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Abstract

An intensified desalination module directly integrating membrane distillation (MD) and solar
flat-plate collector (FPC) into the same small equipment is explicitly modeled and studied in the
present article. Based on a previous work applying vacuum MD (VMD) to the integrated module
and the corresponding recycling system, direct contact MD (DCMD) is also adopted in similar
configurations to comparatively study the dynamic performance, the impact of different

parameters, and the potential production of both DCMD-FPC and VMD-FPC modules.

Abbreviations: AGMD, air gap membrane distillation; BDF, backward differentiation formula; CP, circulation pump;
CPC, compound parabolic collector; CR, concentration ratio; DCMD, direct contact membrane distillation; ETC,
evacuated tube collector; FPC, flat-plate collector; HRR, heat recovery ratio; MD, membrane distillation; MED,
multi-effect distillation; MSF, multi-stage flash; OAT, one at a time; PP, polypropylene; PTFE,
polytetrafluoroethylene; PV, photovoltaic; PVDF, polyvinylidene fluoride; RO, reverse osmosis; SC, solar collector;
SCOW, simplified cost of water; SEC, specific energy consumption; SEEC, specific electric energy consumption;
SGMD, sweeping gas membrane distillation; STEC, specific thermal energy consumption; TPC, temperature

polarization coefficient; VMD, vacuum membrane distillation; VP, vacuum pump.

© 2022 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0011916422000881
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0011916422000881

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

Simulation results for a 0.35 m?> module and a 12-hour operation show diametrically opposite
performances in terms of water production and electricity consumption of these two desalination
devices. Analyses on the influences of parameters indicate that the productions of both systems
are limited by the incoming solar energy, and the DCMD-FPC system further suffers from
conductive heat loss across the membrane. In order to relieve the performance from the
restriction of available thermal energy, two approaches by heat recovery and solar concentration
are applied to both DCMD-FPC and VMD-FPC to examine the potential enhancement. The
results on both approaches all recommend the choice of VMD-FPC for small-scale applications,

based on its more relevant productivity and less space footprint.
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Nomenclature
Al local altitude (km)

B membrane permeability (s m™)

aQ

salt concentration (g L!) / cost (€)
specific heat at constant pressure (J kg °C1)
distillate productivity (L m2) / diffusion coefficient (m? s™)

diameter (m)

friction factor

Cp

D

d

F flow rate (m3 s™1)
f

G solar radiation intensity (W m2)
h

convective heat transfer coefficient (W m2 °C!)

i discount rate

J permeate flux (L m? h')

K extinction coefficient (m™)

k thermal conductivity (W m™! °C")
L module length (m)

Lioc local longitude in degrees west (°)

M molar mass (kg mol™)
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m mass (kg)

m mass flow rate (kg h™')

Nu Nusselt number

n refractive index

0 energy flux (W m)

P pressure (Pa)

p power consumption (W)

Pr Prandtl number

R gas constant (8.3145 J mol! K')

Re Reynolds number

r pore radius (m) / nominal escalation rate
Sc Schmidt number

Sh Sherwood number

T temperature (°C)

U heat loss coefficient (W m? °C!)

1% volume (m?)

% flow velocity (m s™)

w module width (m)

X molar fraction

AH,  latent heat of water evaporation (J kg™!)
Greek letters

o solar absorptance

s slope (%)

y azimuth angle (°) / activity coefficient
0 thickness (m)

€ porosity / emittance

BN N

efficiency
incidence angle (°)
mass transfer coefficient (m s™)

dynamic viscosity (Pa s)
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p density (kg m?)

T tortuosity

® local latitude (°)
Footnotes

a air / ambient

ap absorber-plate

atm atmosphere

bo bottom

c cooling / cover

cp circulation pump
D diffusion

d diffused / distillate
f feed

8 gas

h hydraulic

K Knudsen

m membrane

n in normal direction
p permeate / polymer
S absorbed

s seawater supply

T total

u utilized

Vv viscous / volumetric
v vapor

vp vacuum pump

w water

wi wind
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1. Introduction

1.1 Membrane distillation

In the domain of desalination, two technology categories are currently prevailing, i.e. thermal
distillation and membrane separation [1]. Multi-stage flash (MSF) and multi-effect distillation
(MED) are the most common applications of the former, while reverse osmosis (RO) is the
dominating technology of the latter. As an emerging alternative, membrane distillation (MD) is a
process based on water evaporation provoked by a difference in partial pressure between the two
sides of a hydrophobic microporous membrane, which is used as the support for the liquid/vapor
interface [2]. Possessing characteristics of both thermal distillation and membrane separation,
MD has gained its popularity in desalination and research interest is continuously growing [3]. As
a distillation process, pure distillate is obtained as the permeate and thus nearly a 100% rejection
of salt and other non-volatiles is expected without pressurizing the operation as in RO [4].
Besides, much higher water recovery rate, even close to the saturation of salt concentration is
achievable compared to RO because of no limitation of osmotic pressure [5]. On the other hand,
the use of membrane ensures: 1) a substantial interfacial area for small and compact modules and
process intensification; ii) a working temperature lower than the boiling point; separation of the
liquid and vapor phases. Therefore, MD is considered as a promising solution for small-scale and

easy-to-operate desalination applications [6].

Generally, four different MD configurations have been widely studied in the literature, i.e. direct
contact MD (DCMD), vacuum MD (VMD), air gap MD (AGMD) and sweeping gas MD
(SGMD), defined by the vapor receiving structure on the permeate side [7]. Among them, DCMD
is the simplest for a lab-scale MD device and thus the most studied configuration [8], where the
circulating cold condensation liquid is in contact with the membrane and directly receives
transmembrane vapor flux. As the second most studied configuration in the literature [8], VMD
applies a vacuum environment on the permeate side to induce a difference in vapor pressure
across the membrane, and consequently, an external condensation is needed to collect the
permeate vapor as the distillate. Potentially, VMD represents the diametrical opposite of DCMD
from the point of view of water production and electricity consumption. A higher permeate flux

in VMD is expected due to the attenuated temperature polarization and transmembrane thermal
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loss when vacuum is exerted on the permeate side, while the addition of a vacuum pump and an

external condenser in VMD elevates the electrical demand during operations.

1.2 Small-scale solar powered DCMD and VMD

In spite of all the aforementioned merits of MD processes, the heat demand is still considerable
because of the latent heat for water evaporation (~ 667 kWh m3 [9]). This issue becomes
especially tricky when a small-scale, distributed and autonomous desalination system is desired
for the applications in some remote coastal areas or isolated islands. Fortunately, the relatively
low working temperature of MD (below 80°C [10]) enables the possibility of applying low-grade
renewable heat sources. Indeed, the research on coupling MD with solar energy has flourished
since the first practice by Hogan et al. in 1991 [11], where a hollow fiber DCMD module with a
total membrane area of 1.8 m? was fed by the seawater heated by a solar flat-plate collector (FPC)
field of 3 m?. Simulation results indicated an impressive daily production of 50 L with external
heat exchange for heat recovery. In another theoretical study on evacuated tube collector (ETC)
powered flat-sheet DCMD modules [12], the authors pointed out that the efficient use of the
available solar energy, which is limited by the area of solar collector (SC), is essential to system
productivity, and that an adapted heat recovery strategy is the only way to enhance overall
performance. In order to experimentally demonstrate a solar-driven DCMD system, a DCMD
module of 3.39 m? was connected to a 20 m?> FPC field and a photovoltaic panel with a peak
power of 1.48 kW [13]. The system configuration with heat recovery (by heat exchanging
between the permeate stream and the feed outside the module) exhibited an enhanced daily
average flux of 4.59 L h'! and a reduced specific energy consumption (SEC) of 1609 kWh m,
compared to the daily average flux of 3.31 L h'! and the SEC of 2342 kWh m? for the system
without heat recovery. Later, a numerical study on a simple FPC-driven DCMD system without
heat recovery resulted in a daily freshwater production rate of 19.7 kg per m? of membrane or 6.3
kg per m> of FPCs [14]; while an experimental study on ETC-driven DCMD system with
enhanced permeate side cooling showed a daily production of 26.76 - 33.55 L for a SC field of
2.61 m> with 1 m? membrane, attaining a maximum overall thermal efficiency of 49% [15].
Recently, a compact DCMD module with condensation heat recovery by heat exchange between
the cold feed and the relatively warm permeate flow. Three FPC, each 2 m?, and a photovoltaic

(PV) panel of 1.63 m?> were installed to furnish the DCMD system with thermal and electric
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energy. The test results showed that 86 L of freshwater could be daily produced in Kairouan,

Tunisia.

