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ABSTRACT

A two-dimensional axisymmetric finite element model of a solar evaporator based on a tannin foam
has been developed using COMSOL Multiphysics. This model includes a set of boundary
conditions and mass transfer within the porous structure. Experiments were conducted to validate
the model as the parameters changed over time. Using the model, the effects of light absorption at
the surface, water diffusion inside the material, and the thickness of the material and the insulating
wall were investigated. We showed that a 38% decrease in evaporation rate was observed when
water diffusion does not allow sufficient transport of water to the surface. In addition, an increase
in light absorption from 0.8 to 0.9 increases the evaporation performance by 12% and insulation of
the exterior does not yield significant changes. A final section of the article focuses on the temporal
evolution of water evaporation in several locations around the world. We concluded that hot and
dry climates have the highest evaporation potential. Among the cities studied, the highest
theoretical evaporation for this biosourced foam was predicted for Dubai, 5342 kg.m™2, followed

by Cairo, 4723 kg.m™.

Keywords: Simulation; Biosourced material; Solar energy; Solar evaporation; Porous media; Heat

and mass transfers
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Nomenclature
a  []

¢ [TK'kg']
D [m?s']

E []

hc [W In'z K-l]

hy  [kIkg']

Hr  [-]

k  [ms]

M [kg mol']
P [Pa]

Pso [W.m?]

R [Jmol' K]
T [K]

Tret [K]

Special characters

e []

A [Wm! K]
¢ [-]

p [kgm?]

n [

c [Wm?ZK*
[£¢ [-]
Subscripts

a

b

1

m

s

sat

v

w

0

Water activity
Heat capacity

Coefficient of diffusion of water inside the material
Emissivity of the material and of the side of the beaker

Heat transfer coefficients
Enthalpy of vaporisation
Relative humidity

Convective mass exchange coefficient

Molar mass of water
Pressure

Average solar illumination
Universal gas constant
Temperature

Reference temperature

Volume fraction

Thermal conductivity
Porosity

Density

Efficiency
Stefan-Boltzmann constant
Tortuosity

Ambient
Bottom
Component 1
Material
Side
Saturation
Vaporisation
Water
Reference
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1 INTRODUCTION

Due to global warming, increasing world population and river pollution, drinking water resources
will become scarcer in the coming years. By 2050, 3.9 billion people, or more than 40% of the
world’s population, will be living in watersheds under severe water stress [1]. To solve this
problem, in addition to reducing consumption, several complementary approaches could be
developed, including storage and/or recovery and treatment of water unsuitable for consumption.
One of the water purification strategies is direct evaporation by a passive evaporation system, using
solar energy to recover salty and/or polluted water. Indeed, some materials called photothermal,
once placed on the surface of water, have the ability to absorb solar energy and accelerate its
evaporation, thus transforming between 80 % and 90 % of the solar energy received into water
vapour [2]. Water evaporation systems improve evaporation compared to a system without
materials and therefore have attracted much attention and a wide variety of materials have been
developed [3].

Heat transfer is the driving force of the evaporation phenomenon and its study is the key to optimize
performance of the evaporation process [4—6]. A water evaporation system consists of a material
that has high absorption of light radiation to allow maximum utilisation of the incoming energy. In
the literature, three configurations have been proposed. The first configuration consists of an
absorbing material placed at the bottom of the water [7,8]. In the second configuration, the material
is dispersed in the water as a powder, giving a black tint to the bulk water [2,9]. In the last and most
efficient configuration, the material is placed on top of the bulk water. In this case, after absorption
of sunlight, the heat must remain at the top of the material, where evaporation occurs, to increase
the surface temperature and thus the vapour pressure. To keep the heat at the evaporative surface,

thermal insulation is placed between the bulk water and the evaporative material [10]. In this case,
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thin materials such as cotton or other water transport media can be used to transfer the bulk water
to the evaporation interface [11]. Therefore, the thin material is placed on an insulating layer to
allow it to float and increase the evaporation rate [12,13]. Alternatively, some materials such as
wood show good insulating and water transport properties, and they can be placed in direct contact
with bulk water. By using India ink to enhance the sunlight absorption of basswood, a production
of 1.6 kg.m2.h! under 1 sun illumination was achieved [14]. Another example achieved 1.5 kg.m"
2.h! under 1 sun illumination with a flame-treated coconut [15]. 3D structures have also been used
to increase the exchange area with reported values higher than 10 kg.m2.h! [16,17]. Although
numerical simulations have been implemented for solar evaporation systems [18-20], they have
been limited to verifying certain aspects of their design, such as temperature distribution, airflow
velocity, water diffusion or geometry.

