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Improving the efficiency and sustainability of water treatment technologies is crucial to reduce energy
consumption and environmental pollution. Solar-driven devices have the potential to supply off-grid
areas with freshwater through a sustainable approach. Passive desalination driven by solar thermal
energy has the additional advantage to require only inexpensive materials and easily maintainable
components. The bottleneck to the widespread diffusion of such solar passive desalination technologies
is their lower productivity with respect to active ones. A completely passive, multi-effect membrane
distillation device with an efficient use of solar energy and thus a remarkable enhancement in
distillate productivity has been recently proposed. The improved performance of this distillation
device comes from the efficient exploitation of low-temperature thermal energy to drive multiple
distillation processes. In this work, we analyze the proposed distillation technology by a more in-depth
thermodynamic detail, considering a Second Law analysis. We then report a detailed exergy analysis,
which allows to get insights on the production of irreversibilities in each component of the assembly.
These calculations provide guidelines for the possible optimization of the device, since simple changes

in the original configuration may easily yield up to a 46% increase in the Second Law efficiency.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Equitable access to clean water and sanitation services is a
Human Right, as explicitly recognized by the General Assembly
of the United Nations in 2010 (UN General Assembly, 2010).
Nonetheless, today more than two billion people still live in
regions suffering high water stress, while more than four billions
experience severe water scarcity for at least one month during
the year. Water scarcity is expected to be one of the major
risks for society in the future, since the global water demand
is steadily increasing at around 1% pace per year, prefiguring
a nearly 30% increase by 2050 (UNESCO World Water Assess-
ment Programme, 2019). The increase in water demand is mainly
driven by population growth and industrial development, being
the most water stressed areas located in developing countries
and emerging economies (Vorosmarty et al., 2000; Elimelech and
Phillip, 2011). In this sense, the development of simple, sustain-
able and affordable desalination technologies is a promising route
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to a more equitable access to clean water, which must overcome
social and economic inequalities (Ahmed et al., 2019).

The well-established active desalination technologies are typ-
ically high-energy consuming, involve mechanical moving parts
and are thus subject to risk of failure and frequent maintenance.
Therefore, active desalination processes are best-suited for large
installations, since they involve considerable installation and op-
erating costs (Cipollina et al., 2009; Calise et al., 2016; Baccioli
et al., 2018; Rosales-Asensio et al., 2019; Ghaffour et al., 2019).
Instead, passive desalination technologies do not involve any
moving part or electromechanical auxiliary system, being thus
robust and implementable following a simple, compact and low-
cost rationale (Arunkumar et al., 2019; Boriskina et al., 2019).
Such passive technologies are thus promising candidates to help
alleviating clean water scarcity in remote and impoverished re-
gions of the world (Dongare et al., 2017; Morciano et al., 2017,
Wang, 2018), where only salty or contaminated water and off-
grid energy from generator sets or renewable sources (Boamah
and Rothfuf3, 2018; Bocca et al., 2018; Alberghini et al., 2019;
Falchetta et al., 2019; Chen et al., 2016; Morciano et al., 2016) are
available. The limit to a widespread diffusion of these technolo-
gies is currently their distillate productivity, which is generally
lower than that of the active ones (Subramani and Jacangelo,
2015; Ni et al.,, 2018; Ahsan et al., 2012).

2352-4847/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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A simple and low-cost membrane distillation device has been
recently proposed by some of the present authors in a previous
work (Chiavazzo et al,, 2018). The concept relies on multiple
distillation stages arranged in cascade, which yield an efficient
energy management and thus larger distillate productivity with
respect to previous systems in the literature. The required low-
grade thermal power can be provided e.g. by solar energy, which
is used to drive multiple distillation processes before it is lost to
the environment. Distillation is carried out through a series of
evaporation and condensation stages made of hydrophilic wicks,
which are separated from each other by hydrophobic membranes.
The treated saltwater is supplied to the system thanks to the cap-
illary properties of the wicks, thus making the device completely
passive, robust and suitable for operation in off-grid conditions.
A detailed analysis of the energy management in the proposed
distiller along with a developed theoretical model are discussed
in the aforementioned article (Chiavazzo et al., 2018).

In this work, the proposed passive, multi-effect, membrane
distillation device is analyzed with a more in-depth thermody-
namic detail, thanks to a Second Law analysis. We then proceed
with an exergetic analysis (Bejan, 2016; Dincer and Cengel, 2001;
Mistry and Lienhard, 2013; Mohammadi et al., 2018), which
allows to gain insight on the production of irreversibilities in
each component of the assembled device. In detail, the exergy
associated with the inlet solar irradiance, as well as the flow
and non-flow exergy of salt and distilled water are defined and
computed for the tested device, considering both chemical and
thermomechanical contributions. The exergetic efficiency of the
considered distiller is then compared to other solutions proposed
in the literature. The reported analysis eventually allows to iden-
tify the main sources of entropy generation (or, equivalently,
exergy destruction), and thus to suggest proper guidelines for
a further optimization of the device. Some considerations on
the possible optimization of distillate productivity are finally
discussed on the basis of the validated physical model of the
distillation device. Despite exergetic analysis has been already
carried out for similar devices — e.g. solar stills (Torchia-Nunez
et al., 2008; Tiwari et al., 2009; Ranjan and Kaushik, 2013; Mistry
et al., 2011), to the best of the authors’ knowledge it has never
been applied to a multi-stage passive device.