On the other hand, studies on small-scale solar-driven VMD systems have been less witnessed. A
tiny hollow fiber VMD module of 0.09 m? powered by 8 m? SCs was built and experimentally
tested [16], and a daily total production of 173.5 L was obtained at a fairly high cost: a specific
thermal energy consumption (STEC) of 7858 kWh m™ and a specific electrical energy
consumption (SEEC) of 317 kWh m, probably because of the uncoordinated surface areas of the
membrane and the SCs. Later, an ETC of 2.16 m? was applied to provide heat for a 0.25 m? flat-
sheet VMD module [17], yielding an average permeate flux of 4 L m? h™! (in terms of membrane
area) and an STEC of 750 kWh m=. Applying both ETC and PV panels to power a VMD system
[18], an SEEC of around 80 kWh m™ was reported. The adopted surface areas of ETC, PV
system and membrane were 1.82 m?, 1.62 m? and 0.1 m?, respectively. In the experiment, the
excess electricity generated by the relatively large PV system was used to heat the feed storage

tank, aiming to fully capitalize the captured solar energy.

In order to more efficiently consume the collected solar energy for distillation and to further
shrink the module size for domestic applications, efforts on directly integrating SC and MD have
been intensively witnessed since the 2010s, which can avoid the heat and pressure loss in piping
and connections, intensifying the whole desalination process [19]. In 2009, a solar distillation
device containing a flat-sheet AGMD module was built and studied [20], being the first practice
of this integrated SC-MD configuration, but the exhibited daily production was only 2.18 L m™
day! at an SEC of 2880 kWh m. Later, this idea was applied to DCMD and VMD modules. In
the experimental and modeling work by Chen and Ho [21], the feed side of a DCMD module was
placed in the space under the absorber-plate of an FPC, where the feed circulation was directly
heated by the absorbed solar energy. However, the integrated module was not dynamically
studied as an independent solar desalination system, and no daily accumulated production was
provided by the authors. Additionally, other MD configurations, such as VMD, were not included

as a comparison.
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For VMD, an indicative study on different solar-driven flat-sheet VMD module concluded that
the integrated VMD-SC module would yield better performance [22]. Later, a direct integration
of FPC and VMD by Ma et al. [6] in the same module was extensively studied and dynamically
modeled to illustrate the technical feasibility and the performance at small-scale in compact
systems, for instance for production of drinking water in remote coastal areas or isolated islands
with no heat provision. Dynamic simulation results revealed a daily production of 8 L m at an
SEEC of more than 200 kWh m, along with a much higher potential and system performance if
considering a feasible heat recovery strategy from condensation. For instance, for a heat recovery
ratio of 0.5, up to 15 L m? of water could be produced with a specific pumping energy

consumption lower than 121 kWh m=.

Hollow fiber VMD modules were also applied to integrated devices. The numerical study on
inserting hollow fiber membranes into the cylindrical absorber of a compound parabolic collector
(CPC) provided an innovative approach to intensify the sparse incoming solar energy for VMD
process [23]. Later, an integrated hollow fiber VMD desalination device was fabricated and
experimentally studied [24]. The tubes of an ETC with a total aperture area of 1.6 m?> were filled
by hollow fiber membranes of 0.2 m?, and the test results showed a daily freshwater production
of 3.2 ~ 4.8 L at a calculated STEC of more than 1000 kWh m™ and an SEEC of 208 ~ 313 kWh
m, which is in the same range as the previous work on flat-sheet VMD-FPC [6]. A similar
configuration was employed to integrate VMD with ETC [25], applying natural convection flow
mode without adding circulation pumps. The daily water production reached 6.7 L per m? of the
solar collector at a thermal efficiency of 51%, exceeding the previous study. The same
configuration was also tested for DCMD earlier by the same research group [26], and the results
showed a lower production rate than VMD, being merely 0.37 L h'! per m? of the solar collector.
Additionally, they claimed a 17% increase in DCMD performance compared with the
configuration where DCMD module and ETC were separately installed. The comparison between

the same integrated configuration respectively using VMD and DCMD is yet to be reported.

1.3 Research objective
The limitation by the available solar energy and the factor of heat recovery have already been

proven essential in the reported studies on solar-driven MD systems where SC and MD modules
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were separated, as described in Section 1.2. Even though the process is more intensified and the
loss in connections is exempted in the above-reviewed integrated MD-SC modules, the potential
production with the help of heat recovery or other approaches enhancing the incoming thermal

energy for MD has rarely been discussed.

On the other hand, comparisons made in the literature between DCMD and VMD [27-32] have
already pointed out that VMD is advantageous in terms of the permeate flux and thermal energy
efficiency due to the negligible conductive heat loss, while DCMD is simpler in system layout
and operation. However, most of these comparisons were only qualitative, and even the
quantitative studies were mostly based on fixed feed conditions, especially fixed feed temperature
levels, which is not the case in any independent solar powered MD system [33]. Moreover, the
evaluation of energy consumption in the above-mentioned comparisons was either totally absent
[28-30], or provided partially without considering the intensive cooling demand for permeate

vapor condensation under the vacuum in a conventional VMD [27,31,32].

Hence, it becomes interesting to quantitatively compare the VMD-FPC system with a similar
configuration (MD-SC) using the well-known DCMD, considering different working conditions
and performance enhancing measures. Besides, particular measures, such as draining or auxiliary
heating, have to be taken when the ambient is freezing cold, because such an MD-SC
configuration can only work at a temperature above ice-point. But these measures are out of the
scope of the current study. In the present work, the comparative study between VMD-FPC and
DCMD-FPC is performed through simulations for the same size and the same concept of the flat
sheet integrated module. Therefore, evaluations are presented to observe and compare the energy
consumption and the production of the two systems, when considered at a global scale accounting
required energy inputs. In addition, detailed analyses on the impact of different parameters are
carried out to identify the main factors contributing to the improvement of both systems. Finally,
discussions on their different hybridization perspectives by applying heat recovery strategy or
solar concentration factor within a solar-MD desalination module are presented to recommend a

better choice between these two.
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2. Module & system description and modeling

Cooling for the distillate recirculation has to be configured in the case of DCMD-solar
desalination module, in order to maintain the temperature difference between the feed and the
permeate side. In this regard, a constant flow of cold seawater source is usually placed in direct
heat exchange with the permeate side of DCMD. To provide a fair comparison, a very close
system description has been applied here for VMD-FPC and DCMD-FPC. However, certain
necessary readjustments for DCMD-FPC system based on the previous VMD-FPC system [6]
have been additionally involved: (i) a slight change of module configuration in DCMD-based
module should be made, as later described in Section 2.1, which implies that the permeate side of
the DCMD-FPC module becomes the cold circulating distillate; (ii) the diffusion mechanism
inside the membrane pores for DCMD and VMD is not the same because of the difference in
pore pressure, a different description of membrane permeability has to be adapted for DCMD and
will be further described in Section 2.2, instead of a using the coefficient for Knudsen diffusion
as proposed for VMD [6]; (iii) the recirculation of the cold distillate on the permeate side has to
be considered and added to system dynamics, together with a simple cooling cycle for the
permeate side to keep the transmembrane vapor pressure difference. Detailed descriptions and

system dynamics in this regard will also be provided in Section 2.3.

2.1. DCMD module configuration

The configuration of the considered DCMD-FPC module is shown in Figure 1. Solar radiation
passes through the glass cover and get absorbed by the absorber-plate of an FPC, heating the
DCMD feed side by direct contact. The feed side and permeate side are both beneath the
absorber-plate, separated by the membrane with saline water and distillate water circulating
counter-currently. A temperature difference is created between these two sides by the heating on
the feed side from the absorber-plate and a cooling cycle for the permeate side outside of the
module, which constitutes the driving force instead of the vapor pressure difference created by
the applied controllable vacuum in the VMD-FPC module in [6]. The cold distillate is used to be
circulating on the permeate side, as a conventional DCMD configuration. The entire module is
thermally insulated, same as a common FPC, to reduce heat loss to the environment. On the other
hand, the solar radiation model in [6] was directly taken into the current study without any

modification, obtaining the total received solar irradiance Gr, absorbed solar irradiance Gs (W m’

10
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2). Coupled with the MD model, the final utilized solar energy G, (W m?) can be acquired by

deducting the top loss through the cover and the bottom loss from the thermal insulation.

v v Glazi Feed outlet
azing cover
AN A 9\

Absorber-plate

Solar radiation s )
Cold distillate inlet

Membrane

Hot feed inlet

Cold distillate + permeate outlet

Figure 1: Configuration for an integrated DCMD-FPC module

2.2. Description of mass and heat transfer in MD modules

The governing equations consider the permeate vapor flux through the membrane, the heat
transfer in the membrane, on the feed side and on the permeate side (temperature polarizations)
and the salt diffusion on the permeate side (concentration polarization). The following main

assumptions were applied in this study.