Most of the studies reported in the open literature focus on the development of materials from a
chemical or structural point of view without addressing the impact of material properties on the
overall performance. In order to understand the phenomena undergone and to optimise these
systems, a two-dimensional axisymmetric model of a tannin-based foam solar evaporator was
developed in a previous study [21], including a set of boundary conditions and water transport in
the porous medium. The latter study helped to validate the previously recommended conditions for
measuring evaporation performance [22], namely an air temperature of about 25 °C and a relative
humidity of less than 60 %.

The present study utilises the previously used tannin foam with an optimised configuration. In our
previous study [21], the foam was placed directly on top of liquid water, whereas here the foam is
placed on top of an insulator to limit the downward heat loss and increase the surface temperature
of the foam. The previous model has been modified accordingly and is used to study specific

material properties, such as sunlight absorption, water transport and thickness of the porous
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structure and the insulating wall. In a first step, the validation of the model against the experimental
data is performed with a cyclic evolution of lighting conditions to simulate the day and night phases
and, in a second step, a parametric study is performed on the material properties and the geometry
of the system. Finally, a temporal study of evaporation during a summer day for the city of Paris is
performed. This is followed by the determination of water evaporation over a full year and the
study of the impact of latitude, temperature and relative humidity for several cities around the world

using our tannin-derived foam.

2 MATERIALS AND METHODS

2.1 EVAPORATION MATERIAL

The tannin used to produce the foam was extracted from the bark of the mimosa tree (Acacia
Mearnsii) using an industrial process, and the synthesis of the foam from this tannin is described
elsewhere [23,24]. The foam was then cut to the appropriate size (58 mm diameter and 2 mm thick)

and can be seen in Figure 1.
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Tannin foam

‘) —

Thermal camera

Figure 1. Experimental setup with a photo of the tannin foam in the upper right frame.

2.2 EXPERIMENTAL PROTOCOL AND MEASUREMENT METHODS

The experiments were conducted using a solar light simulator (SOLAR LIGHT LS-1000) to
illuminate a beaker (60 mm diameter) filled with distilled water: see Figure 1. The tannin foam
was on a cotton layer wrapped around a polystyrene foam for insulation between the evaporation
and water surfaces. The system was placed on a Sartorius ENTRIS balance accurate to the
milligram to monitor the overall mass of the system and thus the evaporation rate. In addition, a
thermal camera (OPTRIS PI) pointing to the top of the beaker was used to measure the surface
temperature. Ambient temperature and humidity conditions were also monitored during the

experiment using a sensor placed in the room. The solar simulator was first calibrated to deliver
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1000 W.m™ of solar light and the beaker was wrapped with the insulation layer and filled with
water and, the evaporation system was placed on its surface. It was then positioned on the balance
to record the evolution of the water mass over two six-hour cycles (Figure 2a), during which the
sunlight was switched on for the first three hours and off for the last three hours. The evolution of
the mass over time was used to calculate the evaporation rate and to compare the experimental
results to those predicted by the numerical model. The evolution of heat and mass could thus be

followed with the variation of the solar concentration.

a) é é é é g é é éRadiative flux b)

Evaporator _.-~
Radiative loss b
. -7 %
Evaporation

L4
L d
L d
L4
L d

Water diffuser
Insulation

—(Between water and evaporator)

—
|r ~

—

Bulk water
_——

INININ

—> Convection
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=

s

1

Conduction R N\

Figure 2. a) Types of heat exchange at the boundaries of the water evaporation system and b)

mesh used for the numerical simulation.

The overall system efficiency was calculated using Eq.1.

