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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• CFD model couples heat, mass, fluid 
transport within improved AGMD 
formalism

• Model validated with seawater AGMD 
experiments at feed temperature up to 
60 ◦C

• Optimal AGMD module design strongly 
depends on assembly (single vs. multi- 
module)

• Assessed productivity of a full-scale 
system of 3 series-connected AGMD 
modules

• Direct solar heating increases AGMD 
full-scale system productivity up to 230 
%
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A B S T R A C T

Air-gap membrane distillation (AGMD) is used to extract volatile compounds from a heated feed solution, 
through a porous hydrophobic membrane, into a cooled compartment, then recovered by condensation. AGMD is 
a promising technology for desalination and aqueous concentration, but its scale-up is limited by incomplete 
physical descriptions of the module physics. This work proposes a new CFD-based multiphysics framework to 
design AGMD full-scale plate-and-frame modules for freshwater extraction. The three physics features comprised 
within an AGMD module are first formalized: (i) the flow of a solution in contact with a porous membrane; (ii) 
gas mixture (vapor) transport through a porous membrane; (iii) vapor condensation on a (vertical) surface. They 
are thus combined into a consistent formalism of the AGMD module physics, with a particular focus on gas 
transport built upon the Maxwell-Stefan theory, which is here improved to account for medium vapor saturation. 
Model predictions are validated experimentally against lab-scale AGMD data for feed temperature up to 60 ◦C. 
The model is then employed to assess full-scale flat-sheet modules, connected in series, and enhanced with direct 
solar heating. Simulations reveal that system productivity is highly sensitive to configuration (single vs. multi- 
module; bulk solar vs. direct solar heating), with optimal productivity achieved with considerably different 
module compartment design and process parameters. When enhanced with direct solar heating, system optimal 
productivity can increase by up to 230 % compared to standard configurations. This formalism provides a robust 
basis for AGMD modules design and prior to their effective integration into real-world desalination system.
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1. Introduction

Freshwater scarcity is a worsening problem affecting billions of 
people [1,2], which prompts a paradigm shift into the management of 
vital water resources alongside the development of innovative technical 
solutions for wastewater treatment [3], groundwater use [4] or water 
storage [5], to quote a few. Among the explored solutions [6], desali
nation processes make it feasible to exploit high-salinity solutions 
including seawater, which is arguably the most abundant and available 
source of water on the Earth’s surface. However, desalination methods 
(e.g. via distillation) [7,8] are sometimes considered inefficient in terms 
of salt separation rates and energy needs, difficult to implement on a 
large scale and/or economically challenging [9]. Moreover, concerns 
are growing about the environmental footprint of desalination, and 
therefore an increasing number of studies investigate the use of sus
tainable energy sources (e.g., solar energy) for water treatment [10]. 
Meanwhile, in the field of desalination, membrane-based technologies 
are gradually gaining ground, as they emerge as efficient, sustainable, 
and promising processes for water purification, among other uses (e.g. 
brine extraction) [11,12].

Membrane distillation (MD) is a separation process that uses a hy
drophobic porous membrane to extract volatile compounds from a 
liquid feed stream while preventing liquid phase from passing through 
[13,14]. Permeation of volatile compounds is generally induced by a 
vapor pressure difference created by an imposed temperature or pres
sure gradient, concentration gradient (e.g., osmotic pressure difference), 
or even by an electric field applied across the membrane [15–18]. MD 
technologies are therefore well suited to desalination and water purifi
cation, as they can notably offer high salt and non-volatile contaminant 
retention rates, with extensive number of works proposing improve
ments in their technical, economic, and environmental efficiency 
[19,20]. Representative MD configurations include direct contact 
membrane distillation (DCMD) modules, where permeation occurs from 
a heated feed liquid stream, through the membrane, into a cooled 
permeate liquid stream [21,22]. Improving the classical DCMD process, 
air-gap membrane distillation (AGMD) systems extract volatile com
pounds (e.g. water vapor) from the liquid feed through a (micro)porous 
membrane into a chamber containing a stagnant gas, with the permeate 
recovered via an integrated (or associated) condensation process 
[23,24]. Compared to a DCMD module, the gas gap between feed and 
cooling channel in AGMD should improve the thermal efficiency of the 
process by reducing the temperature polarization effect, which then 
allows to work at a lower feed temperature while maintaining a relevant 
permeate production rate [25,26].

In line with previous concerns, this work proposes a new compre
hensive model to assess and optimize the performance of AGMD pro
cesses by specifically focusing on the core module physics, with the view 
of developing large-scale modules suitable for real-scale uses, such as 
wastewater treatment or desalination. As a starting point for module 
development, a large number of previous works propose models of 
AGMD physics, often relying on laboratory-scale experiments to cali
brate and evaluate their predictions over a range of operating conditions 
(e.g., temperature, feed solution velocity, density) [27–32]. Most of 
these recent works apply a similar theoretical approach to formalize 
heat and mass transfer in an AGMD, which is essential for predicting the 
efficiency of a potential module – i.e., permeate production versus en
ergy consumption –, making extensive use of analytical approximations 
to express the fluxes (e.g., using an analogy of a thermal resistance- 
equivalent circuit). These approximations consist mostly in consid
ering the liquid and gaseous phases within an AGMD module as media 
with isotropic properties, which gives satisfactory predictions for small- 
scale modules and/or operating conditions involving often relatively 
small temperature gradients throughout the module (cf. e.g. [26]). 
Consequently, designing a module at the pilot or real scale [33] or with 
innovative operation (e.g., with passive flows [34]) necessarily involves 
tackling the limitations of the aforementioned standard models, and 

thereby revisiting the physics of AGMD processes.
An AGMD system can be modelled as the convolution of three 

physical processes: the flow of a solution in contact with a porous wall 
[35,36]; the transport of gas (vapor) through a porous media [37,38]; 
the water vapor condensation on a (vertical) wall [39,40]. These three 
features are still the subject of active research and need to be treated 
with care when they are interwoven to describe the complex physics of 
large-scale AGMD systems, especially wherever usual approximations 
would not hold (e.g., linear variation of the temperature throughout a 
module [33,34,41]). For the sake of exemplification, recent studies 
discuss the advantage of considering dropwise condensation as a more 
appropriate and/or desired mechanism for collecting permeate in an 
AGMD system, instead of or in conjunction with filmwise condensation 
on a cooling plate surface (module-internal condenser) [40,42]. Overall, 
to address the AGMD multiphysics, it is necessary to handle an analytical 
formalism that requires the use of advanced numerical methods to 
provide accurate projections about module efficiency as a function of its 
configuration and operating conditions [43,44].

In this work, the authors introduce a comprehensive multiphysics 
formalism for AGMD that unifies the description of heat flux, liquid flow, 
vapor transport, and condensation within a single framework. Unlike 
conventional models that rely on simplified analytical approximations 
[27], this approach explicitly resolves the coupled heat and mass 
transfer equations with complete spatial discretization of AGMD module 
physics, extending from classical formulations [13,45] to incorporate 
advanced effects, such as the Soret contribution (thermodiffusion) [46] 
and medium vapor saturation constraints [47]. Theoretical de
velopments first address the physics of an AGMD module in a general 
way, so that it can be transposed to various feed, coolant and gas phases 
compositions, and different module dimensions, thereby providing a 
basis for future studies on MD processes of interest.

In the scope of this work, the new theoretical framework is applied to 
the specific case of pure water extraction from a seawater feed solution 
via AGMD. In particular, the CFD model is used to predict permeate 
production from the scale of a laboratory AGMD module, to that of 
potential large-scale implementations. Experiments on water purifica
tion with a standard laboratory-scale AGMD module are carried out to 
evaluate the CFD model accuracy and highlight its limitations. The au
thors explore different AGMD module dimensions and operating con
ditions (feed and coolant velocity, temperature, salt density), to sort out 
the most impactful parameters that can be optimized to increase 
permeate production while limiting thermal energy consumption. 
Finally, the CFD model is used to evaluate the effectiveness of promising 
designs which have recently been the focus of growing interest: multi
stage AGMD system [32,48] and coupling with solar energy supply 
[49,50]. The current work focuses on module design and does not 
consider techno-economic constrains [51], which would arise at later 
stages of real systems development.

2. Modification of Maxwell-Stefan theory for AGMD

2.1. Setting the stage

In the followings, the authors adopt a 2D cross-sectional represen
tation of an AGMD module as depicted in Fig. 1. According to usual 
representations [25,31], the module is represented by parallel, adjacent 
rectangular channels of length L (m): the feed liquid channel (F), iso
lated by the membrane (M) from the air-gap (AG), bordered by a 
condensing plate (CP), cooled by contact with the coolant channel (C), 
with thicknesses noted δF (m), δM (m), δAG (m), δCP (m), and δC (m), 
respectively. The AGMD module representation is associated with a 
cartesian coordinate system (O, x→, y→, z→), centered at the top left corner 
of the module (feed channel inlet, Fig. 1), where x→ is the unit vector 
parallel to the membrane surface and pointing in the direction of the 
gravity vector g→, y→ the unit vector normal to the membrane surface, 
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and z→ the unit vector normal to the plan of Fig. 1. In line with common 
MD model assumptions [52], the variations of physical variables char
acterizing heat and mass transfer in the AGMD system along (O, z→) are 
neglected. The temperature T(x, y) (K) and the absolute pressure p(x, y)
(Pa) in the module are hereafter described as functions of the x-axis and 
y-axis position (x, y) in (O, x→, y→, z→) only.

Within a general framework for molecular diffusion (not specific to 
aqueous solution AGMD) [53,54], the gas phase in (M) and (AG) is 
assumed to be constituted of N compounds i, each characterized by a 
molar weight Mi (mol kg-1), a molar fraction xi(x, y), a mass fraction 
ωi(x, y), a partial pressure pi(x, y) (Pa) and a saturation pressure psat,i(T)
(Pa) associated with a saturation molar fraction xsat,i = psat,i/p. In 
addition, the air-gap is considered to be open to an isotropic external 
environment characterized by a pressure pamb (Pa) and a temperature 
Tamb (K), whose default values are those of the ambient environment, 
101,350 Pa and 20 ◦C, respectively. These values are assumed to be the 
initial pressure and temperature for the gas phase in (M) and (AG), and 
the values for the external environment.