(1) a combined effect of Knudsen - molecular diffusion governing the mass transfer through
the membrane in DCMD [4,34]; while a combined effect of Knudsen diffusion - viscous flow
governing the mass transfer through the membrane in VMD [4,35];

(>i1) steady state;

(1i1)  no wetting, crystallization or biofouling on the membrane;

(iv)  a 100% salt rejection, thus no salinity on the permeate side;

11
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(v) vaporization occurring only at pore inlet where the liquid-vapor interface holds;
(vi)  thermal conduction through the membrane and boundary layer on the permeate side in

VMD negligible due to the vacuum and no liquid existing on the vacuum side [5].

Based on Assumption (i), the diffusion coefficient used in [6] for VMD, which only considered
Knudsen permeability K., is no longer applied here, and the contribution of viscous flow will be
added and discussed. Furthermore, coefficients of the permeability for DCMD and VMD have to
be respectively modeled based on membrane properties according to the above-cited mechanisms,

which will be introduced in this section.

2.2.1. Transfer equations in DCMD

2.2.1.1. Heat transfer

Total heat flux through the membrane Q, (W m™) is formulated as Eq. 1 [14], consisting of both
the thermal energy for water evaporation taken away by the permeate flux J,, (kg m? s'!), and the

thermal conduction.

kr
Qp = JwAH, + a (Tfm - Tpm) (D

where 4H, is the latent heat of water vaporization (J kg'), Ty, and T}, the membrane surface
temperature of the feed and the permeate side, d,, the thickness of the membrane (m). kr is the
total thermal conductivity of the membrane layer (W m™! °C™"), which can be expressed by Eq. 2,

applying the Isostress model [36].

£ +1—s
(kg k

kT=

)~ 2

p

where ¢ represents the porosity of the membrane. k;, is the thermal conductivity of the membrane
polymer part, while that of the gas (air and water vapor) trapped in the pore k; can be estimated

by the following correlation [37],

12
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ky =272 %1073 +7.77 x 10~°Ty, 3)

On the other hand, the total heat flux Q, is also transported through the boundary layers of the

feed and the permeate side [38], which gives us the following,
Qp = Iy (Tf - Tfm) = hyp(Tym — Tp) “)

where Ty and 7, are the bulk temperatures. Due to temperature polarization, the former is higher
than T}, while the latter is lower than Tp,. hy and h, are the heat transfer coefficients (W m2 °C!)

of the feed and the permeate side, respectively.

The temperature polarization can be quantified by an important coefficient (TPC), as indicated in
Eq. 5, representing how much the transmembrane temperature difference is reduced at membrane
surface [39]. The closer to unity as TPC gets, the less impact of temperature polarization is

implied.

(Tfm - Tpm)

TPC =
(Tf - Tp)

(&)

Correlations that correlate Nusselt number with Reynolds number Re and Prandtl number Pr are
applied to the calculation of heat transfer coefficients. The ones proposed in [6] is adopted, which

are as follows,

RePrd,;,\**3
Nu = 1.86( h) ELyo1s for Re < 2300 (6)
L Hm
(i) (Re — 1000)Pr 2 0.11
8 dh 3 Prf
Nu = T 1+ (— — for Re = 2300
L Pr,,

14127 (g)i (Pr§ —1) )

With  f = (0.790InRe — 1.64)2

13
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where dj is the hydraulic diameter (m) and L is the length (m) of the flow channel. Dynamic
viscosity # (Pa s), density p (kg m™), thermal conductivity k (W m! °C™") and heat capacity ¢, (J

kg! °C) of both saline water and distilled water are calculated by the regressions in [40].

2.2.1.2. Mass transfer
The water mass flux J,, (kg m? s!) is driven by the vapor pressure difference across the

membrane due to the temperature difference [41],

Jw = m(me - Ppm) (8)

where B, represents the overall membrane mass transfer coefficient (s m™), and P, and Ppn
stand for the water partial pressure at the membrane surface on the feed side and the permeate

side (Pa), respectively.

As described in the assumptions, B, can be decomposed into the mass transfer coefficient in

Knudsen diffusion Bx and the one in ordinary molecular diffusion Bp, which are calculated as

follows,
= Ei _8MW )0-5 9)
K™ 316, ‘TRT,,
e PD, M

D™ 168, P, RT,

where ¢, r, 7, and J,, are the porosity, the pore radius (m), the tortuosity and the thickness of the
membrane (m), respectively. M,, is the molecular weight of water (kg mol™'), and R is the gas
constant (i.e. 8.3145 J mol! K!). T,, is the mean temperature (K) inside the membrane pore, P
and P, the total pressure and the air partial pressure (Pa) inside the membrane pore, and D,, the

water diffusion coefficient (m? s!). It is worth to mention that the Knudsen permeability K,

utilized in [6] equals Bg/+/M,,.
Then the two mass transfer coefficients are combined by the following equation to obtain By, [42],

14
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By = (Bg' + Byt (11)

Empirically, the product of the total pressure P and the water diffusion coefficient D, can be

calculated as a function of the temperature [14],
PD,, = 1.895 x 107°T,,, %072 (12)

Antoine equation is adopted for the calculation of pure water vapor pressure on each side of the

membrane with the corresponding temperature at the membrane surface [4],

3816.44
PO = exp(23.1964 — — " 13
exp( T—2613 (13)

Then, the water vapor partial pressure on both side of the membrane has to take salt existence

into consideration [4],
P = x,,¥,P° 14)

where x, is the water molar fraction and y, is the water activity coefficient, which can be

obtained by the correlation proposed in [40].

On the other hand, the permeate flux J, is also determined by the water mass diffusion from the
feed bulk to the membrane surface, which is further decided by the salt concentration polarization

[43], yielding

Crm

Jw = pAnIn <c_f> (15)

where A, is mass transfer coefficient (m s™') on the feed side, and C is the concentration (g L).
An can also be estimated from the correlations given in Eqgs. 6 and 7 by replacing Nusselt number

Nu and Prandtl number Pr in the equations by Sherwood number Sh and Schmidt number Sc [44].
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2.2.2. Modification of transfer equations in VMD

When compared with the VMD modeling at the scale of the module in [6], the only difference
here lies in the diffusion mechanism inside the membrane pores, which is now the combination of
Knudsen diffusion and viscous flow, instead of the assumption of solely Knudsen diffusion for

the diffusion in VMD. The impact of this modification will be checked in Section 3.1.

Moreover, the diffusion coefficients need to be modeled from the material properties of the
membrane, in order to be comparable with the DCMD model described above. Compared with
Section 2.2.1, the modeling of VMD process takes 2 modifications into account. Firstly, the
overall membrane mass transfer coefficient B, is now composed of Knudsen diffusion Bx and the

one in representing viscous flow By, which is calculated as [45],

M, er? P,

B, =—2—_ T 16
V' 8u, t8,, RT,, (16)

where u, is the viscosity of the vapor inside the pore, which can be calculated from the

linearization from the data in [46].

B, 1s the sum of these two coefficients,

The effect on the production of considering viscous flow will be discussed later to confirm the
negligibility of By in VMD. Secondly, there is no more need to model the thermal conductivity of
the membrane and the boundary layer on the permeate side, as explained in the assumptions.

Therefore, the heat transfer becomes simply the heat transfer from the feed bulk to the membrane

surface and the heat loss through membrane by vapor permeating, expressed as,

Qp = h(Tr = Tpm) = JwAH, (18)
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2.3. Description of the dynamic system

A recycling system was considered to not only fully store and exploit the solar energy absorbed
by the module, but also to raise the water recovery rate to reduce the brine discharge of the
system. For the VMD-FPC module, the VMD system design and dynamic modeling were already
explicitly introduced and explained in [6], which included a recycling system on the feed side as
well, and a vacuum pump directly connected to the permeate side. Therefore, Section 2.3 is

dedicated to the description of the DCMD system for the DCMD-FPC module.

2.3.1. System configuration for DCMD-FPC module

My out

Absorber-plate .
mp,in Cold
Feed side Distillate
ntegrated module
Glass cover
N\
Membrane
T
Distillate
@ ZI Product
mp,out
Permeate Circulation Pump
i i the
My out Seawater supply , , ,
Cooling Circulation Flowmeter
X T N

Brine discharge ; .
N Feed Circulation Pump

Figure 2: Flowsheet of recirculation system for DCMD-FPC module

Similar to the recycling batch system for the VMD-FPC module [6], the configuration of the
system designed for the DCMD-FPC module is shown in Figure 2. Three water circulation loops
function simultaneously, i.e. the feed recirculation, the cold distillate recirculation and the
cooling seawater circulation. The feed stream absorbs thermal energy from the absorber-plate and

induces higher vapor partial pressure, which generates vapor flux passing through the membrane
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pores when inside the module. The mass loss by permeate flux in the feed recirculation is
compensated directly by the seawater supply instantaneously, while the whole feed side is
evacuated by the discharge when the salt concentration gets too high and detected by the
concentration meter at the outlet of the module. Counter-currently, the cold distillate on the
permeate side gains the mass from the direct condensation of the vapor that passing through the
membrane. However, thermal energy is also transferred to the circulation on the permeate side
due to heat conduction through the membrane and permeate vapor condensation. Therefore, a
cooling strategy for the cold distillate circulation is needed to substantially remove the additional
heat delivered to the permeate side. Thus, the temperature of the distillate can be maintained
lower than the feed, so that the transmembrane vapor pressure difference can be kept and the
vapor inside the pores can be continuously condensed in the cold distillate due to the its higher
pressure than the saturation pressure at the temperature of the permeate side. In the current
configuration, the cooling of the permeate stream is realized by heat exchanging with the cooling

seawater circulation, which constantly draws seawater at environment temperature from the sea.