Y hv vil™ Ire
n= m| +cp_PS(T Tref)] Eq. 1
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with h,, the vaporisation enthalpy (kJ.kg"), c,,,, the thermal capacity of water vapour (J.kg''.K-
"), Tyes the reference temperature (273.15 K), P; (W.m™) the sunlight power on earth per unit area

and m (kg.m2.h™") the evaporation rate, calculated as follows :

m = slfos F,,dS Eq. 2

with S; (m?) the projected area that is irradiated by sunlight, S, (m?) the evaporation surface and
F,, the boundary mass flux calculated later in Eq.10.

In the literature, a typical result is an evaporation rate coupled with an efficiency, for a given
solar energy concentration. Theoretically, an efficiency of 100 %, knowing that the enthalpy of
evaporation of water is 2450 kJ.kg™! (at standard temperature and pressure), gives an evaporation
rate 1 of 1.47 kg.m?2.h"! for a received solar energy of 1 sun. This represents the theoretical
evaporation limit for these conditions, if the material were perfect. It should be noted, however,

that this does not take into account the thermal exchanges with the exterior.

2.3 PHYSICAL AND NUMERICAL MODEL

COMSOL 6.0 was used to build a 2D axisymmetric model of the system. Rectangles were used to
model the bulk material and water (red and blue in Figure 2, respectively). Heat transfers occur in
the overall geometry while mass transfers occur only in evaporative material. Boundary conditions
at the surface include solar illumination, air convection and water evaporation. Air convection
occurs at the sides and conduction occurs at the bottom. All input parameters used for the system

simulation are gathered in Table 1.
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2.3.1 General equations for the evaporative material

The mass transfer was described by the diffusion of water into the material. A transient equation
was used to allow the material to dry out and thus reduce surface evaporation when it is no longer
saturated. This equation was obtained by maintaining liquid water inside the material (Eq. 3).

oe = 0(8 Pv)
pwa—t‘+V.(mw+mV)=—% Eq. 3
where ¢&; is the liquid volume fraction, &g is the gas fraction, p,, is the density of liquid water (kg.m
%), py 1s the density of vapour (kg.m™?) and m,, and m,, are the mass fluxes of water and vapour

(kg.m2.s"), such as :

m,, = —p,D, Ve Eq. 4
e DVS g v
m, = —pgijz—g Eq. 5

where pg is the density of gas defined as a mixing of dry air and vapour at atmospheric pressure
(kg.m?), D,, (m2.s) is the diffusion coefficient of water in the material, D,, (m?.s!) is the diffusion
coefficient of vapour in the air, ¢ (dimensionless) is the porosity of the material and 7o
(dimensionless) the tortuosity of the material.

The heat and mass transfer that occurs during the evaporation process was simulated using two
state variables, the temperature, 7, and the volume fraction of liquid in the pores, &, with the energy
and mass conservation equations (Eq. 3 and Eq. 6, respectively). The energy associated with mass

transfer was assumed to be negligible due to the very slow kinetics of this phenomenon.

oT — — —_ —_)
pmcp,m H + V. (_)‘mVT + mwcp,w(T - Tref) + mv[cp,v(T - Tref) + hv])

6(8 Pv)
= Xty Eq. 6
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where p,, is the density of the material (kg.m™), ¢, ., is the thermal capacity of the material (J.kg"
LX), Ay, is the thermal conductivity of the material (W.m™'.K'"), ¢, , is the thermal capacity of
water (J.kg'.K™"), T, is the reference temperature (273.15 K), ¢, , is the thermal capacity of the
vapour (J.Lkg''.K"), h, is the vaporisation enthalpy (kJ.kg™') and p,, is the density of the vapour
(kg.m™)

2.3.2 General equations for bulk water, beaker and insulation

In the other parts of the system, the beaker, the bulk water and the outer insulation as well as the

insulation between the water and the material, there is only heat transfer:
pici 3 + V. (-A,VT) = 0 Eq. 7
where p; is the density (kg.m?), c,; is the thermal capacity (J.kg'.K') and 4; is the thermal

conductivity (W.m™'.K-!) of the component i (water, beaker or insulation).
2.3.3 Boundary conditions

At the surface boundary (Eq. 8), the heat exchange takes into account air convection, sunlight
radiation and heat loss due to water evaporation. The latter involves the energy required for
evaporation (enthalpy of vaporisation of water, h, in J.kg'') multiplied by the evaporation rate m
in kg.m2.h'!.

