experimental evaporation rates are 318 

equal to 0.56, 0.82 and 1.19 kg m
2
 h

-1
 with efficiencies of 53, 55 and 61 % for 0.7, 1 and 1.3 319 

sun, respectively. In comparison, the calculated evaporation rates are equal to 0.54, 0.88 and 320 

1.25 kg m
2
 h

-1
 with efficiencies of 52, 59 and 64 % for 0.7, 1 and 1.3 sun, respectively. The 321 

average difference between experimental and simulated masses of water is 8%, so it is higher 322 

than in the non-insulated configuration. The differences for the three temperatures were 2.71, 323 

1.31 and 0.64 °C for points 1, 2 and 3, respectively (Fig. 5d). As in the previous case (Fig. 324 

5b), and for the same reasons, the difference between experimental and simulated surface 325 

temperature is higher (point 1 in Fig. 5d) than for the other two temperatures, in the bulk 326 

(point 2) and at the interface (point 3), which were recorded with thermocouples. However, 327 

the evolution of the water mass over time is fairly well predicted by the model for the three 328 

illuminations tested, as well as the transient thermal evolution that occurs when the input 329 

sunlight changes. 330 

The numerical model has therefore been validated and we can conclude that it can be used 331 

to simulate water evaporation in the following. This validation was done on the basis of the 332 

results obtained with tannin foam, but this material did not show particularly interesting 333 

performances compared to other materials reported in the literature, and for which the 334 

evaporation rate were close to 1.3 kg m
-2

 h
-1

 [17]. We now extend the application of this 335 

model to these more efficient materials in terms of solar evaporation. 336 
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4.2 Study of different cases using the model 337 

Among the large number of evaporation results for different materials and systems in the 338 

literature, some phenomena and techniques are discussed repeatedly. The aim of this section 339 

is to test the behaviour of our model when applied to the cases seen in the literature. Those 340 

cases can be a good source of inspiration for the design of an efficient evaporation system. 341 

For all studies considered, unless otherwise specified, the temperature of the air was set at 20 342 

°C with a relative humidity (HR) of 50 %. The initial temperature of all components was also 343 

set at 20 °C. 344 

4.2.1 Impact of ambient conditions 345 

The previous section 4.1.2 has shown the significant impact of the beaker insulation on the 346 

system performance, which indicates a dependence of the performance on the ambient 347 

conditions. In order to better understand their impact, several parametric studies on the 348 

exchanges between the air and the material (i.e., air temperature, relative humidity, 349 

convection and solar input) were carried out using the numerical model. The evaporation 350 

performance was calculated from the final results, which correspond to a steady state. 351 

4.2.1.1 Air temperature 352 

The first parameter that has an impact on the evaporation rate is the ambient air 353 

temperature, which can be easily measured and controlled. In the simulation, we set the 354 

relative humidity at 50 % with natural convection, and a parametric study was conducted on 355 

the air temperature. 356 

Fig. 6a shows the simulated evaporation rates for different values of air temperature, and 357 

the corresponding evaporation efficiency. With increasing temperature, the evaporation rate 358 

increases significantly, leading to changes of about 0.15 kg m
-2

 h
-1

 and 10 % efficiency for a 359 

temperature change of 10 °C, which may be a reasonable change over a whole day. 360 
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Evaporation in the dark is also likely to change, as it is also shown in the same figure for three 361 

different temperatures (taken from [4]). 362 

 363 

Fig. 6. Simulated evaporation rate as a function of: (a) air temperature at 50% HR, with the 364 

corresponding experimental evaporation in the dark (taken from [4]); and (b) relative 365 

humidity of the air at 20 °C. In each case, some data of experimental evaporation rate in the 366 

dark are also given: (a) at 3 different temperatures at 50% HR; and (b) at 3 different HR at 23.6 367 

°C (from [4]). 368 

4.2.1.2 Relative humidity 369 

The relative humidity (HR) is considered in Eq. 11 and it also has an impact on the 370 

evaporation rate at 20 °C, which was studied by varying the HR from 10 to 90 %, with a 10 % 371 

step. Fig. 6b shows the evaporation rate and efficiency as a function of HR. Lower HR 372 

increases the evaporation rate and efficiency, for instance the evaporation rate increases from 373 