2.3.2. System dynamics
The process dynamics was studied for time-varying steady-state phases [6]. Heat and mass
balances were applied to both the feed side and the permeate channel, and salt mass conservation

was used to track the accumulation of salt concentration.

Dynamics of the feed side are described by Egs. 19 - 21. As aforementioned, mass loss to the
permeate (J,,A,) was made even by the seawater supply m (kg s™), which gives us Eq .19. Then,
temperature change on the feed side was determined by the solar energy utilized Gu, supplied
seawater and total heat loss through the membrane Q,, yielding Eq. 20. Finally, salt mass kept
augmenting during the process due to the no-salt-passing assumption and the salt introduction

constantly from the seawater supply with a concentration of Cy (g L), as presented in Eq. 21.

dm

d_tf:ms_]wAm =0 (19)
d(c,m¢T¢) )

”d—tff = GyApm + cyitgTy — QpAm (20)
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d(GVp) _ Cstitg
dt Ps

3y

where my is the total mass in the feed channel (kg), A, is the surface area of the membrane (m?)

and Vyis the total volume of the feed channel (m?).

On the other hand, the rate of mass gain in the distillate tank was all from the permeate (J,,An),
and the temperature change was decided by the total heat transferred from the feed side Q, and
the heat taken away by the cooling circulation, as listed in Egs. 22 and 23. A uniform temperature
at any time was assumed for the fresh water inside the distillate tank 7, and the permeate side 7),

of the module (74 = 7).

dm

T (22)
d(c,m;T; + c,m,T,

(P ¢ c £P P) = QpAm_QcAc (23)

dt

where mg and mp are the total mass in the distillate tank and the permeate channel (kg),
respectively. A. and Q. are the heat exchanging surface (m?) and the heat flux taken away by
cooling (W m2), which was solved by the “ht.hx” library in Python [47] for a counter-current

heat exchanger.

2.4. Pumping energy consumption

The power consumption taken into consideration contains the consumption by circulation pumps
(CP) in both DCMD-FPC and VMD-FPC systems and the additional consumption by a vacuum
pump (VP) in the case of VMD-FPC. Due to the autonomous design of the system, thermal
energy is entirely supplied by the available solar radiation on the surface of the MD-FPC module,
which is more or less fixed with a given module at given location and time. While on the other
hand, the power consumption for the system operation cannot be fulfilled by the module or the
system itself, instead it requires external power supply from the grid, which is not often

accessible in the targeted remote places and should be provided by on-site photovoltaic panels.
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Consequently, it is worth to correlate the electricity demand to the production capacity of the

desalination system.

2.4.1 Circulation pump

The electricity consumption of the circulation pumps is proportional to the pressure loss 4P
during the flow in the module, which consists of the friction loss and the gravitational loss due to
the slope f of the module, neglecting the pressure loss in piping and joints. Therefore, the

pressure loss in this study can be expressed as [44],

pv?
AP = fL—— + pgL sinf (24)
2d,,

where L is the length of the module (m), v the flow velocity (m s!), and g the gravitational
acceleration (9.81 m s72). fis the Darcy friction factor, being calculated by the correlations below

[48,49].

96
f= Re for Re < 2300 (25)
f = (0.790InRe — 1.64)"2  for Re = 2300 (26)

Finally, the power consumption Pcp (W) of a circulation pump is [6]

_ FyAP

cp —
Nep

27)

where Fy is the volumetric flow rate (m? s''), and 7, is the efficiency of the pump, which is taken
as 0.7. In the system for the DCMD-FPC module, both the feed and the permeate circulation
pumps were included in the calculation, while only feed circulation pump presented in the one for
the VMD-FPC because of no permeate circulation existed. The pumping power from seawater
source to both systems was excluded in the calculation, because it totally depends on the local

seawater delivery arrangement and is out of the dynamic system design shown in Figure 2.
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2.4.2. Vacuum pump in VMD system

A well-sealed system was assumed in this study, and thus the energy consumption by the vacuum
pump is proportional to the amount of permeate vapor flux, according to the system configuration
in [6], where all the vapor is pumped out by the vacuum pump. An isothermal compression from
the vacuum pressure P, to the atmospheric pressure Pam 1s deemed more accurate to describe the
process because of the relatively low permeate flow rate [50]. Accordingly, the power

consumption P,,p (W) is

° ]WAm > <Patm>
p, = RT,In 28)
P (Mwnvp P By

where R is the ideal gas constant (8.31446 J mol! K1), and the efficiency 7., equals 0.75
throughout the study. Here, the permeate temperature T), is supposed to be the same as the
temperature at the membrane surface on the feed side Ty, by the assumption of no conductive

heat loss through the membrane.

2.5. Model coupling and resolution procedure

The system dynamics interacts with both the MD models and the solar radiation model, as shown
in Figure 3. Operating conditions from the description of system dynamics (bulk temperatures,
feed bulk concentration, flow rates) provided input parameters for MD model (Section 2.2) and
Solar radiation model [6], while the results from both MD model and Solar radiation model
imposed variations on operating conditions. During the simulation, the correlations for the
calculation of mass & heat transfer coefficients and seawater properties were invoked by all these

models.
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Figure 3: Schematic of interconnected modeling structure: MD model, solar radiation model and

system dynamics

All models were programmed under Python (version 2.7). The integration for system dynamics
(Egs. 19 - 23) was realized by the Real-valued Variable-coefficient Ordinary Differential
Equation solver (Isoda) in Scipy ODE package [51], in conjunction with the resolution of MD
model (Section 2.2) and Solar radiation model by the Scipy fsolve package [52]. Automatic
readjustments of time step-sizes and switches between the implicit Adams method for non-stiff
problems and another method based on backward differentiation formulas (BDF) for stiff

problems are provided by the Isoda package, in order to smoothly handle the integration.

3. Results and discussion

3.1. Parameter settings and daily operation

Concerning such an integrated module, different categories of parameters, i.e. location, material
properties, positions & dimensions, and operating conditions, were included in the simulation.

Table 1 presents an exhaustive list of all the parameters that intervened in the simulation.

The research was conducted in INSA Toulouse, thus the longitude, latitude and average altitude
of Toulouse, France were chosen as an example for system operation and to give indications on
the future experiments here in the laboratory. A 12-hour operation, from 8am to 8pm on Aug Ist
was assumed, along with the daily ambient temperature varying from 20°C to 35°C and other

parameters that affects the solar irradiance.
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The properties of the glass cover, the absorber-plate, the membrane and the insulation were all
taken into account as the 11 parameters in this category shown in Table 1. The first 5 parameters
in material properties generally determine the amount of the solar energy absorbed from the
received irradiance, and the other 6 parameters influenced how the module utilizes the energy
input. The material properties other than the membrane were kept the same as listed in [6], while
for the newly inserted membrane properties, the given data of the polyvinylidene fluoride (PVDF)
membrane Durapore™ by Millipore was applied [53]. It is worth to note here that the tortuosity
was set to a rather high value of 5 because of two reasons: (i) this value is much more difficult to
evaluate compared to other membrane properties and is not given by the membrane manufacturer;
(i1) more importantly, a tortuosity of 5 together with other membrane properties listed in the table

2. which is at the same

corresponds to a Knudsen permeability of 5.74x10° s mol'? m™ kg
scope of the real values given by the experiments done in our laboratory [2]. Nevertheless, lower

tortuosity values will be included in Section 3.3.2 by varying membrane properties.