—1. (—AnVT) = he(T, — T) + Fy[cpy (T — Trep) + hy] + P + Eo(T,* —T%)  Eq. 8
with A, (W.m'K") the thermal conductivity of the material, h, (W.m?2.XK-") the convection
coefficient at the surface, T, (K) the air temperature , E,, (dimensionless) the emissivity of the
material and o (5.67 x10-® W.m2.K*) the Stefan-Boltzmann constant. —7 represents the unit vector
normal to the boundary.

At the upper surface, water evaporation was described by the following equation:
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—1. (my, +m,) = Fy, Eq. 9
Finally, F, was deduced from the difference between the water concentration at the material

surface and the air and was calculated as follows [25]:

M P“’/‘;sat P;/,sat
Fin = —Kn 3 (“:—a,, — Hg - ) Eq. 10

where M (18 x 1073 kg.mol") is the molar mass of water, R (8.314 J.mol'!. K-!) is the universal gas
constant, Po°*" (Pa) and PY** (Pa) are the water vapour pressures at the local temperature, T (K),
and at the air temperature, T, (K), respectively, a,, (dimensionless) is the water activity, Hg (%) is

the relative humidity and k,,, (m.s™!) is the convective mass exchange coefficient, calculated using

the Colburn analogy [26]:
h,
kn = 1000 Eq. 11

Besides, Py°% and P}**" were calculated from the Clapeyron formula as follows:

v,sat __ h, 1 1
P/t = P, exp (R M (TO T)) Eq. 12

where P, is the reference pressure, 1 atm, and Ty, is the boiling point of water, 373.15 K.

The heat exchange between the air and the insulation takes place by convection and radiation:
—1i. (=AVT) = h (T, — T) + Eqo(T,* — T*) Eq. 13
where A; is either 4,,, 1, or A;, depending on the location, h.; (W.m2.K") is the convection
coefficient on the side and E (dimensionless) is the emissivity of the beaker side.

At the interface between the balance and the bottom of the insulation, only a convective heat flow

was assumed:
—1i. (=2, VT) = h, (T, — T) Eq. 14

where h.;, (W.m2.K1) is the convection coefficient at the bottom of the beaker.
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At the interface between the water and the material, as the material was considered saturated, the
liquid fraction was set equal to the porosity, and thermal continuity was assumed.

g=@ Eq. 15
where ¢ is the porosity of the material.

The calculated variables, T and ¢;, were obtained by using the commercial software COMSOL
Multiphysics 6.0. A mesh consisting of 1517 elements was used (Figure 2b) to model the entire
system (beaker, insulation foams, water and evaporation material). The evaporating surface area
was divided into smaller elements to have a better accuracy, and 59 elements were used for this
purpose. The rest of the mesh was created automatically by the software, depending on the physics
involved. An internal parametric study on the number of mesh elements was performed. The mesh
presented here offers the most interesting compromise between simulation time and calculation
accuracy. Using a desktop computer with two Xeon Silver 4214R CPUs (24 cores) combined with

256 GB of RAM, the model was computed in 48 seconds.

Table 1. Input parameters used in the simulation.

Symbols Definitions Units Values
Aws Ass Aqs Thermal conductivities of water, skeleton of the W m™ K™! 0.6, 0.32,
Aims Ap evaporation material, air, insulating material and 0.0262, 0.043,

beaker 1.38
1) Porosity of the evaporation material - 0.955
Cpws Cpws Cp,s> Heat capacities of water, vapour, evaporation JK'kg! 4180, 1890,
Cp,im> Cp b material, insulating material and beaker 1800, 871, 703
D, Coefficient of diffusion of water inside the m’ s 10°®
material
D, Coefficient of diffusion of vapour in the air m’ s’ 2.82x 107
Pw> Ps» Pi Density of water, skeleton density of the kg m™ 1000, 1550, 30

evaporation material and bulk density of the
insulating material

o Stefan-Boltzmann constant W m?K* 5.67 % 108
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R Universal gas constant Jmol™ K! 8.314

M Molar mass of water kg mol™! 0.01801
Py Standard pressure Pa 101325
Ty Boiling point of water K 373.15
T, Air temperature K 293.15
Tref Reference temperature K 273.15
he hep Heat transfer coefficients at the surface and the ~ W m? K! 10, 1
bottom

En Emissivity of the material - 1

H, Relative humidity - 0.5
T Tortuosity - 1.3

3 RESULTS AND DISCUSSION

3.1 MODEL VALIDATION

In order to validate the model, experiments were conducted and the ambient conditions of these
experiments (T, and H,) were set as parameters in the simulation. Figure 3 shows the simulated
and experimental results of the temperature, measured at the evaporation surface, as well as the
simulated and experimental evolution of the water mass of over time.