To demonstrate the capabilities of the theoretical framework, the 
model is applied to the specific case of extraction of pure water from a 
seawater feed solution via AGMD under typical conditions [26,30], i.e., 
with an air-gap at atmospheric pressure and temperature ranges for feed 
between 20 ◦C and 80 ◦C, and a coolant solution at 20 ◦C. Additionally, 
the authors consider the use of a seawater type solution as coolant, with 
the same composition than the feed (cf. §4). The physicochemical pa
rameters of seawater solution have been extensively studied over the 
past decades [55–60]. Notably, the work by Sharqawy et al. [61,62] 
offers an overview of semi-empirical expressions which give estimations 

of the mass density ρs (kg m-3), the specific heat Cp,s (J kg-1 K-1), the 
thermal conductivity ks (W m-1 K-1), and the viscosity μs (Pa s), as 
functions of the pressure, temperature, and salt density. Importantly, 
these semi-empirical expressions provide accurate approximations with 
error less than 3 % over a temperature range from 0 ◦C to at least 100 ◦C 
and a salinity range from 0 to at least 150 g/kg [61,62], which are 
reasonable ranges for the MD device studied in this work. Subsequently, 
the authors adopt the equations from references [61, 62] to calculate 
ρf,c, Cp,s, ks, and μs as functions of T(x, y) and c(x, y) in the feed and 
coolant channels, and the heat diffusivity coefficient αs (m2 s-1) deter
mined as αs = ks/

(
ρs⋅Cp,s

)
(see Supplementary Material – SM, section A).

In view of the commonly used module components [45,52], the 
membrane is assumed to consist of a single layer of hydrophobic porous 
material (e.g., PVDF [63]) with isotropic structural properties, charac
terized by a porosity factor εM, a pore tortuosity τM, and a pore average 
radius rM (m). The tortuosity of membrane pores is assumed to be linked 
to the porosity of the material according to the empirical relation τM =

((2 − εM)/εM )
2, suitable for membrane distillation representation [64]. 

In addition, the membrane material is assumed to contain solid spherical 
inclusions (pellets) that participate in heat conduction along with the 
gas phase in (M) [65]. In that case, the effective thermal conductivity of 
the membrane kM (W m-1 K-1) is better represented by a Maxwell Type I 
equation (for low dense porous material εM ≥ 0.85 [66]), 

kM = kg

(
km + 2kg

)
+ 2(1 − εM)

(
km − kg

)

(
km + 2kg

)
− (1 − εM)

(
km − kg

) (1) 

where km (W m-1 K-1) and kg (W m-1 K-1) are the thermal conductivity of 
the membrane material and of the gas phase inside the membrane (and 
the air-gap), respectively. The thermal properties of the air-water gas 
mixture in (M) and (AG) (cf. §2.2.2) are estimated using classical kinetic 
theory for (nonpolar) gases, as functions of the temperature [67]. In a 
simpler way, the effective heat capacity of the membrane Cp,M (J kg-1 K- 

1) is defined by 

Cp,M =
εMρgCp,g + (1 − εM)ρmCp,m

εMρg + (1 − εM)ρm
(2) 

where Cp,g (J kg-1 K-1) and Cp,m (J kg-1 K-1) are the heat capacities; ρg (kg 
m-3) and ρm (kg m-3) are the mass densities; εM and (1 − εM) are the 
volume fractions of the gas and membrane material, respectively. The 
expressions (1,2) are used to calculate the effective heat diffusivity co
efficient of the membrane αM (m2 s-1), defined as αM = kM/

(
ρM⋅Cp,M

)
, 

considering the effective mass density ρM (kg m-3) given by ρM = εMρg +

(1 − εM)ρm.

2.2. Modified Maxwell-Stefan formalism for AGMD system

This section presents the equations governing heat and mass trans
port at each position (x, y) of an AGMD system as depicted in §2.1, 
describing separately the solution flow in (F) and (C) (§2.2.1), the gas 
transport in (M) and (AG) (§2.2.2), and the vapor condensation on (CP) 
(§2.2.3). Notably, the authors propose a modified Maxwell-Stefan 
model for gas transport in (M) and (AG) that accounts for vapor me
dium saturation. Overall, the authors establish an extensive formalism 
for the multiphysics of an AGMD module which describes an open sys
tem in which the spatial dependence of the physical variables is explicit, 
and the physical continuity between (F-M-AG-CP-C) and the external 
environments is ensured by local discrete boundary conditions (§2.2.4). 
Here, the formalism is built with limited use of the usual linear ap
proximations (e.g., equivalent thermal resistance to describe heat 
transfer [52]) wherever this is not justified by the operating parameters 
and module dimensions of interest, e.g., for high feed temperatures (cf. 
§3) and meter-long and centimeter-thick modules (cf. §4). Eventually, 
the entire formalism was implemented in a computational fluid 

Fig. 1. (a) 2D cross-sectional representation of an air-gap membrane distilla
tion module, in the coordinate system (O, x→, y→), with (b) a focus on the mass 
and heat flux within the module and at its boundary. (a) The module length, L 
(m), feed channel thickness, δF (m), cooling plate thickness, δCP (m), air-gap 
thickness, δAG (m), membrane thickness, δM (m), and coolant channel thick
ness, δC (m) are indicated. Feed and coolant streams flow along the abscissa axis 
(O, x→), in parallel with the gravity vector g→. The ordinate axis (O, y→) is normal 
to the membrane surface. (b) In the AGMD system, the feed and coolant stream 

flow in counter current direction (white arrow). (b) The vapor flux jtot,w
̅̅→

that 
permeates though the membrane is assumed to condense on the cooling plate 
surface, forming a film of (horizontal) thickness δfilm(x); then, the liquid 
condensate flows out of the module under the gravity effect. The plain black 
lines in (a) and (b) indicate the limits where heat and mass fluxes are assumed 
to be zero along the direction normal to these module boundary surfaces. 
Conversely, the dotted green lines in (a) and (b) indicate the boundaries where 
heat and mass normal fluxes are allowed, representing the inlet/outlet of the 
systems. In (b) is indicated the module boundary parameters: the inlet feed and 
coolant temperature Tin,f,c, inflow velocity vf,c,0, inlet salt density cf,c,0, and 
boundary temperature Tamb, pressure Pamb, and component i mass fraction 
ωamb,i at (AG) opening; see details in §2.2.4. (b) For scenario detailed in Figs. 6 
and 7, a direct solar heating is applied to the feed channel wall, which is 
effectively represented by an additional inlet diffusive heat flux along (F) wall.
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dynamics (CFD) simulation, enabling numerical solutions and pre
dictions of AGMD module performance (§2.3).

2.2.1. Feed and coolant flow
Based on MD classical representations [68], the flow regime in the 

feed and coolant channels in an AGMD module (Fig. 1) is governed by 
the Navier-Stokes equations. To establish a robust and flexible model 
with regard to feed and coolant composition and temperature, the liquid 
phases within the modules are formally considered as weakly 
compressible fluids characterized by space-dependent physicochemical 
properties (e.g. density, viscosity), which translates into 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

∇
→

•
(
ρf,c v→

)
= −

∂ρf,c

∂t

ρf,c

(
∂ v→

∂t
+ ( v→• ∇

→
) v→
)

= − ∇
→p+

+∇
→

•

[

μf,c

(

∇
→ v→+ (∇

→ v→)
T
−

2
3
(∇
→

• v→)I
)]

+ ρf,c g→

(3) 

where v→ is the liquid-phase velocity field vector (m s-1), p the absolute 
pressure (Pa), ρf,c the density (kg m-3), and μf,c the dynamic viscosity (Pa 
s) of the solution at position (x, y) in feed and coolant channel, ac
counting for the gravity acceleration g→ (m s-2). In the notation used 
above, I is the identity matrix, ∇→ and ∇→• denotes the gradient and 
divergence operators, respectively, and ∇→ v→ is a tensor.

The flow of feed and cooling fluids directly impacts on solution 
temperature and solute concentration, which in turn affects vapor 
permeation through the membrane [21,69]. The eq. (3) for fluid motion 
is then coupled with convection-diffusion equations to describe solute 
transport in (F) and (C) (Fig. 1): 

∂cf,c

∂t
= ∇

→
•
(
Df,c∇

→cf,c − v→cf,c
)

(4) 

where cf,c and Df,c are, respectively, the solute molar density (mol m-3) 
and diffusivity coefficient (m2 s-1) at position (x, y) in (F) and (C). In the 

same way, the temperature is governed by 

∂T
∂t

= ∇
→

•
(
αf,c∇

→T − v→T
)

(5) 

where αf,c (m2 s-1) are the thermal diffusivity coefficients at position 
(x, y) in (F) and (C). Eqs. (3–5) describing heat and mass transport are 
interrelated by expressing energy conservation in (F,C) – the relation
ship is not reported here, for sake of brevity [45].

Here, the authors consider seawater type solutions in (F) and (C) and 
so the parameters ρf,c, μf,c and αf,c are determined using semiempirical 
expressions given in SM-A, which describe their (implicit) dependency 
to the position (x, y) (cf. §2.1). Following common assumptions [13,45], 
the properties of the seawater-type solution are assimilated to those of 
an aqueous solution with a density of 35 kg m-3 of dissolved NaCl. Then, 
the authors rely on the semi-empirical expression of Wilke and Chang 
[70] to express the salt diffusion coefficient in the aqueous feed and 
coolant Ds (m2 s-1), as defined by eq. (S7) (SM-B). In SM section B, the 
authors argue that other expressions can be used depending on the na
ture of the solution, and also highlight the temperature dependence of 

the physicochemical properties for aqueous salt solutions (Fig. S1).
To summarize, eqs. (3–5) combined with eqs. (S1-8) express the 

interdependence between the velocity field, temperature field, and so
lute distribution, and provide a rigorous representation of the hydro
dynamic behavior of the feed and cooling solution, which is particularly 
relevant wherever the spatial gradients of the physical variables are 
exacerbated, e.g., in a large-scale module (cf. §4).

2.2.2. Vapor permeate flow in membrane and air-gap
In classical representations of AGMD systems [14], the permeate is 

produced by vaporization of volatile species from the feed solution in 
contact with a hydrophobic porous membrane. The gas phase in (M) and 
(AG) is considered to be composed of a “stagnant” gas, e.g., air, supplied 
from the external environment (cf. §2.1), and volatile compound(s) (e.g. 
aromatic compounds [43]) originating from the feed solution. In the 
considered AGMD system (Fig. 1), the temperature difference between 
the heated feed and cooled air-gap then drive the transport of the 
gaseous phase through the membrane and the air-gap [21,22]. The 
diffusive and convective flow of volatile compounds in the (M) and (AG) 
is also affected by the pressure and composition of the medium [71], as 
well as the external conditions at the open boundary of the AGMD sys
tem with the (ambient) external environment (cf. §2.2.4).

The heat transport in the membrane and air-gap is also represented 
by a convection-diffusion equation, such as T at a given position (x, y) in 
(M) and (AG) is governed by 

∂T
∂t

= ∇
→

•
(
αM,g∇

→T − u→T
)

(6) 

where αM,g (m2 s-1) is the heat diffusivity coefficient of either the 
membrane, using eqs. (1,2), or the air-water gas mixture in (AG) [67], 
and u→ (m s-1) is the velocity field for the gas phase, which is assumed to 
be continuous between (M) and (AG). Similarly, u→ is described differ
ently between the air-gap, which is governed by a Navier-Stokes equa
tion for compressible fluid (cf. eq. (3)), and within the membrane, where 
the gas flow is necessarily constrained by the medium porosity εM, and 
the flow velocity is better represented by the Brinkmann equation [13]

where μg (Pa s) is the gas mixture viscosity [72]. In eq. (7), κ (m2) is the 
membrane permeability to convective flux that could be estimated using 

the Ergun expression κ = (2rM)
2ε3

M/
[
150(1 − εM)

2
]

for non-Darcian 

flow and assimilating the membrane to a packed-bed of pellets [73]. 
Please note that the equation for fluid motion in the air-gap can be 
formally derived from eq. (7) by taking εM = 1.