Table 1: Parameter settings of integrated module and system for both DCMD-FPC and VMD-

FPC

Parameters Values Description
Lioe 358.56° Longitude in degrees west, 0° < L < 360°
1) 43.60° Latitude, north positive, -90° < ¢ < 90°
Al 150.0 m Altitude of the location
i 10 W m? °C! Heat transfer coefficient of the wind
Location & Date Aug Ist Date of the daily operation
time time 8 am - 8 pm Duration of the daily operation
Io, I, I'k 0.97,0.99, 1.02 Correction factors for mid-latitude summer
Pe 0.2 Diffuse reflectance of the surroundings
Tamax 35°C Highest ambient temperature
Tamin 20°C Lowest ambient temperature
ne 1.5 Refractive index of the cover
Ko. 0.032 Product of extinction coefficient and thickness
& 0.88 Emittance of the cover
On 0.93 Absorptance in normal direction
. Eap 0.1 Emittance of the absorber-plate
Material .
. 0.713 Porosity of the membrane
properties i
5 Tortuosity of the membrane
r 0.22 pm Pore size of the membrane
Om 117.7 pm Thickness of the membrane
kp 0.15W m'! °C! Thermal conductivity of the membrane polymer
Upo 0.9 Wm?2°C! Heat loss coefficient of the insulation
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B 25.0° Slope of the solar collector
.. y 0.0° Azimuth angle of the solar collector
Positions .
& w 0.5m Width of the collector
. . L 0.7m Module length

dimensions . .
or 5 mm Thickness of the feed side
Op 5 mm Thickness of the cold distillate side (only DCMD)
C; 35gL! Salt concentration of the seawater supply
Ts 25°C Temperature of the seawater supply
Climit 300 g L The highest operating salt concentration
my 100 kg h! Feed circulation flow rate

Operating  m, 100 kg h'! Permeate circulation flow rate (only DCMD)

conditions i, 150 kg h'! Cooling circulation flow rate (only DCMD)
My 5kg Initial mass in the distillate tank (only DCMD)
U. 1000 W m*2 °C! Cooling heat exchange coefficient (only DCMD)
Ac 0.1 m? Cooling heat exchange surface (only DCMD)
P, 5000 Pa Permeate pressure (only VMD)

It is also worth noting that in the positioning angles and the dimensions of the flat-plate module,
the collector area (W x L = 0.5m x 0.7m) of both DCMD-FPC and VMD-FPC modules was
considered the same as the membrane area A, because they shared the same surface in the
integrated design, neglecting edges and margins. Besides, in VMD the thickness and the flow rate
of permeate side was excluded due to the total vapor phase inside the vacuum on the permeate
side, which was assumed to be a uniform vacuum pressure at 5000 Pa. Contrarily for the DCMD-
based system, the same thickness and flow rate as the feed side for the permeate side was taken.
Rather low flow rates at 100 kg h™' (corresponds to a Re of around 130) were initially taken based
on the conclusion that lower flow rate is beneficial to the performance of solar-driven DCMD
[14]. Similarly, the flow rates will be later varied in a large range to see their impact on the
system performance. A distillate mass of 5 L was assumed to be already in the cold distillate

circulation before the daily operation, to initiate the permeate circulation.

The considered seawater source had a constant concentration of 35 g L and a constant
temperature of 25°C. The limit of salt concentration before discharge in the module was set to be
a higher value of 300 g L'!, giving a maximal water recovery rate of 88.3%. Specifically for the
DCMD-FPC, a small heat exchanger of 0.1 m? for cooling the permeate was set, whose overall
heat transfer coefficient was 1000 W m™ K-!, as a normal liquid-liquid plate heat exchanger [54].

The cooling seawater circulated at a flow rate of 150 kg h'!, more than the flow rate of the cold
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distillate to ensure a good cooling effect. All the above settings for the cooling cycle would be

later varied to discuss their influences.

Under the settings of all the parameters listed in Table 1, simulations for the DCMD-FPC system

and the VMD-FPC system were performed, resulting in daily variations of solar irradiance,

temperatures, TPC, concentrations and permeate fluxes as shown in Figure 4.
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Figure 4: Daily variation of solar irradiance, feed and permeate temperature, TPC, feed

concentration and permeate flux of (a) DCMD-FPC system; (b) VMD-FPC system

Similarity between Figure 4a and 4b was observed for all the variations. Received solar
irradiance Gr is exactly the same in both of the figures because of the same date and location
chosen, and the absorbed irradiance Gs also seems to be nearly the same. The operating
temperatures and permeate fluxes all rise a bit with the increment of solar irradiation and all go
down with the decreasing solar condition in the afternoon. Besides, both of the concentrations
kept accumulating as shown in Figure 4, and the slope is bigger when near noon because of
relatively higher permeate flux under stronger solar radiation. At the same time, TPC and
concentration polarizations (differences between Cp, and Cy) of both systems are more obvious
with higher permeate flux at noon. Specifically for the DCMD-based system, the temperature of
the bulk on the permeate side 7, did not react too much to other variations due to the cooling
effect impeding it from augmenting. As for the VMD-based system, the feed temperature started
at the original 25°C in the beginning of the day and then was raised to a certain point before
being more or less stabilized, when the water vapor pressure on the feed side reached the level of

the vacuum pressure and permeate flux began to appear.

26



648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678

Despite the similar variations, the difference on the production was obvious. After the day, the
VMD system can produce 8.08 kg m of distillate water (2.83 L), while the DCMD-FPC module
will produce only 1.46 kg m? (0.51 L). Therefore, the permeate flux in Figure 4b is much higher
than that in 4a, even though it is already rather low. Even though the temperature polarizations
(Tfn < Ty) on the feed side seem to be in the same range for both DCMD-FPC and VMD-FPC, the
extra temperature polarization on the permeate side (Tpn > T,) for DCMD-FPC significantly
exacerbates TPC to as low as 26%, and hence further reduces permeate flux. As a result, the salt
concentration Cr of the VMD-FPC system accumulated much more than the DCMD-based
system because of more water permeated, and its concentration polarization phenomenon is
stronger compared to the nearly-invisible difference between Crand Cy» in Figure 4a. However,
the difference in power consumption for these two systems was even more significant. The
DCMD-FPC system produced the distillate at an expense of only 2.76x10* kWh (average PV
power consumption 0.23W, corresponding SEEC 5.42 kWh m), while the value for the VMD-
FPC system was 0.45 kWh (average PV power consumption 37.5W, corresponding SEEC 158.4
kWh m), most of which was consumed by the vacuum pump, because of the configuration of
the VMD system where vacuum pump was used to compress all the produced water vapor. This
important consumption is inevitable, and can be seen as the replacement of the huge expense on
maintaining an extremely low temperature in “cold traps”, which is usually installed before the
vacuum pump to condense vapor in vacuum. On the other hand, the total absorbed solar energy
for both systems recorded about 2 kWh during the 12-hour operation. Considering a latent heat of
vaporization of 2260 kJ kg™! [55], the DCMD-based system only utilized 0.32 kWh out of the 2
kWh (16% thermal efficiency) for water production, while the VMD-based system transferred as
much as 1.78 kWh into the final distillate (89% thermal efficiency). In conclusion, significantly
higher electricity consumption and solar energy utilization efficiency both existed for the VMD-

FPC, compared to the DCMD-FPC.

In addition, the assumptions of mass transfer mechanisms inside the membrane pore are revisited
here by some extra simulations. For DCMD, the daily production would be 106.9% higher if only
considering Knudsen diffusion instead of a combined effect of Knudsen-molecular diffusion;
while it would be 18.3% higher if only molecular diffusion is considered. Therefore, this

combined Knudsen-molecular diffusion is necessary for better prediction of the permeation,
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without the need of including viscous flow due to the existence of air. For VMD, molecular
diffusion does not exist due to the vacuum and no air. The daily production would only be 0.06%
lower if viscous flow is further excluded and only Knudsen diffusion is assumed to govern the
transfer inside the pores. Therefore, it confirms the assumption that solely Knudsen diffusion is

already enough to describe the transfer mechanism of VMD.

3.2. Comparison of simplified cost of water (SCOW)

From a techno-economic view, the simplified cost of water (SCOW) is adapted here [56,57], in
order to incorporate both the production and the energy consumption metrics into one comparable
desalination performance indicator. It is worth noting that such a criterion might not be the only
factor that determines the applicability of the studied small-scale solar-driven desalination device.
For example, process robustness and sustainability are probably more important aspects that have
to be considered when implementing such distributed devices in remote places without consistent
energy supply. However, these additional factors are hard to evaluate in the current simulation

study, and will be further discussed in our future experimental research.

In Toulouse, the annual insolation time is around 2040 hours with a total received solar radiation
energy of 5924 MJ m at an optimal slope [58]. Based on such a solar condition, a discount rate i
of 7% and a nominal escalation rate r of 4% are assumed upon a system lifetime of 20 years
[56,59]. The detailed SCOW calculation chart is listed in Table 2 for a solar collecting area of 1

m?, including all the reasonable cost assumptions. All the costs are in euros €.

It is obvious that both devices are still more expensive compared with large-scale desalination
facilities [60], due to the rather low production rates of the current system layouts without heat
recovery or any other performance optimizations (potential production capacities will be
discussed in Section 3.4). However, this techno-economic calculation is just a first estimation of
water producing cost for the essential drinking water provision in some water-deficient remote
area, and comparing this cost to the price of bottled water (~ 0.5 € per liter in Europe) might be
more relevant. Between DCMD-FPC and VMD-FPC, not only the production rate of the latter
(8.08 kg m?) is much higher than the former (1.46 kg m), but also the SCOW of the latter (0.10
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€ L") is considerably lower than the former (0.17 € L), despite the additional cost of vacuum

pump and electricity consumption.