During the first phase of illumination, the evaporation rate is 1.17 kg.m2.h"! and the average surface
temperature reaches 35°C after the three-hour period. During the second period, when the sunlight
is switched off, the evaporation rate is 0.34 kg.m™2.h"! and the average surface temperature after
three hours is about 18°C. Overall, the cycles are well visible and the simulation fits for the
evolution of the water mass well. The calculated surface temperature shows a slight difference,
which is due to temperature variations. We can therefore validate the model and conclude that it

can be used to simulate the behaviour of the evaporation system over time.
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Figure 3. (a) Experimental (red dots) and simulated (blue line) mass changes, and (b)
experimental (red dots) and simulated (blue lines) surface temperature for a 12h experiment with

alternating periods of sunlight and darkness of 3 hours each.

3.2 PARAMETRIC STUDY

3.2.1 Solar flux absorption coefficient

One parameter that can vary depending on the type of material is the absorption of sunlight by its
surface. Typically, materials achieve absorption values above 95% for maximum solar energy
utilisation [2,27,28]. A parametric study was conducted to investigate the impact of this parameter
on performance.

Figure 4a shows the evaporation rate and efficiency as a function of surface absorption of sunlight.
A gain of 0.1 in sunlight absorption results directly in a gain of 0.1 kg.m?2.h! in evaporation rate
and 5% in efficiency. This represents a loss of evaporation performance of 11%, which means that

the improvement in surface absorption makes sense.
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257 Figure 4. (a) Simulated evaporation rate and efficiency for different solar flux absorption
258 coefficients; and (b) simulated top and lateral evaporation rates for different values of porous
259  structure thickness. (¢) Simulated maps of water activity in the foam for three different heights (3
260 cm, 6 cm and 10 cm).
261  3.2.2 Thickness of the porous structure
262  Some types of materials allow for different thicknesses to be chosen during manufacture. Wood,
263  for instance, can be set to a certain thickness [29], while a lotus leaf has a fixed thickness [11,30].
264  For a material with a controlled thickness (wood, foam etc.), there is an optimal value for its use
265  as an evaporation material. Figure 4b shows the simulated evaporation rate and efficiency as a
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function of thickness, from half a centimetre to several centimetres. Overall, the evaporation rate
increases with the material thickness, but a local maximum can be seen at 3 cm. This is due to the
fact that, with increasing material height, water transport starts to be a limiting factor. In addition,
the thicker the foam, the higher the evaporation area. Thus, until water transport becomes a limiting
factor, the evaporation rate increases. For thicknesses greater than 3 cm, water transport is limited,
so that only lateral evaporation increases until a maximum is reached and water can no longer
progress through the foam. However, this does not increase the overall evaporation rate since the
evaporation rate at the surface decreases with thickness This is clearly visible in Figure 4c¢ for the
6 cm and 10 cm cases. The water activity at the surface is low, meaning that the surface is dry. For
3 cm, the water activity is still close to 1, so evaporation is still possible. The increase in evaporation
with thickness up to a certain point correlates with recent studies that have been conducted to

harness the maximum transportability of water [16].
3.2.3 Diffusion coefficient of liquid water

Diffusion within the evaporative material is essential, because even if energy management at the
surface is effective, insufficient water will prevent evaporation from occurring, as it has been
shown in 3.2.2. To simulate the unavailability of water at the surface, a parametric study of the
water diffusion coefficient within the porous structure was conducted.