According to common representations [27], the gaseous phase inside 
(M) and (AG) is first assumed to act as an ideal gas mixture which tends 
to equilibrate with the external environment (Fig. 1), without consid
ering additional constraints that could generate forced convection of the 
vapor, e.g., gas injection in the case of sweeping gas membrane distil
lation [74]. For the sake of generality, each molecular component i is 
considered to be subjected to a mass convective flux jc,i

̅→
(kg m-2 s-1) 

expressed as [53] 

jc,i
̅→

= ρgωi u→ (8) 

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

∂
(
εMρg

)

∂t
+ ∇
→

•
(
ρg u→

)
= 0

ρg

εM

(
∂ u→

∂t
+ ( u→• ∇

→
)

u→

εM

)

= − ∇
→p + ∇

→
•

[μg

εM

(

∇
→ u→+ (∇

→ u→)
T
−

2
3
(∇
→

• u→)I
)]

−
(

κ− 1μg

)
u→+ ρg g→

(7) 
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where ρgωi (kg m-3) correspond to the mass density of component i, and 

u→ (m s-1) is governed by eq. (7). Thus, jc,i
̅→

contribution to the total flux 
could be negligible in the air-gap, e.g., under isobaric conditions. Within 
the membrane, vaporization of volatile compounds at the feed/mem
brane interface (cf. §2.2.4) induces a pressure gradient which, in turn, 
generates locally a convective flow (cf. §3 and §4).

To represent the diffusive mass transport in (M) and (AG), the au
thors employ the so-called Maxwell-Stefan model [75] that describes the 
multi-diffusion of gaseous (or liquid) mixtures of molecules, which are 
assumed to be non-interacting, i.e., assuming no state change or chem
ical transformation of compounds [76]. In the gaseous phase confined 
between the feed/membrane interface (F/M) and the condensate film 
surface (Fig. 1b), the mass diffusive flux jd,i

̅→
(kg m-2 s-1) of a volatile 

compound i among a gas mixture with N compounds, is first expressed 
through the generalized Fick equation [53,54,71,77] 

jd,i
̅→

= − ρgωi

∑N

k=1

(
D̂k,idk

→)
− DT

i
∇
→T
T

(9) 

where the index k holds for any compounds of the mixture (including i), 
D̂k,i (m2 s-1) is the Fick multicomponent diffusion coefficient for a gas 
pair (k, i) or Fick self-diffusion coefficient for k = i, and DT

i (kg m-1 s-1) is 
the so-called thermodiffusion coefficient [78] of species i at temperature 
T, which can be estimated using the semi-empirical formula provided by 

Bartlett et al. [79]. In eq. (9), dk
→

(m-1) denotes the driving force for the 
diffusion of a component k, and its expression is derived from consid
erations about the free Gibbs energy of the gas mixture [80] 

cgRTdi
→

=xicg

(
∑N− 1

k=1

(
∂Gi

∂xk

)

T,p
∇
→xk

)

+(xi − ωi)∇
→p− ωiρg gi

→
+ωi

∑N

k=1
ωkρg gk

→

(10) 

where cg (mol m-3), and ρg (kg m-3) are, respectively, the molar and mass 
concentration of the gas mixture, and Gi (J mol-1) the partial molar 
Gibbs free energy, i.e., the chemical potential of species i. The species of 
index N is conveniently assigned to the solvent. The expression (10)
encompasses three physical contributions that drive diffusion (from left 
to right): the composition gradient; the pression gradient; and the 
external forces effect, represented by the force vector gi

⇀ . It is important 
to recall that, according to eqs. (9,10) (cf. work by Curtiss et al. [54]), 
the diffusion flows of each component are interdependent, such as 
∑N

k=1dk
→

= 0, 
∑N

k=1ωk D̂k,i = 0 and 
∑N

k=1DT
k = 0.

As discussed by Ekström [81], gi
⇀ (m s-2) represents the friction 

exerted by the pore wall on the molecules i while diffusing in the porous 
membrane (cf. §2.1), following the classical framework of Knudsen 
diffusion [82], which is translated into the expression 

gi
→

= −
cgxiRT
ρgωiDK

i

(
jd,i
̅→

ρgωi
+ uW
̅→

)

(11) 

where DK
i (m2 s-1) is the Knudsen diffusion of molecule i in the mem

brane, expressed as 

DK
i =

8
3
rM

̅̅̅̅̅̅̅̅̅̅̅
RT

2πMi

√

(12) 

with R the gas constant. In eq. (11), uW
̅→ (m s-1) represents the flow 

velocity in the near-surface region of the pore wall, where most of the 
gas molecules colliding with the pore wall are assumed to reside 
[81,83]. By assuming, additionally, a no-slip condition at the pore-wall 

surface, uW
̅→ can be determined using eqs. (9,10) for di

→
= 0 [81].

In eq. (10), the driving force relative to the medium composition is 
related to the molar fraction gradient ∇→xi and the partial derivative of 
Gi, the chemical potential of species i, with respect to the molar fraction 
at constant temperature and pressure. In the literature on gas transport 
representations [53,54], it is used the relation dGi = RT(dln(ai) ) where 
ai is the activity coefficient of species i and is most of the time replaced 
by the molar fraction xi, according to the ideal gas mixture assumption 
which holds for low solute concentrations. However, following the 
common assumption [53,54], the expression of the flux resulting from 
the (numerical) resolution of eqs. (7,8) will not account for physical 
limitation on the value of xi, such as medium saturation [47]. These 
considerations, together with preliminary simulations, have led us to 
modify the Maxwell-Stefan model to account for medium saturation, in 
the particular case of water/air diffusion.

In standard conditions, namely, (M) and (AG) at atmospheric pres
sure and 20 ◦C ≤ T ≤ 80 ◦C (cf. §2.1), the saturated vapor pressure of 
water is lower than the absolute pressure, which implies that the molar 
fraction of water vapor shall be inferior to xsat,w = psat,w/p at a given 
position (x, y). The subscripts w and a hereafter indicate variables that 
characterise water vapor and air, respectively. The water condensation 
is assumed to occur mainly at the surface of (CP) (Fig. 1), and also that 
the phase inside the membrane pore and the air-gap, excluding the 
condensate film, is composed solely of a binary gas mixture of water and 
air, which, for the sake of simplicity, is considered as an ideal gas. 
Hence, it results that the total water fraction xw in this gaseous phase is 
lower than xsat,w. To account for this constraint in eqs. (9,10), the au
thors then reconsider the organizational molar entropy S (J K-1 mol-1) of 
the gas mixture, inspired from the works of Brown [84], as a function of 
water vapor and air molar fraction, xw and xa respectively, 

S = − R
(
1 − xsat,w

)
(xwln(xw)+ xaln(xa) ). (13) 

Eq. (13) represents the molecular distribution corresponding to an 
entropy maximum for the gaseous medium in (M) and (AG) at equilib
rium, which is partially saturated with water vapor. The prefactor 

(
1 −

xsat,w
)

therefore represents the change in entropy resulting from the 
reduction in sites available for the distribution of water and air mole
cules in the medium, due to the saturated vapor limit. Consequently, for 
the expression of the diffusion driving force (Eq. (10)), the relation 
(
∂Gw,a/∂xw,a

)

T,p = − RT
(
1 − xsat,w

)
/xw,a is obtained with respect to 

chemical potentials depending on S.
The above eqs. (6–13) combined with the expressions (1,2), enable to 

determine jtot,w,a
̅̅̅→

= jc,w,a
̅̅→

+ jd,w,a
̅̅ →

(kg m-2 s-1), which is the total mass flux 
for water vapor and air in (M) and (AG), and can also be straightfor
wardly transposed to other gas mixture compositions (with or without 
saturation constrain). Finally, by analytically solving the system of eqs. 
(9,10) and substituting the parameters by the expressions (11,13), the 
diffusive flux of water and air for the gas phase in the membrane are 
expressed as:  

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

jd,w
̅→

=

(
ωaxw

DK
wωw

+
ωwxa

DK
a ωa

+
1

D̂a,w

)− 1[

ρg

(
ωaxw

DK
w

−
ωwxa

DK
a

)

uW
̅→

− ρg

(
(
1 − xsat,w

)
∇
→xw + (xw − ωw)

∇
→p
p

)

−
DT

w

D̂a,w

∇
→T
T

]

jd,a
̅→

=

(
ωaxw

DK
wωw

+
ωwxa

DK
a ωa

+
1

D̂a,w

)− 1[

ρg

(
ωwxa

DK
a

−
ωaxw

DK
w

)

uW
̅→

− ρg

(
(
1 − xsat,w

)
∇
→xa + (xa − ωa)

∇
→p
p

)

−
DT

a

D̂a,w

∇
→T
T

] (14) 
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The system of eqs. (14) for the water and air diffusive fluxes with 
account of the vapor medium saturation, is a major result of this work. 
The saturation correction factor (eqs. (14)) effectively limits the non- 
physical situation in which the water molecular diffusion could, at a 
given location (x, y) in the membrane or air-gap, generate a partial 
pressure of water greater than the saturated vapor pressure at the local 
temperature, assuming that water condensation occurs mainly at the 
condensing plate surface. Note that most AGMD models in the literature 
are currently based on analytical solutions of the Maxwell-Stefan model, 
which disregards this physical consideration arising from the dis
cretization of the medium, by directly estimating the vapor flux from the 
temperature and vapor pressure boundary values at the Feed/Membrane 
and Air-Gap/Condensing plate interfaces [27–32].

In the air-gap, the Knudsen diffusion contribution is neglected, i.e., 
jd,w,a
̅̅ →

in (AG) is simply obtained by removing all the terms containing 
DK

w,a in eq. (14). From reference [54], the Fick diffusion coefficient in eq. 
(14) is related to Dw,a (m2 s-1) the Maxwell diffusion coefficient for a 
binary mixture (w, a), such as D̂w,a = − ωa

ωw
D̂a,a = − ωw

ωa
D̂w,w = ωaωw

xaxw
Dw,a, 

with the additional relation D̂a,w = D̂w,a. For a water/air mixture, the 
Maxwell diffusion coefficient is estimated using the semi-empirical 
expression: 

Dw,a =

(
pc,wpc,a

)1
3⋅
(
Tc,wTc,a

) 5
12⋅
(
M− 1

w + M− 1
a
)
⋅
(
3.640⋅10− 8

)

p
⋅

⋅

(
T
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Tc,wTc,a

√

)2.334 (15) 

as a function of p (atm) and T (K) at a position (x, y) in (M) and (AG), 
and where pc,w (atm) and pc,a (atm), Tc,w (K) and Tc,a (K) are the critical 
pressures and temperatures of water and air, respectively [53].