0.60 kg m
-2

 h
-1

, with an efficiency of 40 % at 90% HR, to 0.72 kg m
-2

 h
-1

, with an efficiency of 374 

49% at 10 % HR. Although HR is a factor that has a significant impact on evaporation rate and 375 

efficiency, it is easier to control and can simply be recorded as an ambient parameter. The 376 

effect of HR at 23.6 °C on the evaporation rate in the dark is also plotted for three HR values 377 

for reference (from [4]). 378 
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4.2.1.3 Heat exchange with air by convection 379 

Insulating the system increases evaporation performance by increasing the temperature and 380 

thus the evaporation rate [18], as shown when validating our model in section 4.1.2. Although 381 

convection increases the heat exchange of the system with the air [19], which means that there 382 

is more heat loss (Eq. 4, Eq. 14 and Eq. 16), convection also increases the evaporation rate    383 

(Eq. 11 and Eq. 12) with or without solar illumination. Here, three types of forced convection, 384 

with and without insulation, are tested by adjusting the convection coefficients to three air 385 

flow rates. These three flow rates are 0.15, 0.30 and 0.6 m s
-1 

which corresponds to a heat 386 

exchange coefficient at the evaporation surface hc of 6.8, 9 and 12.4 W.m
-2

.K
-1

. Fig. 7 shows 387 

the surface evaporation rates in the dark and under 1 sun illumination with their 388 

corresponding efficiencies as a function of the air flow rate, with and without insulation 389 

around the beaker. 390 



24 

 

 391 

Fig. 7. Simulated evaporation rate: (a) without, and (b) with insulation for several air 392 

velocities.         and    are evaporation rates in the dark and under 1 sun, respectively. 393 

Heat exchange flux (such that losses take negative values) at different material surfaces: (c) 394 

without and (d) with insulation, as a function of air velocity. 395 

Forced convection improves water evaporation performance in the dark and in the light, 396 

which means that although heat loss increases with convection, the evaporation rate benefits 397 

more. Insulation around the beaker also improves evaporation in darkness and light. Despite 398 

slightly reducing the slope of the trend line (compare Fig. 7b and Fig. 7a), beaker insulation 399 

gives the same results by increasing convection. As shown in Fig. 1c and Fig. 7d, the 400 

insulation reduces the amount of heat exchange between the material and the bulk water as 401 

well as between the material and its side, which is divided by 3 in the insulated case. The 402 
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global heat exchange between the air and the evaporation surface is lower in the insulated 403 

case than in the non-insulated case. Considering that the solar input is the same, this is 404 

consistent with the evaporation results. The more water evaporates, the more heat is 405 

transferred to the air, and the less heat reaches the material surface. Overall, insulation can 406 

only reduce the heat loss from the sides of the beaker, , which does not have as much impact 407 

on evaporation as convection at the surface of the material. Nevertheless, convection may 408 

improve evaporation in a large open area when a much larger evaporation surface is used, so 409 

it is an interesting factor to consider when evaluating evaporation performance. 410 

4.2.1.4 Solar power and efficiency 411 

One of the most mentioned phenomena in the literature is the increase in evaporation 412 

efficiency with increasing solar energy [20,21]. Many papers show results with illuminations 413 

above 1 sun as solar energy input [22–28]. Fig. 8 shows evaporation rate and efficiency 414 

results from the literature as a function of solar power concentration. The more power there is 415 

on the WES, the higher is the efficiency. 416 
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 417 

Fig. 8 Evaporation rates (E.R.) and evaporation efficiencies for different solar concentrations, 418 

as reported in the literature: (a) and (c) for a wood-based material [20] (reproduced from Ref. 419 

[20] Copyright (2017), with permission from Wiley); and (b) and (d) for an improved 420 

bamboo-based material [21] (reproduced from Ref. [21] Copyright (2020), with permission 421 

from Elsevier). 422 

Based on these articles, Fig. 9a shows the simulated evaporation rate and efficiency for our 423 

system. The efficiency increases from 49 to 67 % when the illumination increases from 1 to 7 424 

sun and so the evaporation rate increases from 0.7 to 6.9 kg m
-2

 h
-1

. It is important to note 425 

that, according to Eq. 1, if the efficiency had remained constant, the evaporation rate at 7 suns 426 

would have been 4.9 kg m
-2

 h
-1

 (only 7 times the evaporation at 1 sun). With a 15 % increase 427 

in efficiency from 1 to 7 sun for our system, Fig. 8c showing a 12 % increase and Fig. 8d a 14 428 
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% increase for both systems from the literature, the increase in efficiency with the solar power 429 

concentration is consistent. 430 

 431 

Fig. 9 (a) Simulated evaporation rate and simulated efficiency for different solar 432 

illuminations. (b) Evolution of the simulated evaporation rate    with surface temperature, 433 

according to Eq. 11 and Eq. 13 (blue line), with the results of temperature and evaporation 434 

rate at different solar illuminations (black dots). 435 

Natural convection alone cannot be the only cause of the increase in efficiency and, 436 

although the enthalpy of vaporisation also changes with the temperature according to Eq. 20, 437 

it produces only a slight increase in the evaporation rate. The main cause of the increase in 438 

efficiency is the surface temperature, which increases steadily with increasing illumination. 439 