Figure Sa shows the results of the evaporation rate and efficiency as a function of the diffusion
coefficient. Little change is visible when water transport is sufficient (above 10 m.s™"). However,
below this value of diffusion coefficient, the evaporation rate is strongly impacted by the limited
water transport, decreasing from 1.0 kg.m2.h! to 0.6 kg.m2.h'! for a diffusion coefficient of 10~
m.s"'and 1071 m.s”!, respectively. This phenomenon can be explained by the fact that, with a low

diffusion coefficient, the water does not reach the surface (Figure 5d), resulting in a decrease in
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evaporated flux (Figure Sb) and an increase in surface temperature (Figure 5c). After 2 hours, the

surface of the foam is completely dry for a diffusion coefficient of less than 10 m.s™!, while the

water uptake stabilises at 86%, which still allows water to reach the surface, for a coefficient of 10

" m.s.
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Figure 5. (a) Simulated evaporation rate and efficiency for different values of water diffusion

coefficient; and (b) transient evolution of evaporation rate; (c), surface temperature; and (d) water

uptake for different values of the water diffusion coefficient.
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3.2.4 Thickness of the insulating wall

Since external conditions affect evaporation performance [21], it may be worthwhile to add a layer

of insulating foam to focus on studying the performance of the material at the surface where

evaporation occurs. Figure 6a shows the performance of the system as a function of the thickness

of the insulating foam, with a thermal conductivity of 0.043 W.m™'.K"!, around the beaker. The

evaporation rate increases until it stabilises at about 1.04 kg.m.h"!, which represents a 4% increase

compared to the system without thermal insulation. This is due to the fact that energy is no longer

lost through the sides of the material, which increases the surface temperature and thus the

evaporation rate (Figure 6b). However the increase is minimal compared to a previous study [21],

because an additional insulating layer is used between the water and the evaporating material.

Exchanges through the side of the beaker are carried out with already insulated bulk water.

a) 1.2
Tannin foam on insulation
0 ¢ 83888 38 33
~ Tannin foam on water
T 0.8
>
s 0.6
S5
g 0.4
0.2 1 Layer in experiments
0.0 T T T T T T T T
01 2 3 4 5 6 7 8 9 10

Insulation layer (cm)

b)

Surface temperature (°C)

40

30

201

101

Tannin foam on insulation

$§ 8 8 ¢ 8 o o 8 o o
Tannin foam on water
Layer in experiments

01 2 3 4 5 6 7 8 9 10

Insulation layer (cm)

Figure 6. (a) Evaporation rate and efficiency; and (b) surface temperature as a function of the

thickness of the insulation around the beaker (0 cm is the case without insulation, and the vertical

line represents the case for a 3 cm insulating layer, used in the experiment).
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3.3 Water evaporation potential

In the literature, experimental measurements are performed in a controlled environment with
constant simulated solar radiation, or outdoors in a chamber (or under a bell jar or in a solar still)
subjected to solar radiation that varies throughout the day. This section proposes to simulate the
behaviour of the evaporator illuminated by real solar radiation and to estimate the potential water

evaporation of this system if it were located in large cities in the northern hemisphere.
3.3.1 Temporal evolution in Paris

Figure 7 shows the evolution of solar radiation, efficiency, surface temperature and evaporation
rate for four 21% of the month, from winter to summer solstice. Sunshine data from Paris (France
— Latitude 48°51'12") were used [31] as well as air temperature and humidity data throughout 2021
[32]. As expected, the evaporation rate increases with solar radiation. It should be noted that a
phase shift is observed between the solar radiation and the evaporated flux. Indeed, the maximum
evaporation does not occur at the time when the solar flux is the most important, the maximum is
at 13h for evaporation while the solar flux is maximum at 12h. It should be noted that solar time is
considered here, i.e., for which the sun is at its zenith at noon. Considering the calculation of the
efficiency (Eq. 1), the value calculated at the beginning and end of the day is inconsistent because
it implies a sunshine close to 0. Nevertheless, an overall increase in efficiency is observable during
the day and is maximal in the afternoon (Figure 7b). The increase in efficiency at the beginning
and end of the day can be explained by Eq. 1, which shows a decreasing illumination until it reaches
zero, thus mathematically increasing the efficiency value. This phenomenon and the observed
phase shift are due to the temperature at the evaporation surface increasing with the concentration

of solar radiation (Figure 7a) and the thermal energy stored in the material (Figure 7¢), which
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enhances evaporation (Eq. 10 and Eq. 12). The total potential evaporation on a summer day (21