The formalism developed in this section gives access to the temper
ature, as well as the water and air fluxes in any position (x, y) in the 
membrane and air-gap (excluding the condensate film). As mentioned 
previously, eqs. (9,10,14) highlight the fact that water vapor in the 
membrane and air-gap diffuses against the diffusive flow of air, within 
the binary water/air mixture.

2.2.3. Film condensation in AGMD
In the considered AGMD module (Fig. 1), permeate recovery is part 

of the distillation process and is driven by the temperature difference 
between the feed channel and the cooled condensing plate (CP). Sub
sequently, the (CP) surface is assumed to be the area where the permeate 
would condensate, neglecting aerosol formation or lateral wall contri
bution. Additionally, no specific hydrophobic surface property is 
considered for the (CP) that could promote the formation of droplets 
that sweep away from the condensing plate surface, i.e., dropwise 
condensation [85]. In return, the permeate is assumed to condense into a 
liquid film on the surface of (CP), which flows out of the opening of (AG) 
under the effect of gravity [86,87]. Inspired from the works by Brouwers 
[88,89], it is also assumed that the thin film is formed by condensation 
of the steam flow normal to the (CP) surface, and that the film flow is 
laminar and governed by the Navier-Stokes equations. Neglecting the 
film growth acceleration along the direction normal to the gravity vector 
(O, y→), the film thickness δfilm (m) at a given position x along the (CP) 
surface (Fig. 1b) can be approximated, for the case of water condensa
tion, by 

δfilm(x) ≈

⎛

⎝
3μfilm

∫ x
0

(
jtot,w
̅̅→

• y→
)

dx

ρ2
film( g→• x→)

⎞

⎠
1
3 (16) 

where μfilm (Pa s) and ρfilm (kg m-3) are the film viscosity and density, 
respectively. The integral term of eq. (16) highlights that film thickness 
at a given vertical position x depends on the cumulative flux of 

condensed steam above it (from 0 to x). One can argue that, although 
condensation would initially take place via droplet formation on the 
surface of the condensing plate, a full-scale module and/or a high vapor 
flow would lead to a consequent water droplet sweeping which, in fine, 
could be formally assimilated to a filmwise condensation phenomenon 
under steady state conditions [90]. For the sake of completeness, the 
heat transfer within the film is described by a convection-diffusion 
equation accounting for fluid flow velocity, film thickness and thermal 
properties of the liquid condensate (cf. eq. (5)).

2.2.4. Boundary conditions for the AGMD module
This sub-section describes the AGMD module boundary conditions 

with the exterior environment and between the physical domains 
defined in §2.2.1, §2.2.2 and §2.2.3, inspired from common model 
assumptions [45]. The heating and cooling system for feed and coolant 
solutions are regarded as external processes to the system, which are 
effectively represented by inlet temperatures Tin,f (K) and Tin,c (K) 
(Fig. 1a). At the outlet of channels (F) and (C), it is simply assumed that 
the temperature gradient in the normal direction of the outlet is zero 
(constant flux). Conversely, at the opening (AG), the authors consider a 
priori that there can be a heat exchange with the external environment 
(cf. §2.1), which is represented by a Danckwerts boundary conditions 
(neglecting thermal expansion) [91], 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

kg
∂T
∂x

⃒
⃒
⃒
⃒
x=L−

= ρg

(∫ T(L,y)

Tamb

Cp,gdT
)

u→• x→, if u→• x→ < 0

kg
∂T
∂x

⃒
⃒
⃒
⃒
x=L−

= 0, else
(17) 

where the left-hand term corresponds to the conductive heat flow in 
(AG). In relation (17), the right-hand term models the heat inflow from 
the external (ambient) environment in the case of an inflow ( u→• x→< 0 
at (AG) opening), else, the temperature variation is considered zero at 
(AG) opening. For other external boundaries, the AGMD module walls 
are assumed to be thermally insulating, effectively assuming that the 
temperatures on either side of this physical boundary are equal, e.g., 
along left feed channel wall T(x,0− ) = T(x,0+) (Fig. 1).

Inside the AGMD module, the water vaporization at the feed/mem
brane interface, brings additional latent energy, such as 

kf
∂T
∂y

⃒
⃒
⃒
⃒
y=δ−F

− ρfCp,fT( v→• y→) = kg
∂T
∂y

⃒
⃒
⃒
⃒
y=δ+F

+
(

jtot,w
̅̅→

• y→
)

ΔHvap,s (18) 

where kf (W m-1 K-1) and kg (W m-1 K-1) are the thermal conductivities of 
the feed solution and gas phase in the membrane, respectively (cf. §2.1). 
In relation (18), Cp,f (J kg-1 K-1) is the feed specific heat capacity given by 
eq. (S2) (SM-A), and ΔHvap,s (J kg-1) is the latent heat of evaporation of a 
seawater type solution given by eq. (S5) (SM-A), both defined as func
tions of the temperature and salt concentration at the (F/M) interface. In 
eq. (18), the left and right-hand terms correspond to the heat flux at F/M 
interface, on the feed and membrane side respectively. Conversely, at 
the condensate film surface in the (AG), there is a negative contribution 
to the heat flux of the latent heat of condensation, such as 

kg
∂T
∂y

⃒
⃒
⃒
⃒
y=y−film

+
(

jtot,w
̅̅→

• y→
)

ΔHvap = kfilm
∂T
∂y

⃒
⃒
⃒
⃒
y=y+film

(19) 

with kfilm (W m-1 K-1) being the film thermal conductivity and yfilm 

(m) the film surface position along (0, y→), defined by yfilm = δF + δM +

δAG − δfilm(x) assuming that δAG≫δfilm(x) (cf. §3 and §4, and e.g. 
ref. [26]). To ease the computation, the authors estimate in eq. (19) that 
yfilm ≈ δF + δM + δAG. In eq. (19), the latent heat of condensation ΔHvap (J 
kg-1) is formally obtained by eq. (S5) for a zero-salt concentration, 
assuming pure water condensation. Lastly, heat transport at the in
terfaces between the condensate film and the (CP), and between (CP) 
and the coolant, is transferred by conduction. The heat transport 
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through (CP) is also considered to be purely conductive. As a side note, 
the recovery process of the vapor could be externalized to the AGMD 
process by a condenser [43], which would erase the condensate 
contribution to the cooling of the air-gap.

For the external boundary conditions related to mass transport, a no- 
slip condition is considered along the module wall (Fig. 1). At the feed 
and coolant inlet, the velocity field is considered to have a classical 
parabolic profile with an average value vf,0 (m s-1) and vc,0 (m s-1), 
respectively. At the feed and coolant outlet, the outflow is conserved. At 
the (AG) opening, the authors consider a priori the possibility of having 
either a conserved outflow or an inflow of moist air (cf. eq. (17)).

Inside the AGMD module, at the (F/M) interface and at the surface of 
the condensation film, the water partial pressure is considered to be 
equal to the saturation vapor pressure (evaporation and condensation), 
using the expression of the vapor saturation pressure psat,w,s given by eq. 
(S6) to account for the salt concentration at the (F/M) interface (SM-A). 
A pressure equilibrium is assumed between the gas and liquid phases at 
the (F/M) interface, and between the inner and external environment at 
the (AG) opening. In addition to the previous boundary conditions, it is 
necessary to consider a sufficient quantity of air outside the system, e.g., 
ωamb,a ≥ 0.1, to be able to compute the convective and diffusive flows of 
air and water vapor in the air-gap, else the (AG) will tend to be fully 
saturated in water (cf. eqs. (10,14)).

As additional issue, water permeation leads to non-volatile com
pounds accumulation at the (F/M) interface, which has an impact on 
solution hydrodynamics, solute retention, and membrane permeate flux 
[35,36]. MD models most often adopt the gel layer theory to describe this 
so-called concentration polarization effect [30], notably based on the 
historical works by Porter [92]. Rather than including the analytical 
expression estimating the concentration of salt retained at the interface, 
the authors simply apply the initial hypothesis of Porter theoretical 
developments [92], 
(

jtot,w
̅̅→(

x, δ+F
)

ρf(x, δ−F )
• y→

)

cf
(
x, δ−F

)
= Df

(
x, δ−F

) ∂cf

∂y

⃒
⃒
⃒
⃒
y=δ−F

(20) 

where jtot,w
̅̅→( x, δ+F

)
(kg m-2 s-1) is the water vapor flux on the membrane 

side, cf
(
x, δ−F

)
and ∂cf/∂y

⃒
⃒
y=δ−F 

are, respectively, the retained salt con
centration and the concentration gradient feed side at position x along 
the (F/M) interface (Fig. 1). In Porter theory [92], assuming pure solvent 
permeation, the normal flow resistance of the gel layer, that is, the dy
namic (dense) layer of solute accumulated at the membrane surface, will 
adjust so that the convective transport by the solvent of species retained 
to the membrane (left-hand side eq. (20)) is equal to the back-diffusive 
transport of salt (right-hand side eq. (20)). In a consistent way, water 
evaporation generates a feed flow normal to the (F/M) interface, whose 
velocity is then (considering momentum conservation), 

v→
(
x, δ−F

)
=

jtot,w
̅̅→(

x, δ+F
)

ρf(x, δ−F )
. (21) 

In combination with eqs. (1–8,14) and (S1-6), the boundary relations 
(20,21) allow to represent rigorously the hydrodynamic effects of sol
vent (water) evaporation accompanied with solute (salt) retention at the 
vicinity of the membrane surface.

2.3. Numerical solution of the modified Maxwell Stefan model for AGMD

The complete formalism developed in §2.2 and SM-A was imple
mented and solved numerically by means of an algorithm developed 
within COMSOL Multiphysics 6.2 ® software, prescribing an exhaustive 
list of parameters characterizing the external environment properties 
(inlet/outlet values), module components dimensions, membrane ma
terial properties (porosity, thermal conductivity, density, heat capacity, 
etc.), as well as, feed, coolant, and gas phase physicochemical 

properties, initial composition and state (initial temperature and ve
locity fields, solute distribution, etc.). A key feature of this model is the 
explicit discretization of the membrane domain. While most studies 
simplify the membrane by applying boundary conditions at its surfaces 
[27–32], here the membrane is treated as a distinct computational 
domain, as for all module components. This approach enables a more 
accurate description of internal transport phenomena at the cost of 
increased computational demand. Moreover, the formalism was solved 
under steady state conditions in order to represent the operation of an 
AGMD system in a continuous regime, such as for the experiments 
conducted in this work (§3) and for full-scale installations [33,93].