As   
     

 is a function of temperature (Eq. 13), the latter plays a major role in the evaporation 440 

rate (Eq. 11). Fig. 9b shows that the evaporation rate increases exponentially with surface 441 

temperature while it increased linearly with illumination (Fig. 9a). 442 

4.2.2 Increase of the exchange area with air 443 

Several studies have shown that increasing the evaporation area effectively increases the 444 

performance of the system [4,7,29]. One of its consequences is a decrease in surface 445 
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temperature, due to the fact that sunlight is then scattered over a larger area and the exchange 446 

with air is higher, thus reducing the local heating and thus the temperature. This technique has 447 

already been explored in the literature [4], as shown in Fig. 10, with a carbon-coated paper 448 

placed on a polystyrene foam. By increasing the receiving area (Fig. 10d and Fig. 10e) the 449 

evaporation rate also increases (Fig. 10c). 450 

 451 

Fig. 10 (a) Geometries used in the literature for increasing the exchange area; (b) surface 452 

temperature of the flat surface= 180°); (c) experimental evaporation rate for the different 453 

surfaces (dots) and the theoretical limit of evaporation at 1 sun (lines); (d) surface temperature 454 

when = 37.8°; and (e) surface temperature when = 22.9°. Reproduced from Ref. [4] 455 

Copyright (2018). 456 

Based on this work, we have modified the geometry of our model to represent the increase 457 

in surface area in the simulation. A conical geometry, not identical but close to the geometry 458 

illustrated in Fig. 10a, was chosen for its simplicity to be captured by the axisymmetric 459 

model. With such a geometry, we can easily conduct a parametric study on the height of the 460 

cone. For that purpose, a variable N has been created, which is written as follows: 461 

  
 

 
 Eq. 21 
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where h (m) and r (m) are the height and the radius of the base of the cone, respectively. This 462 

allows the cone height to be easily fixed in the simulation and to produce a parametric study 463 

with integer values. The solar power, initially 1 kW m
-2

 at the base of the cone, is decreased 464 

when the tip of the cone is stretched as this increases the area. A coefficient   (dimensionless) 465 

is defined to account for the corresponding scattering of the solar power. It represents the 466 

increase in surface area when changing from a flat surface to a conical surface and is 467 

calculated as follows: 468 

  
     

     
 

   

           
 

 

     
 Eq. 22 

where       (m
2
) is the area of the base of the cone and       (m

2
) is the lateral area of the 469 

cone. Therefore, the power concentration at the surface of the cone reads:  470 

          Eq. 23 

  

where    (kW m
-2

) is the surface solar power arriving on the material, and      (kW m
-2

) is 471 

the surface solar power arriving from the sun. A with the decrease in power concentration, the 472 

evaporation rate increased, as the evaporation rate is still determined by the flat surface that 473 

receives the sunlight (     ). Fig. 11 shows the conical geometry used in the simulation with 474 

the parameters introduced previously, for three values of N. With the increase of the 475 

parameter N, k decreases, which reduces the solar power density. 476 
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 477 

Fig. 11 Conical geometry used in the simulation, here shown for three parameters N: 0 (flat), 478 

2 and 3. 479 

Fig. 12a shows the simulation results of evaporation rates and efficiencies by varying N 480 

from N = 0 (flat surface) to N = 8, applying the model presented here. The temperatures are 481 

also shown for each simulated cone. It can be observed that the evaporation rate and the 482 

efficiency increase linearly with N while the surface temperature decreases. This observation 483 

is contrary to the previous study, which showed that the evaporation flux increases with the 484 

surface temperature. It can also be observed that the evaporation rate decreases with 485 

increasing the area of the cone (Fig. 12b). The calculation of the performance of the system, 486 

concerning evaporation, is not related to the exchange area but to the area at the base of the 487 

structure. By calculating the flux related to the base, we observe an increase in the evaporated 488 
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flux as a function of N and therefore of the exchange area (Fig. 12b). It is also observed that 489 

the ratio 1/k between the exchange area and the area at the base increases linearly with N (Fig. 490 