Table 2: Cost calculation and SCOWs of DCMD-FPC and VMD-FPC without heat recovery

Item Description Cost (DCMD-FPC) Cost (VMD-FPC)
Ci Total investment costs, Ceq + Ceon 360 600
Ceq Equipment costs, Cmp + Cux + Cimp 300 500
Ceon Construction costs, 0.2 X Ceq [56] 60 100
Cmp MD module costs, Cmemb + Cmatmp 100

Cmemb Membrane costs 50

Cmamp  Module material costs other than membrane 50

Cux Heat exchanger costs 100

Cimp Other module costs (piping, pumps, etc.) 100 300
Cr Operational costs, Csm + Cin + CrmD 23.3 30.5
Csm Service and maintenance costs, 2.5% X Ci [61] 9 15
Civ Insurance costs, 0.5% X Ci [62] 1.8 3
Crvp Membrane replacement costs, Cmemb X 1/4, [63] 12.5

Cv Variable operational costs, Ccu + CeL + Ctn 0.24 35.40
Ccu Chemical costs, € 0.038 m™ [64] 0.02 0.12
CEeL Electricity costs, € 0.103 kWh! [65] 0.22 35.28
Cru Thermal energy costs, 0 due to solar-heating 0

SCOW  Simplified Cost of Water, € L! 0.17 0.10

3.3. Influence of parameters

In order to examine the individual influence of some parameters on the performance, the value of
each parameter was varied one-at-a-time (OAT) while keeping all the other parameters the same
as listed in Table 1 as a module of 0.5%0.7m?. The performance observations are based on the
same daily production D, and SEEC. The studied parameters include the material properties of
solar absorption and the membrane, the operating conditions, and the module position and

dimensions, which are presented and discussed as follows.

3.3.1. Solar oriented material properties (A,, = A. = 0.5%0.7m?)
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723  The main solar oriented material properties that exert influence on system operation include the
724  properties of the glass cover (n. and Kd.) and the absorptance o, in normal direction of the
725  absorber-plate. These parameters characterized the solar energy absorption of the module, being

726  the only thermal energy source of the system.
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732 Figure 5: Daily distillate productivity and specific electrical energy consumption for DCMD-FPC
733  and VMD-FPC systems at varying glass cover properties: (a) refractive index n.; (b) product of
734 extinction coefficient K and thickness J¢
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The first layer of the integrated module is the glass cover. As expected and shown in Figure 5,
increasing the values of the concerned properties had bigger negative impact on the daily
distillate production D, for the VMD-based system than the DCMD one. The VMD-FPC system
was much more productive than the DCMD-FPC, with specific consumption unaffected by the
properties of the glass cover. However, the SEEC of the DCMD-based system varied a little bit
with different values of these properties, though not clear in these figures because of much
smaller value compared to the value of VMD. It increased from 4.7 to 5.9 kWh m with n. being
from 1.1 to 1.8, and from 5.2 to 6.8 kWh m™ with Ké. being from 0.01 to 0.18. The circulation
flow rates are fixed in these calculations and thus the total pumping consumption remained the
same while D, decreased with the increments of these properties. As a result, the specific

consumption of the DCMD-based system raised when bigger n. or Ko. were imposed.
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Figure 6: Daily distillate productivity and specific electrical energy consumption for DCMD-FPC

and VMD-FPC systems at varying absorptance a, in normal direction of absorber-plate

Similar observations of the absorptance a, of the absorber-plate is shown in Figure 6. However,
the absorptance a, had a positive impact on D, for both MD configurations, based on the fact that
higher absorptance directly enabled greater amount of the solar energy absorbed. On the other
hand, D, of the DCMD-FPC system stayed limited at 1.60 kg m? even with the highest
absorptance, while SEEC ranged from 6.75 kWh m™ with a, at 0.8 to 4.95 kWh m~ with a, at

0.98, whose variation was also limited. Compared to the positive impact of a, on the production
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of the VMD-FPC, the strong conductive heat loss through the membrane in DCMD-FPC might

severely diminished the benefit from higher solar absorption.

3.3.2. Membrane properties (A, = A. = 0.5%0.7m?)

For both DCMD-based and VMD-based desalination systems, four characteristic membrane

properties were considered, that is to say porosity &, tortuosity z, thickness J,,» and pore size r, as

they characterize the membrane permeability and decide the mass transfer quality of the

separation process. Influence of these properties on the performance of both modules are

summarized in Figure 7, together with the corresponding Knudsen permeability of the membrane.
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Figure 7: Daily distillate productivity and specific electrical energy consumption for DCMD-FPC
and VMD-FPC systems at varying membrane properties: (a) porosity ¢, (b) tortuosity z, (c)

thickness dn, (d) pore size r

Clearly, these permeability-oriented parameters had very small influence (almost no influence)
on the water production and pumping consumption of the VMD-based system, the same as
previously discussed for the Knudsen permeability K, of the membrane due to the restraining
from limited solar energy income. Oppositely, both the D, and the SEEC of the DCMD-based

system acted sensitively to membrane properties, which indicates that the sparse solar radiation is
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not the only constraint in DCMD-FPC. Higher porosity and lower tortuosity seemingly benefited
the system a lot with greater production and less pumping consumption, because of the enhanced
permeability of the membrane, as the K,, shown in Figure 7a and 7b, which increases linearly
with higher porosity and exponentially with lower tortuosity. A low tortuosity of 1.2 could push
D, up to 3.3 kg m?2, which however seemed to be the limit for even lower tortuosity (same D, of
3.3 kg m? with 7 of 1.05). Similarly, the larger pore size was able to do the same job of boosting
the production, but only to a limited extent. Larger than an average pore size of 0.3 um, no clear
improvement on the system performance is visible at an increasing pore size even though the
Knudsen permeability keeps rising linearly, and the risk of membrane wetting would be
significantly increased. Lastly, thicker membranes in the case of DCMD-FPC were found to be of
interest to both D, and SEEC, even it induced lower membrane permeability. The reason is that
by increasing the membrane thickness, another important factor, the conductive thermal loss,
came into play. The thicker the membrane, the bigger thermal resistance of this layer. Therefore,
this observation proved that reducing transmembrane conductive heat loss and increasing the
thermal efficiency in the DCMD-FPC system are more important than enhancing membrane

permeability.
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Figure 8: Daily distillate productivity and specific electrical energy consumption for the DCMD-

FPC system at varying thermal conductivities k, of membrane polymer
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Having in mind that the conduction thermal loss of the membrane might be essential to the
DCMD-based system, the thermal conductivity of the membrane polymer k, is therefore analyzed
here in Figure 8. The VMD-based system was not taken into consideration because of the

neglected conductive loss through the membrane.

As expected and discussed above, the production of DCMD-FPC responded a lot to this
parameter, which could even reach up nearly to the D, of the VMD system with extremely low
thermal conductivity. Therefore, the conductive heat loss can be identified as the dominant factor
that caused the large production difference between DCMD-based and VMD-based system.
Besides, SEEC exhibits an inverse trend compared to the trend of Dy, because of the invariability
of the total pumping consumption at fixed flow rates of the feed and the distillate, which is the
product of SEEC and total water produced. However in reality, the thermal conductivity of the
membrane is still in the range from 0.15 to 0.30 W m™' K (0.17 for PP, 0.19 for PVDF and 0.25
for PTFE) [66], where there seemed no significant influence on system performance from Figure

8.

3.3.3. Operating conditions (A,, = A, = 0.5%0.7m?)

Firstly, the permeate pressure P, was again identified to be the major factor determining the
performance of a VMD-FPC system, same as reported previously [6]. Then, the flow rate of the
feed recirculation m; for both DCMD-FPC and VMD-FPC and the flow rate of the cold distillate

recirculation m,, for DCMD-FPC are discussed as follows. In order to be more interpretable,

instead of flow rates, the corresponding average Reynolds number were illustrated in Figure 9.