June) is 12 L per m? of the present tannin foam.
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Figure 7. (a) Simulated hourly evolution of solar radiation; (b) efficiency; (c) surface temperature

and (d) evaporation rate in Paris (France — Latitude 48°51'12"). Four 21% of the month were

selected over the year: December, February, April, June.
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3.3.2 Annual potential water evaporation for different locations on earth

Figure 8 shows the annual and monthly evaporation per unit area simulated for different locations
on the planet. In these calculations, direct radiation is changed as well as local air temperature and
humidity, taken throughout the year [32]. The monthly calculation was made for a typical day
corresponding to the 21% of the month in order to take into account the summer and winter solstices.
The annual calculation was performed by summing the evaporated quantities of all months of the
year, the monthly value being considered constant. The monthly results show significant variations
with the latitude of the city studied. Indeed, cities located near the poles show almost no
evaporation during winter and evaporation close to other latitudes during the summer, since the
sun shines almost all day in Reykjavik in summer time, for example (Figure 9a). On the contrary,
cities located near the equator offer similar evaporation performance all year round, about 8.5 kg.m"
2 for Quito from December to June, which is due to the constant illumination throughout the year
(Figure 9g). Indeed, between the northernmost capital city, Reykjavik, and a city located on the
equator, Quito, there is a 76% increase in annual evaporation. However, evaporation is not only
related to latitude, as local ambient conditions, relative humidity and temperature also have a
significant impact on evaporation, as has been shown previously [21]. Dubai, for instance, is
located 25° north of Quito and has a 72% higher annual evaporation, which is due to the fact that
the local air is much drier and the average temperature is higher throughout the year, as shown in
Figure 9e and Figure 9h.

In Figure 8b, we can observe that the simulated annual freshwater production increases at low
latitudes with an arid climate, with the highest theoretical evaporation located in Dubai with 5342
kg.m2, followed by Cairo with 4723 kg.m™. For the other cities selected, Beijing, Paris or Moscow,

evaporation decreases with latitude. Figure 8d shows that the annual amount of water produced is
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not directly linear with latitude, as warmer climates have higher evaporation values compared to
the trend observed for other cities as a function of latitude. This Figure shows that there can be a
dispersion in the amount of water recovered for the same latitude. Figure 8e shows that the main
factor impacting on the amount of water produced is temperature with a linear trend with the annual

average temperature and therefore with the climate.
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Figure 8. (a) Map [33] of locations used to estimate simulated (b) yearly and (c) monthly

evaporation per unit area over the planet (air temperature and relative humidity are set to local
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Figure 9. Simulated evolution of: (a), (d) and (g) solar radiation; (b), (¢) and (h) surface

temperature; and (c), (f) and (i) evaporation rate in Reykjavik (top), Dubai (middle) and Quito

(bottom).
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4 Conclusions

Using a two-dimensional axisymmetric model that was validated for temperature and water mass
changes as a function of time, several phenomena were explored. These included the effect of three
material properties: water diffusion coefficient, material thickness and surface light absorption
coefficient. Foam thickness, diffusion coefficient and light absorption have been shown to be key
factors. By increasing the area available for evaporation, thickness directly increases the
performance until the material can no longer diffuse water. The diffusion coefficient allows for the
presence of liquid water, because if it is too low, not enough water can be transported to the surface,
and light absorption improves energy consumption and therefore performance. The study of the
thickness of insulation around the measuring system shows that evaporation is no longer improved
above a certain thickness and that the presence of insulation between the bulk water and the
evaporation surface decreases the usefulness of the added insulating layer around the beaker.

A typical summer day in Paris was also evaluated, and we show that the theoretical potential
amount of water evaporated would be 12 L per m? of foam area, using the (non-optimised) rigid
foam used here to validate the model. The simulated evolution of the evaporation rate at different
locations of the planet shows that latitude has a significant impact on the performance in winter.
Ambient temperature and humidity conditions also play a major role in evaporation performance.
Dubai, for instance, is located 25° north of Quito and has 72% higher annual evaporation, which is
due to the fact that the local air is much drier and the average temperature is higher throughout the
year.
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