12c), which shows the direct relationship between the evaporation area and the evaporated 491 

flux related to the base of the cone. Overall, the increase in evaporation area is beneficial, 492 

since it doubles the efficiency from N = 0 to 8, passing from 44 to 88%. It should be noted 493 

that these efficiencies were calculated using Eq. 1, which does not take into account the heat 494 

exchange with the air, but only the solar illumination input and the evaporation rate output. 495 

However, such an improvement could have limitations, for example, a slender geometry 496 

with N = 8 could be difficult to produce. Another possible geometry could be a recessed 497 

spherical area, which might be easier to manufacture [30]. With such a geometry, the surface 498 

allows the same kind of reduction of heat loss with air, but also a reduction of radiation loss, 499 

since the light beam is partially reflected inside the sphere. Such a system could achieve 1.65 500 

kg m
-2

 h
-1

 for a solar illumination of 1 sun [30]. 501 

 502 
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 503 

 504 

Fig. 12. (a) Simulated evaporation rate (left axis) and efficiency (right axis) calculated using 505 

Eq. 1, for different values of N (N = 0 corresponding to a flat surface), and surface 506 

temperature (colour bar code) as a function of geometry change; (b) evaporation rate 507 

calculated with the base area as a reference and using the cone area as reference; and (c) 508 

variations of k and 1/k with the increase of surface area. 509 
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4.2.3 Insulation under the material 510 

Due to the natural shape of some materials, it is not possible to use them alone for 511 

evaporation and therefore an additional material must be used to maintain the evaporative 512 

surface above the water [5,31–35]. This can be a standard foam for thermal insulation, which 513 

has the ability to float on water but also allows less heat exchange with water due to its very 514 

low thermal conductivity. This was done by Xu et al. [31], whose system is shown in Fig. 515 

13a, where a mushroom was placed on a polystyrene foam support. The path taken by the 516 

water to evaporate is in the centre of the insulation foam, where a hole has been made to allow 517 

the mushroom to touch the water. Similarly, Fig. 13b shows another type of WES that has 518 

paper wrapped around an insulating foam [36] to allow water to be transported through the 519 

sides of the system to an evaporation surface at the top. 520 

 521 

Fig. 13 (a) Mushroom-based water evaporation system on a floating polyurethane foam 522 

support, reproduced with permission from Ref. [31]. Copyright 2017, Wiley-VCH; (b) a WES 523 

using paper around an insulation foam, reproduced from Ref. [36]. Copyright (2016), with 524 

permission from National Academy of Sciences. 525 

Inspired by these two uses of insulating foam, we studied two configurations, one where 526 

the insulator is located in the core of the evaporation material, with water transport taking 527 

place at the sides, and the other where the insulator is located around the material, with water 528 
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transport taking place through a hole in the foam. These configurations are shown in Fig. 14a 529 

and Fig. 14b, respectively. 530 

 531 

Fig. 14. Simulated temperature of the system with the insulation layer located: (a) in the core, 532 

with peripheral water transport, and (b) at the periphery, with a central hole for water 533 

transport. Both configurations have the same radius and height ratio of the supporting foam to 534 

the evaporation material. 535 

Thus, the evaporation material is positioned on the insulating/floating foam, and water 536 

transport is allowed either through a central hole or through the periphery. To study the 537 

impact of the foam, parametric studies were conducted on the effects of varying the radius 538 

(Ri) and the height (hi) of the insulating foam.    and    represent the ratios of the radius and 539 

heights of the foam to those of the evaporation material (see Eq. 24 and Eq. 25 and Fig. 15). 540 

   
  

  
 Eq. 24 

   
  

  
 Eq. 25 

where Rt and ht are the radius and the height of the evaporation material, respectively. The 541 

higher    and   , the larger the foam and the more space it takes under the material.      542 
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with      thus correspond to the case without insulation layer. The variations of Nr for the 543 

two configurations are represented in Fig. 15. 544 

Adding an insulation layer under the evaporation material should theoretically improve 545 

performance as more heat is retained on the surface. However, the addition of insulation 546 

limits the transport of water to the surface, so a balance must be struck between heat and 547 

water management. The simulation shows that increasing the size of the insulation, both in 548 

radius and in height, increases evaporation to a certain point, where it reaches its maximum, 549 