For the VMD-based system, higher Reynolds number of the feed did not end up with higher D,
due to the limited available solar energy, only adding slightly to the energy consumption of
pumping [6]. From Figure 9, similar behaviors can be observed for DCMD-based system, where
an almost constant D;, is observed in spite of the varying Reynolds numbers of the feed or the
permeate side. Apart from the same limitation by the incoming solar energy as for VMD-based
system, here the conductive heat loss account for another important constraint, as discussed in

Section 3.3.2.
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840  Figure 9: Daily distillate productivity and specific electrical energy consumption at varying
841  Reynolds numbers: (a) feed side for both DCMD-FPC and VMD-FPC modules; (b) permeate
842  side for DCMD-FPC module only

843

844  On the other hand, the pumping consumption of DCMD-FPC were nearly proportional to the
845  Reynolds number (from 2 Wh at a Re around 70 to 45 Wh at Re around 4000) because of the
846 linear relation between the power consumption of CP and the flow rate, as expressed in Eq. 27,
847  and no other electricity consumptions taken into account. Then, due to the unchanged Dy, SEECs

848  of the DCMD-FPC in Figure 9 also increases linearly with Re of either the feed flow or the cold
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distillate circulation. While for VMD-FPC, the majority of the pumping consumption was taken
up by the consumption of the vacuum pump. At a low Re of the feed flow (Re < 500), over 99%
of the total consumption was found out to be spent on VP. Even when the feed flow was at the
highest Re of 4600 in Figure 9a and the consumption by CP would be at its maximum, 0.46 kWh
was consumed by VP, out of the total consumption of 0.50 kWh, leaving only 44 Wh consumed
by the CP of the feed circulation. Then, the power consumption of VP is proportional to the
amount of permeate vapor and not influenced by the feed flow rate, according to Eq. 28.
Therefore, the major part of the SEEC of VMD-FPC in Figure 9a that belongs to the vacuum
pump stayed constant due to the constant Dp. For the rest that consumed by CP in VMD-based
system, its total amount increased with the Re at the same pace as the DCMD-based system.
However, the total SEEC (by VP and CP) of VMD-FPC in Figure 9a ascends more slowly with
the increasing feed Re than the ascending pace of the SEECs of DCMD-FPC, which is because of
the greater production in VMD-FPC incurring lower specific consumption by CP and thus

smaller slope of the total SEEC.

Regarding the water productivity D, for DCMD-FPC, in fact, it increased slightly from 1.45 to
1.58 kg m2 with feed Re from below 100 to about 4000, while it decreased from 1.55 to 1.37 kg
m? with permeate Re from below 100 to nearly 4000. This observation further backs up the
important impact of transmembrane conductive thermal loss in DCMD. Higher feed Re can help
to enhance the heat transfer from the feed bulk to the boundary layer to provide for water
evaporation and heat conduction through the membrane. However, higher permeate Re helped to
improve the reception of not only water condensation heat but also conductive heat loss by
enhancing heat transfer from the permeate boundary layer to the bulk. In consequence, the higher
permeate Re permitted larger overall heat loss from the limited solar energy input and caused the
declination of D,. Conclusively, higher Re of both the feed and the permeate side contributes to
higher pumping consumption without enhancing the productivity of the DCMD-FPC, therefore
lower Re is more favorable for this simple recirculation system, same as concluded for VMD-

FPC in case no heat recovery strategy was implemented [6].

Beside the feed and permeate recirculation, a cooling cycle is involved also in the system as

illustrated in Figure 2, where seawater source is circulating and cooling the permeate
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recirculation. The concerned parameters are the cooling flow rate m., the heat exchange
coefficient U, and the heat exchange surface A., and the latter two intervene the model by their

product U:A.. Figure 10 presents their impact on the system performance of DCMD-FPC module.
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Figure 10: Daily distillate productivity and specific electrical energy consumption at varying: (a)

cooling circulation flow rate m., (b) cooling heat exchange capacity U:A.

Both very low values of m, and U.A. were preferred by the DCMD-based system, being around
10 kg h'! and 10 W K-!'. However, the possible improvement by adjusting the cooling condition
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was still very limited compared to altering membrane properties as discussed in Section 3.3.2.
Furthermore, this preference again confirms the strong influence of heat conduction through the
membrane. Better cooling effect can ensure a lower temperature of the cold distillate on the
permeate side, which strengthens the driving force and thus the permeate flux. On the other hand,
such lower temperature can induce bigger transmembrane conductive heat loss. Therefore, the
low values of the optimal choice indicated that, for the same module configuration, more
emphasis should be put on reducing heat conduction in DCMD instead of enhancing the
production. Besides, the variations of SEECs in Figure 10 are due to the variations of the
production, while the total consumption, taken the CPs on the feed and the permeate was not

affected at all by the cooling condition.

3.3.4. Module position and dimensions

: 200
<, 4 180
E 1 160
[o1))] 7
= 1 140
o --e-- Dp DCMD \\\\ ] e 3
> 5 —e—Dp VMD . .
: e SEECVMD. {1002
=, | 160 %
> 2 _

- I S 40
g e B
il S s
0= == - . l :
0 20 0 - .

Collector slope f°

Figure 11: Daily distillate productivity and specific electric energy consumption at varying slope

Firstly, the module position was fixed by the slope £ and the azimuth angle y. The latter is usually
set to 0, facing sharply south, for non-tracking non-concentrating solar collectors to maximize the
received energy on the surface. Hence, the position parameter in question is the inclination of the
module. D, of both systems exhibited a same favorite slope at around 20°, as shown in Figure 11.
However, the pumping consumption behaved differently. Theoretically, bigger slope added to the
burden of circulation pumps to overcome greater pressure difference between the bottom and the

top of the module due to the elevated module height. Thus, both of the feed pump and the
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permeate pump had to consume more at bigger inclination in the DCMD-FPC system, while the
improvement of water production from 0° to 20°C was limited. The specific consumption of the
VMD-FPC system, on the other hand, seldom reacted to the variation of the slope because the

majority of the consumption was taken up by the vacuum pump.

Secondly, the dimensions of the MD module consisted of the module length L, the module width
W and the thicknesses of feed Jr and permeate J,. In the VMD-based module, there would be no
discussion on the thickness of the permeate side because of the assumption of a uniform vacuum
space without water circulation. The influences of the dimensions on the performance of both

DCMD-FPC and VMD-FPC are illustrated in Figure 12.

The length of the module hardly altered the performance of both systems. With very limited
thermal energy input from the absorber-plate, the total water volume and the heat and mass
transfer inside the channel, which were connected with the length, did not seem to be influential.
Similarly, no clear influence of the module’s width was observed except for the SEEC of the
DCMD-based module. This observation was due to the augmenting flow velocities and Reynolds
numbers on both sides of the membrane, when decreasing the module width under fixed flow
rates. Thus, higher pressure loss was induced and consequently higher CP power was demanded,
according to Eq. 24 and 27. Furthermore, it was found by simulations that if fixing the flow
velocities by scaling the flow rates proportionally to the width, a constant SEEC of DCMD-based
module can also be attained. Conclusively, the surface dimensions (width W and length L) do not
influence sensibly the production and specific consumption, thus the scale-up of the module can

be achieved simply by bigger module surface or several modules in parallel.
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Figure 12: Daily distillate productivity and specific electrical energy consumption at varying
module dimensions for DCMD-FPC and VMD-FPC systems: (a) length L, (b) width W, (c)
thickness of feed channel J; (WXL = 0.5%0.7m?), (d) thickness of permeate channel J, (WXL =
0.5%0.7m?)

The thickness of the channels had a smaller impact on the flow Reynolds number based on its
slightness compared to the width W. The hydraulic diameter of the flow channel was thus nearly
double the value of the thickness (d, = 2W§& /(W + §) = 26), combined by the flow velocity

which was in inverse proportion with the thickness at given flow rates (v = F,/(W§)), the effect
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of the thickness on Re calculation was therefore almost eliminated. From Figure 12c, different
trends of the productivities for the VMD-based and DCMD-based systems emerged. When the
feed channel thickness was smaller than 5 mm, the D of the VMD-based system held steady
while the D of the DCMD-based system slowly went up. After the value of 5 mm, the former
slowly went down while the latter also went down. A thinner layer of feed channel helps to
enhance heat convection and alleviate temperature polarization for higher permeate flux [67], that
is why the D, of VMD-based module kept on decreasing with higher .. However, the overall
heat input from solar absorption limited the production to a certain level even the feed channel
was thinner than 5 mm. On the other hand, a thinner feed channel of DCMD also reinforced the
heat transfer and brought the temperatures at the bulk and at the membrane surface closer.
However, larger transmembrane temperature difference was created simultaneously, admitting
greater conductive heat loss and thus reducing the overall accumulated water production, which
was already addressed as the one of the major factors in determining the production capacity of
the DCMD-FPC system. After a certain thickness, the heat transfer condition inside the feed
channel started to take part in the water production, and a rather slight decrease from 1.53 to 1.39
kg m?2 at a feed channel thickness from 7 mm to 30 mm was discovered. Besides, the pressure
loss by friction along the flow channel was consequently in inverse proportion with &° according
to the first term on the right in Eq. 24. As a result, thinner channels induced higher circulation
pump consumption, especially when at extremely small value, as observed in the Figure 12c and
12d, though not really outstanding compared to the huge overall electric consumption of the
VMD-based module mostly consumed by vacuum pump. At last, the variation of D, with varying
permeate channel thickness d, in Figure 12d might probably be explained also by the more

important heat loss with thinner flow channels, as explained for ¢ of the feed channel.