One of the main difficulties in solving our complete AGMD process 
formalism lies in the spatial discretization of the module. Consequently, 
a triangular mesh was implemented to allows smooth calculation of the 
variables’ bulk values, combined with a fine square mesh at the (F/M), 
(M/AG), and (AG/CP) interfaces to accurately capture the heat and mass 
gradient that are key to providing physically reliable values about, e.g., 
permeate flux and condensate film formation. To optimize the compu
tation without compromising model accuracy, the mesh scale is 
increased by a factor of 4 to 8 in the direction of the module length, 
resulting in a simulation time of the order of 15 min to 1 h on a recent 
computer set-up.

3. Experimental validation

To assess the CFD model validity, experimental measurements were 
conducted on pure water and seawater-type solution distillation, using a 
laboratory-scale AGMD set-up. The experimental device was custom- 
built using a commercial MD module and following the standards set 
out in the literature, in order to provide reference data from a controlled 
AGMD module configuration. A photograph and a diagram of the 
experimental setup are presented in the supplementary materials, Fig. 
S2. The key parameters related to the module’s dimensions and char
acteristics, as well as its operating conditions, are specified in Table 1. 
The lower part of the air gap membrane module is open throughout its 
thickness and width to allow liquid condensate to flow freely out of the 
(AG), thus preventing flooding, to be collected outside (Fig. S2). The 
experiments consisted of measuring permeate mass production every 10 

Table 1 
AGMD module characteristics of the lab-scale setup and used for model vali
dation through CFD simulations.

Parameters Values Descriptions

Tin,c 293.15 K Coolant inlet temperature
Tin,f [30.8 ◦C, 40.7 ◦C, 51.6 ◦C, 61.4 

◦C, 70.5 ◦C, 80.6 ◦C]
Bulk feed inlet temperature – 
iterative variable

vc,0 0.58295 m s-1 Average inlet coolant velocity
vf,0 0.060822 m s-1 Average inlet feed velocity
cf,0 35 kg m-3 Inlet feed salt concentration
W 0.0953 m Module width along (O, z→)

L 0.146 m Channel length along (O, x→)

δF,C 0.003 m Feed and coolant channel 
thickness

δAG 0.005 m Air-gap thickness
δM 1 × 10–4 m Membrane thickness
δCP 0.0019 m Condensing plate thickness
kCP 152 W m-1 K-1 Condensing plate thermal 

conductivity
km 0.25 W m-1 K-1 Membrane material thermal 

conductivity
ρm 2,200 kg m-3 Membrane material density
Cp,m 1,050 J kg-1 K-1 Membrane material heat 

capacity
rM 2.2 × 10–7 m Pore radius
εM 0.85 Membrane porosity
τM 1.8304 Pore tortuosity
Tamb 293.15 K Ambient temperature
pamb 101,330 Pa Ambient pressure
ωamb,w 0.022913 External water vapor fraction
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min over an 80-min period (8 replicas) at each fixed bulk feed inlet 
temperature in order to obtain the steady permeate flux averaged over 
the membrane active surface, and gradually increasing the feed tem
perature from 30 ◦C to 80 ◦C, with 10 ◦C steps. At the beginning of each 
experiments, the feed and cooling flow rates were set at 63 L/h and 600 
L/h, respectively, in counter current flow configuration, with a coolant 
consisting of a 20 % glycol-water solution whose temperature was kept 
constant at 20 ◦C using an external cryostat (Fig. S2). The first series of 
reference measurements was carried out using pure water as liquid feed, 
to verify the proper functioning of the AGMD module (Fig. 2a). For the 
second series of measurements (Fig. 2b), the module distilled an aqueous 
solution with a NaCl concentration of 35 kg m-3, which was kept con
stant during the experiment by monitoring the conductivity and 
replenishing pure water to re-dilute the feed solution. A commercial 
PVDF membrane produced by GVS Filter Technology® was employed.

The authors intentionally used an oversized cooling system to ensure 
that the uncertainty in the inlet coolant temperature was negligible in 
comparison to that in the feed. The sources of uncertainty with the 
greatest impact on the results were identified as coming directly from 
the measurement of the permeate flux at a given feed inlet temperature 
and from the control of the same temperature. Fig. S2c provides esti
mation on measured quantity uncertainties from the installation com
ponents: cooler, feed pump and heating system, scale. Figs. 2a and b 
indicates the average flux values (crossed points). For each data point, 
the standard deviation relative to the measured flux values (vertical 

bar), and the standard deviation from the mean temperature of the 
measured feed inlet temperature values (horizontal bar) are reported.

Fig. 2 compares the experimental results and the model predictions 
of the values of membrane-surface averaged permeate mass flux, jav (kg 
m-2 s-1) at steady-state, for both pure water (Fig. 2a) and salt water 
(Fig. 2b) distillation, as a function of the feed inlet temperature Tin,f (K). 
As expected, Fig. 2 shows that jav increased with Tin,f in both the 
experiment and model predictions, for all other parameter kept con
stant. Comparing experimental results from Fig. 2a and Fig. 2b, jav was 
slightly higher for saltwater feed and at high temperature (Tin,f ≥ 70 ◦C). 
Moreover, for saltwater distillation (Fig. 2b), conductivity measure
ments in the recovered liquid permeate indicate salt rejection values 
that changed from above ~99.9 % for Tin,f ≤ 70 ◦C to ~98 % for Tin,f =

80 ◦C. Figs. 2a and b overlay the results of the CFD model with the input 
parameters defined in Table 1, with (blue curves) and without (purple 
curves) the modification of the Maxwell-Stefan model for medium vapor 
saturation (Eq. (14)). In addition, Figs. 2c-e shows the temperature 
T(x, y) within the module, the water vapor pressure pw(x, y) in (AG), and 
the salt distribution cf(x, y) in (F), under steady-state conditions and for 
an inlet feed temperature of 80 ◦C, accounting for (M-AG) vapor satu
ration. In the lab-scale configuration, T(x, y) decreased from the feed to 
the coolant with negligible temperature variation following the feed and 
coolant streams (Fig. 2c). Accordingly, the water vapor pressure was 
higher towards the membrane region, and the vapor flowed into the air- 
gap to condense on the cooled condensing plate (grey arrow, Fig. 2d). As 

Fig. 2. Average permeate steady-state flux jav for (a) pure water and (b) salt water distillation (NaCl 35 kg m-3). The crosses linked by a solid line (orange) represent 
the average experimental value for a given feed temperature, with the one standard deviation relative to the feed temperature and the permeate flow measurements. 
The circles represent the predictions from the modified Maxwell-Stefan diffusion model (blue) modified and (purple) unmodified for medium vapor saturation (cf. 
Eqs.(13,14), main text §2.2), with the input parameters given in Table 1. Simulated lab-scale AGMD flat-sheet module (c) temperature T(x, y), (d) water partial 
pressure pw(x, y) in (M) and (AG), (e) salt distribution cf,c(x, y) in (F) and (C), for the parameter given in Table 1, and for feed and coolant inlet temperatures of Tin,f =

80 ◦C and Tin,c = 20 ◦C, respectively. (c,d,e) The vertical orientation of the module is indicated by the vector x→.
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water evaporation at (F/M) interface is accompanied by salt retention on 
the feed side, a dense “layer” of salt is formed in the vicinity of the 
membrane surface (thin yellow-red band) that was predicted to become 
denser along the feed stream (Fig. 2e). Figs. 2a and b shows that the 
model accurately fitted the experimental values of jav, for 
30 ◦C ≤ Tin,f ≤ 50 ◦C: the prediction were within the error bars. Indeed, 
as mentioned in §2.2.2, saturation correction had negligible impact on 
the vapor flux under low temperature conditions, at which the density of 
water vapor generated at the interface (F/M) is relatively low. 
Conversely, at higher temperatures, for Tin,f ≥ 50 ◦C, the evaporation 
rate of water from the feed is higher and ignoring vapor saturation in (M- 
AG) led to an overestimation of jav, while the modified model pre
dictions accurately fitted the experimental results for pure water 
distillation (Fig. 2a). For saltwater AGMD and for Tin,f > 60 ◦C, the 
modified CFD model underestimated permeate flux for higher temper
atures (Fig. 2b). The model assumed only vapor permeation and com
plete salt retention at (F/M) interface (Eq. (20)). However, experimental 
measurements indicated a deviation from this “ideal” behavior of the 
module physics, with the presence of salt in the condensate. The 
permeation of non-volatile salt through the membrane can have various 
origins, including but not limited to membrane wetting [93]. Hence, as 
the CFD model did not account for this unpredictable flux, the jav pre
dictions were lower than the experimental result in the case of Fig. 2b.

In addition to our own validation experiments, the model perfor
mance was tested on AGMD experimental results available in the liter
ature, in particular those of Choi et al. [32], and although the authors 
did not have access to all the information relating to their work, the 
predictions obtained with the model were of the same order of magni
tude to their experimental values and the predictions of their own CFD 
model (Fig. S3). For the sake of completeness, the predictions of the 
unmodified model are also shown, and Fig. S3 indicates that not ac
counting for medium vapor saturation yielded an overestimation of the 
permeate flux for increasing feed inlet temperatures. Other less com
plete datasets found in the literature were also used to validate the 
model development (data not shown).

As an intermediate conclusion, comparison with experimental results 
confirms the ability of our CFD model to accurately predict the operation 
of the AGMD for (sea)water distillation at low to medium feed temper
atures (30 ◦C ≤ Tin,f ≤ 50 ◦C). Furthermore, comparison with a real 
AGMD system highlighted the limitations of the current model in 
handling non-ideal behaviors of the module due to unpredictable phe
nomena that are complex to formalize (e.g., wetting, fouling) and 
favored by higher permeate flux conditions (e.g., high feed-coolant 
temperature difference) [31,94]. The following simulations were then 
all performed based on the tested experimental setup and for operating 
conditions where the validity of the model was assumed to hold, i.e. for 
Tin,f ≤ 60 ◦C.

4. Model exploration of AGMD system designs and performance

In this section, the model presented in §2 is used to explore the 
optimal design of AGMD modules within different configurations, 
notably by predicting their efficiency in terms of permeate production 
and thermal power consumption. The authors proposed scenario where 
plate-and-frame module dimensions and operating conditions varied 
(Fig. 3a), namely, feed/coolant channel length and thickness, airgap 
thickness, feed inlet temperature, and inlet flow velocity, to highlight 
how these important parameters influence the performance of a full- 
scale AGMD module for desalination (§4.1). The next scenario pro
poses a system consisting of three large AGMD modules connected in 
series (Fig. 3b) and evaluate the overall permeate production rate and 
the benefit of such an installation (§4.2). Finally, the authors consider 
the addition of direct solar irradiation for heating the feed solution 
within the module (Fig. 3c), under low-temperature operating condi
tions (§4.3). Within the theoretical framework, the direct solar heating 
applied to the feed channel wall was effectively represented by an 
additional inlet diffusive heat flux along the feed channel wall. In the 
simulations, it is assumed that saltwater can be used for cooling, that is, 
the AGMD system has at its disposal a practically unlimited source of 
seawater for both feed and coolant (Fig. 3). Moreover, the simulated 
modules were based on an upscaled version of the device used in Figs. 2
and S2, and all parameters that are not specified are indicated in Table 1. 
Practical aspects or processes external to the module, such as solar 
resource availability and solar collector technology, go beyond the scope 
of this work and their effects are considered at the system boundaries (cf. 
Fig. 1b).