and then water transport limits the performance. The diffusion coefficient of water in the 550 

evaporation material plays an important role in the dimensions of the insulation material that 551 

can be used. 552 
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 553 

Fig. 15. Top: Cross-section of revolution of the evaporation system shown in Fig. 14b with 554 

insulation at the periphery for: (a) Nr = 0.1 and Nh = 0.6, and (b) Nr = 0.9 and Nh =0.6; (e) 555 

system with its notations, and (f) results of evaporation rate for different values of Nr and Nh 556 

for insulation at the periphery. Bottom: Cross-section of revolution of the evaporation system 557 

shown in Fig. 14a for: (c) Nr = 0.1, and Nh = 0.6, and (d) Nr = 0.9 and Nh = 0.6; (g) system 558 

and its notations, and (h) results of evaporation rate for different values of Nr and Nh. 559 

Fig. 15a, b and e show the simulation performed when insulation at the periphery was 560 

considered. Fig. 15f shows the increase in performance with the values of     and   , up to 561 

certain points where the insulation takes up too much space and therefore not enough water 562 

can be transported to the upper surface, thus limiting the evaporation rate. Fig. 15c, d and g 563 
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show the case of insulation in the centre. In this case, as shown in Fig. 15h, increasing the 564 

size of the insulating foam in both directions increases the evaporation, and as in the first 565 

case, up to a certain maximum after which it no longer increases. However, in this case, the 566 

evaporation rate starts to decrease at higher values of     and   . This is due to the peripheral 567 

transport of water, which spreads over a larger area compared to the hole in the centre. 568 

Therefore, to obtain the same kind of proportion between the volume of the evaporation 569 

material and the volume of the insulator, the radius of the insulating foam must be higher. 570 

Nevertheless, this geometry, with a thin layer around the insulator, is limited by the 571 

possibilities of preparation. A sheet of paper, like the one presented above, is feasible but a 572 

foam-like product like our tannin foam would be impossible to cut so thin. Overall, the 573 

peripheral insulation with Nr = 0.9 and Nh = 0.4 achieves an evaporation rate of 0.87 kg m
-2

 h
-

574 

1
, while the central insulation with Nr = 0.95 and Nh = 0.9 gives 0.85 kg m

-2
 h

-1
. 575 

These observations may be clues to making evaporation systems more efficient, since the 576 

thermal conductivity of evaporation materials is strongly influenced by the amount of water 577 

inside their porous structure. Having an additional insulating layer to prevent heat exchange 578 

with water results in a higher evaporation rate, when water supply to the surface is not a 579 

problem. However, this can also be an obstacle when comparing materials. Again, it is 580 

essential to consider the whole system, with all the parameters and appropriate geometry, to 581 

study its evaporation efficiency. 582 

 583 

5 Conclusion 584 

A two-dimensional axisymmetric model, validated for temperature and water mass 585 

evolutions by experiments on a solar water evaporation system based on tannin foam, has 586 

made it possible to study the impact of different operating parameters on the performance of 587 

this type of system. As present, the tannin foam is of no interest in this type of system. This is 588 
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due to the fact that the open porosity of the foam is saturated with water, which considerably 589 

limits its insulating properties. 590 

We have shown that air temperature, relative air humidity and the type of air convection 591 

around the system all have an impact on the evaporation rate. When the air temperature 592 

increases from 20 to 50 ° C, the evaporation rate is doubled, while a large change in relative 593 

humidity has very little impact on performance. In addition, a system where the beaker is 594 

insulated increases the performance of our material by 15 % on average, and increasing the 595 

convection at the evaporation surface significantly increases the evaporated flux. This study 596 

on the experimental conditions shows the need to approach the experimental conditions 597 

recommended by Li et al. [10] with the air temperature of 25 °C and the relative air humidity 598 

of less than 60 %, all in a breeze-free environment. Additionally, the cone study shows that 599 

increasing the exchange area allows the evaporation rate of the system to be increased, which 600 

is a considerable potential improvement for future development. 601 

Finally, the addition of a thermal insulation layer to the evaporation material, with two 602 

possible positions for the water transport channel, either at the centre or at the periphery of the 603 

axisymmetric system, proved effective, providing good thermal insulation to prevent energy 604 

from going to the water while not impeding water transport. With thermal insulation at the 605 

periphery, Nr of 0.9 and Nh of 0.4 are the best parameters, while Nr of 0.95 and Nh of 0.9 is the 606 

optimal combination when the insulation is in the centre of the system. 607 
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