3.4. Discussions on potential: Heat recovery & solar concentration

Both solar-integrated MD systems studied in this work have relatively low water productions due
to the enormous heat consumption by feed evaporation and the limited thermal energy source
provided only by direct solar absorption. This highlights clearly the importance of enhancing the
thermal energy income for the feed circulation in case an increase in permeate flux and water

production is desired. Generally, two approaches can be conceived in the current application:
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Heat recovery from the permeate side back to the feed circulation, and solar concentration to

multiply the absorbed heat by the module.

In addition, the daily operations in wintertime (February 1st) are evaluated in this section as well,
in parallel with the operations in summertime. Besides the recalculation of solar radiation in
winter, certain environmental parameters also have to be altered. Source seawater temperature is
set to 13°C on Feb Ist, according to the data for seawater temperature in Barcelona [68], which is
not far from Toulouse. Correction factors (1o, 11, rc) for mid-latitude places are configured to 1.03,
1.01 and 1.00 for winter, instead of the values in Table 1 for summer. Finally, an ambient

temperature ranging from 0°C to 10°C in winter is considered.

3.4.1 Heat recovery (A, = A. = 0.5%x0.7m?)

For the DCMD-FPC module, the heat recovery is usually carried out by recuperating the thermal
energy from the cold distillate or the cooling water. In our design, the cooling was carried out by
direct heat exchanging between the distillate and the circulating seawater. Therefore, a fixed heat
recovery ratio (HRR) of all the heat exchanged by cooling was deemed as a relevant way to study
the influence of heat recovery on system performance. On the other hand, for the VMD-FPC
module, a certain ratio of the permeate vapor was presumed to be condensed by a certain facility
before the vacuum pump, whose heat was redirected to the feed circulation. Thus, this ratio in
VMD equals to a fixed HRR of all the condensation heat of the permeate. However, the
discussion was incapable of evaluating the corresponding amount of supplementary electricity

demand for both heat recovery approaches.
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Figure 13: Daily distillate production D, for DCMD-FPC and VMD-FPC systems at varying heat

recovery ratios (HRR) in both summer and winter

Figure 13 demonstrates a substantial increase in water productivity for both systems if heat
recovery strategies are implemented. In summer, the D, of the DCMD system was markedly
improved from around 1.5 kg m™ without heat recovery to nearly 30 kg m? with 0.9 of the heat
gained by the cooling stream being put back to the feed. Regarding the VMD system, the
increment of Dy was from around 8 kg m? to even more than 50 kg m2. Compared with
operating in summer, D, of DCMD-FPC in winter drastically decreased by more than 70%, while
D, of VMD-FPC in winter was lowered by around 60%. In an HRR range of 0 ~ 0.8, the
production of VMD-FPC in winter is even higher than that of DCMD-FPC in summer, revealing

the huge advantage of the former over the latter in terms of freshwater provision capacity.

However in reality, a high HRR is not easy to attain. For DCMD, the vapor condensation directly
takes place inside the cold distillate, whose temperature has to be low enough to maintain the
driving force for vapor transfer, thus the latent heat of the permeate vapor is then stored in the
cold distillate in liquid phase. Therefore, this heat is hard to be directly recovered back to a liquid
feed at higher temperature. For VMD, the temperature of the permeate side is even lower in the
vacuum, thus the same difficulty exists for heat recovery. However, the latent heat is still stored

in vapor phase on the permeate side, which might be recaptured through the condensation
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elsewhere. Considering such difficulty in heat recovery, high HRRs are not quite realistic and
feasible, especially for the DCMD-FPC system. If applying an intermediate HRR (0.3 to 0.7) to a
small module of 1 m?, the potential production of the DCMD-FPC system would still be much
too low (2.5 to 7.9 kg in summer; 0.7 to 2.3 kg in winter) compared with the VMD-FPC system
(11.3 to 24.6 kg in summer; 4.6 to 9.6 kg in winter). Even on Aug Ist, when the solar condition
might be the best on the northern hemisphere, the production of DCMD-FPC can hardly fulfill
the drinking demand (2 L per day per person [69]) of a small family. Added by the above
discussion on the heat recovery possibilities on both systems, VMD-FPC is therefore reckoned to
be the one that is worth further study towards application. It is however needed to check the
existence and the feasibility of an innovative approach for heat recovery in the VMD-FPC system

and further to evaluate its relevance in terms of extra energy requirements.

3.4.2. Solar concentration (4,, = A. = 0.5%0.7m?)

A solar concentration ratio (CR) is defined as the solar aperture area to absorber area, which can
be approximated by the factor of the increment of the absorbed solar energy on the absorber-plate
[70]. Only low concentration ratio (e.g. CPC, V-trough) has been applied to MD applications in
the literature [71-73]. Indeed, it was found here that a concentration ratio over 7 could lead to a
feed temperature over 100°C in the afternoon for both DCMD and VMD-based systems, which
was then rejected by the simulation. Consequently, Figure 14 illustrated the water productions of
DCMD-FPC and VMD-FPC with varying concentration ratios up to 7, in both summer and
winter. Similar to the discussion on the heat recovery, the extra energy consumption by solar
tracking systems for the concentrator and other supplementary facilities could not be evaluated at

current stage.
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Figure 14: Daily distillate productivity D, for DCMD-FPC and VMD-FPC systems at varying

concentration ratios (CR) in both summer and winter

Unlike Figure 13, the production linearly responded to the increasing CR due to the linear
increments in the heat supply by the absorbed solar energy. The production capacity difference
between DCMD and VMD-based systems is still obvious, and D, of VMD-FPC in winter is
always even higher than that of DCMD-FPC in summer, similar to the discussion on HRR. At a
moderate CR of 3, the D, of VMD-FPC could reach up to 24.5 kg m? in summer and 11.8 kg m~
in winter, while that of DCMD-FPC was only able to yield a production of 7.8 kg m in summer
and 2.4 kg m? in winter, even lower than the VMD-FPC without heat recovery or solar
concentration. D, of DCMD-FPC also became interesting only when CR was over 6, in terms of
the domestic drinking water provision (> 8 kg m? in winter). However, larger CR would leave
larger footprint, decreasing the compactness and the mobility of the system. For example, CR = 6
means a concentrator of an aperture area of more than 6 m? needs to be installed for a module of
1 m?. Furthermore, the complexity in concentrator design and solar-tracking when increasing CR
adds to the problem of applicability in remote communities. At last, the design of solar

concentrator is also part of the module design, which demands further study.
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4. Conclusions

Based on a previous design of an integrated module coupling direct solar heating with VMD
process (VMD-FPC system), a similar DCMD-based desalination system was studied in order to
contrast the two diametrically opposite MD technologies in terms of water production and power
consumption and to compare their hybridization potentials when coupled with direct solar heating
scenarios. To provide a fair comparison between the original VMD-FPC module and the DMCD-
FPC, a similar dynamic recycling system was indeed defined. Simulations for daily 12-hour
operations revealed that the water production of the DCMD-FPC system (0.51L for the 0.35 m?
module) was much lower than that of the VMD-FPC system (2.83L for the same 0.35 m? module)
under the same parameters and operating conditions, which indicated a huge difference in the
thermal efficiency of utilizing solar energy for distillate production: 16% of the former system
and 89% of the latter system. However, much higher production and thermal efficiency also came
with a price: electric consumption of VMD-FPC was 0.45 kWh (power consumption per unit
distillate 13.25 W L), in contrast with only 2.76x103 kWh of DCMD-FPC (power consumption
per unit distillate 0.45 W L). Nevertheless, the calculated SCOW of VMD-FPC was still much
cheaper than that of DCMD-FPC.

Roles of different groups of parameters concerning material properties, operating conditions,
position and dimensions were analyzed in details for both the DCMD-FPC and the VMD-FPC
systems, comparatively. The discussions on the variations of the parameters all indicated that in
the case of direct solar heating with the limited available solar energy, especially when no heat
recovery strategy is applied, the VMD-FPC system was restrained by the heat income from solar
energy, while the DCMD-system was even further suppressed by the heat conduction from the
feed to the distillate. Besides, the performances of both systems stayed unaffected by the
variation of the module surface, which enables a flexible design of the module size based on the

productivity and the water provision demand.

Finally, heat recovery and solar concentration were deemed as two possible approaches to
enhance the freshwater production of such hybridization. Regarding the former, heat has to be
redirected from the low-temperature permeate side to the high-temperature feed circulation in

both DCMD and VMD, while the vapor-phase permeate side in VMD enables more possibilities.
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Furthermore, the production capacity of a small-scale DCMD-FPC system was shown to be
incapable of supplying the drinking water demand for dispersed communities under a reasonable
heat recovery ratio, while the VMD-FPC system exhibited a more relevant and controllable
production. For the latter approach of solar concentration, productivities for both systems could
be linearly improved with an increasing solar concentration ratio, displaying good potentials for
application. However, 2 ~ 3 times the concentration ratio of the VMD-FPC was required by the
DCMD-FPC to produce the same quantity of distillate, which means a much larger footprint and
a higher module complexity of the DCMD-FPC module.
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