4.1. Modelled performance of a full-scale AGMD flat-sheet module

Fig. 4 shows the results from CFD simulations under steady state 
conditions, for salt water distillation of an aqueous solution with an inlet 
NaCl concentration of cf,c,0 = 35 kg m-3, using an AGMD module in the 
counter-current configuration depicted in Figs. 3a and 4a. As an illus
tration, Figs. 4a-e display the spatial distribution of variables describing 
the AGMD process using a module of length L = 1.5 m, of (F) and (C) 
thickness δF,C = 2 mm, with an (AG) thickness δAG = 4 mm, for a feed 
and coolant inflow average velocity vf,c,0 = 1 cm s-1, and for feed and 
coolant inlet temperatures Tin,f = 50 ◦C and Tin,c = 20 ◦C, respectively. 
Fig. 4a shows the temperature field throughout the module, where the 
highest and lowest temperature points correspond to Tin,f and Tin,c at the 
(F) and (C) channels inlet, respectively. As expected, T(x, y) decreased 
along the direction of the feed flow and from the feed to the coolant due 
to the heat exchange through (M), (AG) and (CP). The temperature 
gradient between (F) and (C) drives the water evaporation from the feed 
and Fig. 4b evidences that the water partial pressure was indeed higher 

Fig. 3. Schematics of: (a) a single large scale AGMD module; (b) serially connected AGMD modules, (c) with an additional solar supply heating for the feed channel 
of the first module M1. In (a,b) the red and yellow arrows indicate respectively the feed and coolant circulation between the module channels. (c) The direct solar 
heating applied to the feed channel wall is effectively represented by an additional inlet diffusive heat flux along (F) wall. The coolant flow is considered to come 
from the same source as the feed saline solution.
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in the membrane and at the inlet of the module where the temperature 
gradient was the steepest. Fig. 4b also plots the vapor flux direction, 
going from the (F/M) interface towards the cooled surface (CP) where 
the permeate condenses. The vapor flux direction deviated gradually 
from the membrane normal direction (O, y→) as the (AG) opening to 
external environment became closer (Fig. 4b), and the temperature and 
pressure gradient from the (AG) to the external environment drove an 
outflow of vapor. Consequently, the vapor flux entering the air-gap at 
the (M/AG) interface was slightly higher than that received by the 
condensate film at the (CP) surface, while a relatively small fraction of 
the vapor flux “escaped” from the module: from 0.3 %, up to 10 % of jav 
for large AG opening (Fig. 4b). Fig. 4c shows that vaporization was 
accompanied with salt retention at (F/M) interface, feed side, which 
caused an increasingly thick and dense layer of brine to form along the 
feed flow, with the salt “layer thickness” (peak width) increasing from 
roughly 0.1 mm at x = L/2 to approximately 0.2 mm at x = L (Fig. 4). 
Beside, Fig. 4c shows the salt concentration in the coolant, which was 
globally homogeneous and equal to cf,c,0 = 35 kg m-3 along (C), as no 
mass transfer occurred within. From inlet to outlet of the module, salt 
polarization in (F) combined with the temperature decrease in the vi
cinity of the (F/M) interface, lead to a decrease in the vapor pressure in 
the membrane (Fig. 4b), and thus a decrease in the (normal) vapor flux 
entering the air-gap, jtot,w (kg m-2 s-1), defined by jtot,w = jtot,w

̅̅→
• y→ (cf. 

§2.2.2), as depicted in Fig. 4d. Furthermore, Fig. 4e shows the spatial 
evolution of the condensate film thickness, whose spatial growth rate 
decreased as the film flow accelerated under gravity effect, and the 
received vapor flux decreased (Fig. 4d) from inlet to outlet of the 
module.

In line with literature reports [52], the AGMD production is first 
represented by jav (kg m-2 h-1), namely, the water permeate flux entering 
the (AG) normalized by the effective membrane surface area (Fig. 4f). 

The scenario described above (Figs. 4a-e) provided jav = 1.008 (kg m-2 h- 

1) (blue font value in Fig. 4f). In addition, Fig. S4 (SM-C) provides an 
estimation of the enthalpy variation in the feed solution between the 
inlet and outlet, which gives an indication about the thermal power 
consumption of the system for the tested configurations.

The CFD model then enabled to simulate different AGMD configu
rations by varying the module dimensions L, δF,C, δAG, and operating 
condition vf,c,0, for Tin,f = 50 ◦C and Tin,c = 20 ◦C. Calculated jav values 
for each scenario are reported in Fig. 4f. For guidance, the parameter 
values chosen in Fig. 4f corresponded to a feed inflow characterized by a 
Reynolds number between 68 and 1350, a Sherwood number between 
5.8 and 63, and a Nusselt number between 1.1 and 12.5, which corre
sponded to laminar flow conditions. As expected, the increase in vf,c,0 led 
to higher jav, as the mass flow rate and thus available thermal heating/ 
cooling power increased. More importantly, the increase in δAG resulted 
in a considerable decrease of jav for a fixed value of L, δF,C, and vf,c,0, 
which is explained by an increase in the air-gap thermal insulating role. 
Indeed, the spatial discretization of T(x, y) and pw(x, y) in the membrane 
region illustrated in Figs. 4a and d, evidences that a greater distance 
between (CP) and (F/M) notably induced an increase of the temperature 
in the membrane region (cf. Fig. 4a), thereby reducing the driving force 
for vapor permeation through the membrane (cf. eqs. (10,14)). The in
crease of L also resulted in a decrease in the average permeate flux 
(Fig. 4f), mostly attributed to a more important heat exchange along the 
(F/M) interface (cf. Figs. 4a and d). However, this effect was minor, and 
overall, the permeate productivity of the AGMD module, i.e., the inte
gral of the vapor flux multiplied by the membrane surface area, 
increased with the increase of the module length, for all other parame
ters fixed. The increase in the channels thickness δF,C decreased the 
(bulk) temperature variation within the feed and coolant, which resulted 
in an increase of jav at low flow velocity values, i.e., conditions under 
which the convective heat transport was relatively low in (F) and (C). 

Fig. 4. Simulated full-scale AGMD flat-sheet module: (a) temperature T(x, y), (b) water partial pressure pw(x, y) in (M) and (AG), (c) salt distribution cf,c(x, y) in (F) 
and (C), (d) normal vapor flux at the (M/AG) interface jtot,w(x, δF + δM), and (e) condensate film thickness δfilm(x) predictions for L = 1.5 m, δF,C = 0.002 m, δAG =

0.004 m, and vf,c,0 = 0.01 m s-1, and for feed and coolant inlet temperatures of Tin,f = 50 ◦C and Tin,c = 20 ◦C, respectively. (f) Predictions of the membrane-surface 
averaged steady-state permeate flux, jav at (M/AG), for different values of L, δF,C, δAG, and vf,c,0. The rows are related to two different values of both L and δF,C (four 
combinations); the columns are related to two different values of both δAG and vf,c,0 (four combinations), for a total number of sixteen predicted productivity values. 
The red boxes indicate parameter values that corresponded to higher jav and, conversely, blue boxes indicate parameter values that led to a lower jav; the orange 
boxes indicate the parameter whose influence javwas not necessarily monotonic. The maximum and minimum value of jav on the simulated range are indicated in red 
and blue fonts, respectively. The modules width is set at W = 0.5 m. The inlet feed and coolant salt density are set at cf,c,0 = 35 kg m-3. All other parameters not 
indicated are given in Table 1.
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Conversely, at higher vf,c,0 values, the changes in δF,C had relatively low 
effect on jav, which implies that the AGMD process, for a given flow 
velocity, can maintain its productivity and lower its power consumption 
(Fig. S4) by functioning with lower feed and coolant flow rates in nar
rower (F) and (C) channels, for all other parameters fixed.

In summary, Fig. 4 suggests that the optimal configuration for a full- 
scale module, combining a high permeate production rate and low 
power consumption for heating/cooling and flow circulation, is best 
achieved by opting for modules with long, thin channels and air-gap, 
and for high feed flow velocity values. It should be noted that that the 
air gap considered here is wide open at the outlet to facilitate condensate 
outflow and thus prevent flooding.

4.2. Modelled performance of full-scale AGMD modules in series

Fig. 5 reports the results of the simulations on the distillation of salt 
water using three AGMD modules connected in series in the configura
tions depicted in Figs. 3b and 5a, for different modules dimensions and 
inflow velocity. Figs. 5a-c display the temperature, vapor pressure, and 
salt distribution within a system of three connected modules, each with 
length L = 1.5 m, (F) and (C) thickness δF,C = 2 mm, (AG) thickness 
δAG = 2 mm, and a feed and coolant inflow velocity vf,c,0 = 10 cm s-1. In 
the configuration illustrated in Fig. 3b, the same inlet flow velocity vf,c,0 

was imposed to each module feed and coolant inlet. Additionally, Fig. S5 
provides an estimation of the thermal power consumed by the whole 
system, considering the feed temperature variation from inlet to outlet. 
In Fig. 5, the feed temperature and salt concentration were respectively 
Tin,f = 50 ◦C and cf,0 = 35 kg m-3 at module M1 feed inlet, and the 
successive modules were connected as follows: the feed salt concentra
tion and temperature at M2 inlet were the average values of that at M1 
feed outlet, and the same between M2 and M3. Oppositely, in counter- 
current configuration, the coolant temperature at module M3 coolant 
inlet was fixed at Tin,f = 20 ◦C in module M3 coolant inlet, then the 
temperature at M2 coolant inlet was the average value of that at M3 
coolant outlet, and the same between M2 and M1. The cooling solution 
was assumed to come from the same source as the feed, with salt con
centration cc,0 = 35 kg m-3 at M3 inlet that did not vary in the coolant 
stream from M3-M2-M1, as no mass transfer occurred in (C) (Fig. 5c). 
Hence, for each module taken individually, the variable gradient fields 
(T(x, y), pw(x, y), and cf,c(x, y) in Figs. 5a-c) were similar to that 
described in Fig. 4. The simulation results indicate that the temperature 
field in (F) and (C) varied from M1 to M2 and M2 to M3 as (almost) if the 
three formed a single module, as a result of the counter-current 
configuration. Moreover, the temperature gradient throughout the 
modules was globally smaller than for a single module, e.g., the coolant 
temperature was higher in M1 than in Fig. 4a and, consequently, the 

Fig. 5. Simulated full-scale AGMD system comprising three modules in series, M1, M2, and M3, as depicted in Fig. 3b. Specifically, simulated (a) temperature T(x, y), 
(b) water partial pressure in (M) and (AG) pw(x, y), (c) salt distribution in (F) and (C) cf,c(x, y) for L = 1.5 m, δF,C = 0.002 m, δAG = 0.002 m, vf,c,0 = 0.1 m s-1, and for 
feed and coolant inlet temperatures Tin,f = 50 ◦C and Tin,c = 20 ◦C, respectively. (d) Membrane-surface average vapor flux jav in modules M1, M2 and M3 (three 
values of each cell, left to right), and (e) total permeate flux Q of the whole system, for feed inlet and coolant inlet temperatures of 50 ◦C and 20 ◦C, as function of L, 
δF,C, vf,c,0, and δAG. (d,e) The rows are related to two different values of both L and δF,C (four combinations); the columns are related to two different values of both δAG 

and vf,c,0 (four combinations), for a total number of sixteen predicted productivity values. The red boxes indicate a parameter value that corresponded to higher jav 

values and, conversely, blue boxes indicate parameter values that led to lower jav; the orange boxes indicate the parameter whose influence was not necessarily 
monotonic. The maximum and minimum value of jav on the simulated range are indicated in red and blue fonts, respectively. The modules width is set at W = 0.5 m. 
The inlet feed and coolant salt density are set at cf,c,0 = 35 kg m-3. All other parameters not indicated are given in Table 1.
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vapor pressure in (M) and (AG) was also lower, as shown in Fig. 5b. Of 
note is the fact that in Figs. 5a, the feed temperature decreased close to 
Tin,c at M3 feed outlet.

Figs. 5d and e present, respectively, the membrane-surface average 
permeate flux in each module, jav, and the corresponding overall 
permeate production rate Q (kg h-1) for the entire system, i.e., the sum of 
the three jav values multiplied by the active membrane area. For a given 
module dimension and set of operating conditions, jav for M1 were 
sensibly lower than for a single module (Fig. 4f) and jav decreased in M2 
and M3, as a consequence of the decrease in the vapor permeation 
driving force, i.e., the temperature gradient in (M-AG-CP) (cf. Fig. 5a-c). 
The decrease in jav between successive modules was more important for 
low feed inlet velocity (up to a 30 % drop between M1-M2-M3) than for 
high ones, such as in the scenario depicted in Figs. 5a-c, where jav 
decreased 9 % between each connected module (Figs. 5d). This trend is 
due to a greater diffusive heat flux between the feed and coolant, 
resulting in a more important decrease (increase) in the feed (coolant) 
bulk temperature from inlet to outlet. As described in Fig. 4, the increase 
of δF,C reduced the heat loss and gain along the feed and coolant flow, 
respectively, which led to overall increase of the permeate flux, partic
ularly at low vf,c,0 values. For high convective flux in (F) and (C) the 
changes in δF,C had a smaller impact on jav and particularly for a sig
nificant air-gap thickness value, e.g., the variation of jav as function of 
δF,C are negligible for δAG = 0.004 m, vf,c,0 = 0.1 m s-1. These last ex
amples also demonstrate that a thick air-gap (δAG = 0.004 m) reduces 
the drop in jav (below 5 % between connected modules), due to the 
thermal insulation effect generated by the (AG), thereby in these con
figurations, the air-gap should increase the thermal efficiency of the 
whole process (Fig. S5). Besides, the effect of the module length on the 
productivity of serial connected modules was comparable to that 
described in Fig. 4, and for thick (AG) the impact of L on jav was also 

negligible.
Consequently, in terms of the productivity of the whole system 

(Fig. 5e), the highest Q values were reached for large values of vf,c,0, L, 
and small δAG values, with a negligible impact of δF,C under these 
operating conditions, as expected from Fig. 4. The addition of a thicker 
air-gap significantly reduced permeate productivity for individual 
modules and for a three-module connected system. However, previous 
observations indicated that a relatively thick air-gap would likely allow 
more modules to be connected in series by limiting the effect of heat 
exchange between the feed and the coolant, i.e., feed heat loss and 
coolant heat gain. For high inlet velocities, additional coupling with thin 
(F) and (C) channels would further reduce the module thermal power 
consumption (Fig. S5) without impacting production (Figs. 5d and e), 
thus providing an efficient configuration with several connected mod
ules. Conversely, for low inlet velocity, it should be preferable to use a 
thin air-gap coupled with thick channels (Fig. 5d, e and S5).

The results highlight clear design rules for maximizing performance 
in serial AGMD systems. First, feed and coolant velocity are the domi
nant lever: higher inflow rates sustain vapor flux in downstream mod
ules by limiting thermal equilibration between feed and coolant. 
Second, air-gap thickness must be chosen carefully. A relatively thicker 
air-gap reduces individual module productivity but stabilizes perfor
mance through connected modules by insulating against rapid heat loss, 
allowing more units to be connected in series without severe flux 
decline. Third, increasing feed/coolant channel thickness enhances heat 
recovery and improves performance at low velocities, but has marginal 
benefit at high velocities. In summary, thin air-gaps and narrow chan
nels at high flow rates maximize productivity per module, while thicker 
air-gaps and channels at lower velocities enable stable operation of 
multiple modules in train-like configurations.

Fig. 6. Simulated AGMD module M1, part of the system of three modules in series: (a,d) temperature field T(x, y), (b,e) water partial pressure field in (M) and (AG) 
pw(x, y), (c,f) salt distribution in (F) and (C) cf,c(x, y) , for L = 1 m, δF,C = 0.004 m, δAG = 0.002 m, vf,c,0 = 0.01 m s-1, and for feed and coolant inlet temperatures 
Tin,f = 30 ◦C and Tin,c = 20 ◦C, respectively. (a-c) System with and (d-f) without (standard configuration) an additional direct solar heating equivalent to 1000 W m-2 

along the feed channel (red dotted line), according to the configuration depicted in Fig. 3c. The modules width is set at W = 0.5 m. The inlet feed and coolant salt 
density are set at cf,c,0 = 35 kg m-3. All other parameters not indicated are given in Table 1.
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4.3. Modelled performance of full-scale AGMD modules in series with 
direct solar irradiance

Figs. 6 and 7 present simulation results for an AGMD system 
comprising three modules in series, as described in Fig. 5 and consid
ering an additional contribution of thermal power from direct solar 
heating of the feed solution, which was applied only on the first of the 
three modules (M1) (Fig. 3c). Effectively, a distributed diffusive heat 
source was considered along the feed channel wall of M1, located at y =

0 (Fig. 6a-c), with an intensity of 1000 W m-2, assuming an optimal sun 
exposure [34,41,49,50]. Fig. 6 displays T(x, y), pw(x, y), and cf,c(x, y) for 
module M1 only, characterized by L = 1 m, δF,C = 4 mm and δAG = 2 
mm, under the operating conditions vf,c,0 = 1 cm s-1, cf,c,0 = 35 kg m-3, 
Tin,f = 30 ◦C and Tin,c = 20 ◦C, with (Fig. 6a-c) and without (Fig. 6d-f) 
solar power supply on M1. Furthermore, Fig. S6 provides an estimation 
of the thermal power consumed by the whole system, considering the 
inlet and outlet feed temperature difference, with (Fig. S6a) and without 
(Fig. S6b) the additional heat supply, which reduced enthalpy variation 
(negative values in Fig. S6a). In the standard situation where feed so
lution heating was assumed to be external to the system, Figs. 6d-f 
simply show lower temperature, partial pressure, salt concentration 
gradient and vapor flux values due to a lower feed inlet temperature, 
comparable to that in Figs. 5. With the direct solar heating, Fig. 6a shows 
that the lateral heat supply on module M1 generated a significant in
crease in the temperature (+10 ◦C) along the heating wall in (F), 
resulting in a higher feed temperature towards the channel outlet. 
Moreover, compared to the standard situation of Fig. 6d, the tempera
ture was higher throughout the system, particularly in (F) and towards 
the membrane region, but also in the coolant, depending on the prox
imity to the lateral heat source in (F) and, more importantly, the flow 
velocity. At low flow rates, in module M1, lateral heating caused a sig
nificant increase in temperature in (F) which was relatively evenly 
distributed along the feed stream and, to a lesser extent, in the rest of the 

module, including the coolant (Fig. 6a), a negative setback on permeate 
productivity. The “enhanced” temperature gradient throughout the 
module M1 then generated a higher vapor flux at the bottom of the 
module (Fig. 6b compared to Fig. 6e) which in turn generated a thicker 
retained salt layer towards the feed channel outlet (Fig. 6c and f) and 
higher jav values in M1 (Figs. 7a and 7b). At higher flow rates, the 
important convective flow reduced the heat stored by the feed along the 
(F) wall, which greatly diminished the benefit for permeation produc
tion in M1, while also reducing the heating of the coolant (cf. Fig. 6a). 
Consequently, comparing Figs. 7a to Fig. 7b, the jav values in M1 were 
enhanced by additional direct solar heating for vf,c,0 = 1 cm s-1, more 
than for vf,c,0 = 10 cm s-1. Now regarding the modules downstream of 
the feed solution, the extra heat stored in M1 appeared to benefit the 
feed in M2 and M3, while the coolant in these modules was not directly 
affected by solar heating in the counterflow configuration. Fig. 7a 
indeed shows that jav in M2 and M3 was higher than in M1 (unlike the 
standard configuration, cf. Fig. 5). In particular, as module M1 stores 
more heat at low inflow velocity, jav in the downstream modules M2 and 
M3 was considerably higher than without solar enhancement (Fig. 7b). 
Conversely, the comparatively low amount of heat stored in M1 due to a 
higher feed flow rate had a limited impact on the permeate flux of the 
downstream modules (Figs. 7a and 7b). In addition, Figs. 7a highlights 
that a decrease in δF,C caused an increase in the heat stored by the feed in 
M1 as feed channel volume was smaller, which further increased jav in 
M2 and M3. Meanwhile, (Fig. 7a) an increase in δF,C reduced the drop in 
jav between M1 with solar heating and the subsequent modules by 
reducing the impact of the (F–C) heat exchange. In the same way, 
(Fig. 7a) the increase in δAG also balanced out the decrease in jav in M1 
due to the negative setback of direct solar heating, by insulating the 
coolant further away from lateral heating source in (F) (cf. Fig. 6a).

Regarding the overall permeate production of the tested configura
tions, the additional solar power supply in M1 (Fig. S6) clearly increased 
the permeate production rate Q, in particular for low vf,c,0 values, 

Fig. 7. (a,b) Membrane-surface average vapor flux jav, and (c,d) total permeate flux Q of a system comprising three modules in series (Fig. 3c), for a feed inlet and 
coolant inlet temperatures of 30 ◦C and 20 ◦C, as a function of L, δF,C, vf,c,0 and δAG, (a,c) with and (b,d) without (standard configuration) an additional direct solar 
heating equivalent to 1000 W m-2 along the feed channel. (a,b) Each cell reports the jav values for the modules M1, M2, and M3, from left to right. (c,d) Each cell 
reports Q, the productivity of the entire system. The highest and lowest values of each table are reported in blue and red fonts, respectively. In (c), the percentage 
increase in productivity with solar enhancement compared to the standard configuration is shown (green). The modules width is set at W = 0.5 m. The inlet feed and 
coolant salt density are set at cf,c,0 = 35 kg m-3. All other parameters not indicated are given in Table 1.
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compared to the standard configuration. Then, it appears that Q was the 
highest when the increase in jav from M1 to M2 was the steepest, for low 
inflow velocity and thin channels, i.e., when the solar heating in M1 
likely served as a preheater for the downstream modules M2 and M3 
(Figs. 7a). Consequently, in agreement with the literature [18], the solar 
enhancement effect was more significant at low flow rates, as the feed 
flow in M1 then absorbed more heat (Figs. 6a and S6a). Note that the 
production increase values for the specific scenarios detailed in Figs. 6 
and 7 corresponded to optimal estimations of solar improvement based 
solely on the AGMD modules physics, and prior to addressing further 
practical considerations regarding collector technology and solar 
resource constraints for given environmental conditions.

In summary, adding a direct solar heater on the feed side can 
considerably improve the productivity of AGMD process, and especially 
in multistage systems when the excess heat absorbed by the upstream 
module is redistributed in the modules down the feed stream. The 
simulations showed that applying ~1000 W m-2 direct irradiation on the 
feed wall of the first module can raise the feed outlet temperature by 
~10 ◦C, thus boosting flux in subsequent modules. To exploit this effect, 
system designers should: (i) operate at low to moderate feed velocities, 
which maximize heat uptake in the irradiated module; (ii) use thicker 
feed channels to increase heat storage capacity, ensuring that solar en
ergy is carried downstream; (iii) adjust air-gap thickness to maintain 
cooling efficiency despite higher bulk feed temperatures. Feeding solar 
energy to each module could also further improve the permeate pro
ductivity of a system comprising modules in series, and in particular 
when operating at low feed speeds (cf. Fig. 7c). In this case, it would be 
advantageous, if not necessary, to increase the thickness of the feed 
channel and/or the thickness of the air-gap, so that the feed liquid could 
store as much heat as possible (cf. Fig. S6a) while maintaining high ef
ficiency of the air-gap cooling.

5. Conclusion

In this work, the authors propose a new comprehensive formalism to 
describe the air-gap membrane distillation process on the basis of the 
Maxwell-Stefan theory for gas transport modified for the diffusion in 
porous membrane and accounting for medium vapor saturation. The 
theory is built on a general framework that enables to address the 
distillation process for different compositions of feed liquids, coolants, 
or stagnant gases in the air-gap, or to consider changes in the configu
ration of an AGMD system (e.g., component dimensions, connected 
modules). In this work, the model was refined and exemplified to 
address the specific case study of seawater desalination with and 
without enhancement by direct solar heating.

In particular, this work details the development of the formalism by 
focusing on the three physical aspects constituting the AGMD multi
physics, namely, the flow of a solution in contact with a porous medium, 
the transport of gas through the porous membrane and the air-gap, and 
the condensation of the permeate on a cooled surface. To grasp the 
complexity of diffusion phenomena in MD processes, the authors 
adopted the Maxwell-Stefan theory, which is modified to account for 
friction during diffusion of an air-water mixture in a porous medium, as 
well as water vapor saturation of the gaseous medium, based on con
siderations relating to the system entropy. The aforementioned physical 
aspects were combined into a complete formalism that describes heat 
and mass transfer at every location within an AGMD system. In order to 
evaluate the outcomes of this new formalism, the authors developed a 
CFD numerical model, which can simulate various AGMD processes with 
different module dimensions, as well as gas and liquid supply properties. 
Moreover, the validity of the numerical model’s predictions was suc
cessfully validated with experimental results obtained on a laboratory- 
scale AGMD system.

As a relevant exemplification of the theoretical and numerical 
framework, the authors simulated the operation of full-scale AGMD 
modules, either individually or connected in series, to specifically 

predict their permeate production under steady-state conditions and to 
support effective designs by simulating different module characteristics 
and operating conditions, i.e., length and height of cooling and feed 
channels, membrane effective area, air-gap thickness, inlet flow veloc
ities, and temperatures. The simulations indicated that: to increase the 
individual module efficiency, defined as productivity in relation to the 
energy consumed, it is preferable to opt for long modules with thin 
channels and a thin air-gap, working at high feed speed velocities. For a 
multistage AGMD system in train-like configuration with external 
heating of the feed solution, the overall efficiency of the system depends 
on the individual efficiency of the connected modules, but also on heat 
storage in the feed stream. Then, in serial configurations, the presence of 
a fully operational (thick) air-gap in AGMD modules limit the gradual 
loss of productivity from module to module, and so could improve the 
whole system efficiency. Finally, the authors looked at the benefits of 
adding solar heating to the feed liquid, by direct irradiation of the feed 
wall of a module. Simulations showed that this additional contribution 
can increase productivity, particularly at low feed rates, as long as the 
module is correctly dimensioned to maintain sufficient cooling of the 
air-gap. In a system comprising modules in series, solar enhancement of 
an upstream module greatly increases the efficiency of downstream 
modules, by transmitting stored solar energy. Importantly, the simula
tions also highlighted that no straightforward quantitative correlation 
can be established between the variation in the values of the tested 
parameters and their impact on the productivity of the modules, 
whether a single one or multiple ones connected in series, depending on 
operating conditions and for a given membrane.

A key contribution of this work is to provide a comprehensive mul
tiphysics model that can be used to predict the optimal performance of 
an AGMD module, prior to further development of the design and 
implementation of real AGMD systems. Unlike simplified analytical 
models, the fully discretized CFD approach enables accurate scaling 
from laboratory modules to pilot and industrial systems. This makes it 
suitable as a ‘digital twin’ of AGMD modules, supporting decision- 
making in module sizing, system configuration, and integration with 
renewable energy sources. Thus, the model helps reduce reliance on 
costly experimental prototyping and accelerates the translation of 
AGMD into viable desalination technologies. In fact, the scenarios 
explored in this study constituted a non-exhaustive list of configurations 
that can be explored using the model developed in this work. The CFD- 
based multiphysics framework can straightforwardly be applied to other 
issues where AGMD is relevant, such as alcohol/water separation [95], 
and also consider transient phenomena, such as time variations in the 
availability of solar resources in a given environment [50]. The theory 
can also be expanded by addressing its limitations, e.g., by accounting 
for the wettability of the membrane as function of the properties of the 
liquid-gas phases in presence [93]. Furthermore, the formalism can be 
further complexified in order to integrate innovative AGMD techniques, 
e.g., the use of a superhydrophobic condensing plate to enhance 
permeate recovery [96]. All these considerations should be integrated in 
a consistent way into the multiphysics framework which is intended to 
serve as a basis for a physical study of AGMD processes.

Nomenclature

Abbreviations

AGMD Air-Gap Membrane distillation
AG Air-Gap
C Coolant channel
CP Condensing Plate
F Feed channel
M Membrane
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Latin

cc, cf Mass densities of salt in feed and coolant, respectively (kg 
m-3)

cc,0, cf,0, Inlet salt densities in (C) and (F) channels respectively (kg 
m-3)

cg Molar concentration of the gas phase (mol m-3)
Cp,c, Cp,f , Cp,g, Cp,m, 

Cp,M, Cp,s

Heat capacities of the coolant, feed, gas phase, membrane 
material, membrane with gas inclusion, and seawater type 
solution (Eq.(S2)), respectively (J kg-1 K-1)

di
→ Diffusion driving force (Eq.(10)) (m-1)

Dc, Df , Ds Diffusion coefficients of a solute (salt) in the coolant, feed 
and seawater type solution (Eq.(S7)), respectively (m2 s-1)

Dw,a Maxwell-Stefan diffusion coefficient for water and air gas 
mixture (Eq.(15)), (m2 s-1)

D̂k,i, D̂w,a Fick multicomponent diffusion coefficients for the gas pair 
(k, i), and for water and air (w, a) (m2 s-1)

DK
i , DK

a , DK
w, Knudsen diffusion coefficients of the species i, air and water 

(Eq.(12)), respectively (m2 s-1)
g→ Gravitational acceleration vector (m s-2)
gi
→ External constraint exerted on the species i during diffusion 

(Eq.(11)) (m s-2)

jc,i
̅→

, jd,i
̅→

, jtot,i
̅̅→ Convective, diffusive and total mass flux of the species i, 

respectively (kg m-2 s-1)
jav Vapor mass flux at the M/AG interface, averaged over the 

effective membrane area (kg m-2 h-1)
kc, kf , kg, km, kM, ks Thermal conductivities of the coolant, feed, gas phase, 

membrane material, porous membrane (Eq.(1)), and 
seawater type solution (Eq.(S3)), respectively (W m-1 K-1)

L Module length (m)
Mi, Ma, Mw Molar weights of the species i, air and water, respectively 

(kg m-3)
p Absolute pressure (Pa)
pi, psat,i Partial pressure and saturation pressure of species i (Pa)
Q Total permeate mass flux (kg h-1)
rM Membrane pore radius (m)
R Gaz constant (J mol-1 K-1)
T Absolute temperature (K)
Tin,c, Tin,f Absolute temperature at (C) and (F) inlet respectively (K)
u→ Velocity vector of the gas phase in (M-AG) (m s-1)
v→ Velocity vector of the feed and coolant solution (m s-1)
vc,0, vf,0 Inlet flow velocities in (C) and (F) channels respectively (m 

s-1)
W Module width (m)
xi, xa, xw, xsat,w Molar fractions of the species i, air and water in the gas 

phase, and molar fraction of saturated water vapor, 
respectively

x Abscissa position (Fig. 1) (m)
y Ordinate position (Fig. 1) (m)

Greek

αc, αf , αg αM, αs Heat diffusivity coefficients of coolant, feed, gas phase, 
membrane and seawater type solution, respectively (m2 s-1)

δAG, δC, δCP, δF, 
δfilm, δM

Thicknesses of the air-gap, coolant channel, condensing plate, 
condensate film (Eq.(16)), feed channel, and membrane, 
respectively (m)

εM Membrane porosity
κ Membrane permeability to convective flow (m2)
μc, μf , μfilm, μg, 

μs

Viscosities of the coolant, feed, condensate film, gas phase, and 
seawater type solution (Eq.(S4)), respectively (Pa s)

ρc, ρf , ρfilm, ρg, ρm, 
ρM, ρs

Mass concentrations of the coolant, feed, condensate film, gas 
phase, membrane material, membrane with gas inclusion, and 
seawater type solution (Eq.(S1)), respectively (kg m-3)

τM Membrane pore tortuosity
ωi, ωa, ωw Mass fractions of the species i, air and water in the gas phase
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