The article is organized as follows. In Section 2 we introduce
the thermodynamic framework underlying this work, namely
the exergetic analysis of desalination systems. The results along
with a discussion on the exergy destruction and cost of each
component of the assembled device are reported in Section 3.
Moreover, improvements to the original implementation of the
distillation device are presented and the resulting Second Law
efficiency compared with that of other desalination technologies.
Finally, the conclusions are drawn in Section 4, and perspectives
of the present work discussed.

2. Thermodynamics of desalination
2.1. General framework for exergy analysis

Exergy is the maximum amount of useful work that can be
obtained from a reversible process through which a given sys-
tem reaches equilibrium with a specifically-defined environment,
starting from an initial state. The exergy equation for an open sys-
tem can be obtained from the First and Second Law as (Lienhard
et al,, 2017)

M
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In the above equation, ¥; = Q;6; is the generic thermal exergy
flux, with Q; being thermal power and 6; = 1 — Ty/T; the Carnot
factor; W, the mechanical power; C = U + poV — ToS, with
U the internal energy, po and T, the environment (dead state)
pressure and temperature, V the total volume of the system
enclosed in an arbitrary control volume (CV) and S the entropy.
E, and E, represent the kinetic and potential energy, respectively.
The mass flow rate is G;, and ¢ = h — Tgs, being h and s the
mass specific enthalpy and entropy, e; and e, are the specific
counterparts of kinetic and potential energy, respectively. The last
term on the right-hand side, Ty X = ¥; > 0, accounts for the
exergy destruction within the system. If t superscript is adopted
to indicate total quantities (ie. including kinetic and potential
energies), the above equation can be rewritten in a more compact
form as
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being A’ the non-flow total exergy related to the storage in the
system, which is defined with respect to a reference state as
A" = C' — o, and b the total specific flow exergy, defined as

bi = ¢ = &o.
2.2. Insight on multi-component systems

In case of multi-component systems, the effect related to
the different composition of chemical species is typically made
explicit. Let us consider a system containing a mixture of different
species (for the non-flow exergy A‘) and the related mass flow
rates (for the flow exergy b'). Defining the specific Gibbs free
energy as g = u+ pv —Ts, the specific non-flow exergy (a = A/m,
being m the total mass of the system) can be written as

a= (u—up)+po(v—uvo) —To(s—5So0) =
=w—u")+po(v—v)—To(s—s")+
+ (u* - UO) + Po (U* — Uo) —To (S* - 50) =
=w—u)+p(v—0*)—To(s—s")+(g* — ). (3)
where the starred notation represents the (intermediate) re-
stricted dead state of the mixture system, which is characterized
by the temperature Ty and pressure po. In Eq. (3), the first three
terms on the right-hand side represent the thermo-mechanical

exergy, whilst the last term the chemical exergy. Similarly, the
specific flow exergy yields

b=(h—h")—To(s—s") + (g" — &) (4)

Recalling that, in a mixture, g = Y urwy/My (Where wy, =
mk/zj m; is the mass fraction, u; the chemical potential and
M; the molar mass of kth component), we obtain the general
expressions for exergy in case of multi-component systems:

a=(u—u*)+po(v—v")+

_ _o* * 0 %
Ty (S S )+Xk:(,b£k ,uk) Mk’ (5)
b=(h—h*)—To(S—S*)+Z(MZ—M2),\%' (6)

k

If the molar fraction of the kth component of a mixture is
defined as
M

X = — 7
X wkMk (7)
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with M = ", XM, its chemical potential under the hypothesis
of ideal solution can be computed as

Uik = Mpure,k(Tv p) + RT Inxy, (8)

where pure x is the chemical potential of the pure species and
R the gas constant. Hence, the chemical component of exergy in
Egs. (5) and (6) can be re-written as

* 0y Wk Xk
E — — =T E R In —, 9
. (H«k l/«k) M, 0 - kWi 1N Xz 9

being Ry = R/M; and xg the molar fraction of the kth component
at dead state.

3. Results and discussion
3.1. Analysis of the device

A schematics of the considered passive multi-effect membrane
distillation device is shown in Fig. 1. The device relies on multiple
distillation stages, each of which consists of an aluminum sheet, a
hydrophilic porous wick which acts as evaporator, a hydrophobic
membrane (or an air gap obtained with a plastic spacer), and
a hydrophilic wick which acts as condenser. Salt water is fed
to each evaporator by capillary forces through some hydrophilic
strips immersed in a salt water basin; whereas, freshwater is
discharged to a freshwater basin by gravity through a strip pro-
truding from the porous wick. Solar (thermal) energy generates a
temperature gradient across the evaporators and the condensers,
which is the driving force of the whole distillation process. In
fact, such temperature difference causes a vapor pressure dif-
ference between each evaporator and condenser, which allows
to overcome the one due to the salinity (i.e. activity) difference
between the two wicks. As a result, the vapor pressure is higher
on the salt water side, therefore causing a net water vapor flux
from the evaporating to the condensing wicks through the mem-
brane (or air gap). The hydrophobic membrane or the air gap are
designed to allow the transport of the vapor phase only, while
separating the liquid ones. The first evaporation is driven by the
absorbed solar thermal energy; whereas, the distillation process
in the successive evaporators is powered by the enthalpy of
condensation released from the condenser above. The last-stage
condenser eventually discharges the enthalpy of condensation
into the environment through a heat sink. Notably, other sources
of low-temperature heat, e.g. from the cooling system for internal
combustion engine (Morciano et al., 2020), could be employed to
drive the distillation process. An extensive analysis and discussion
of the device, which will be labeled as Distiller 1 — D1 in the
followings, can be found in Chiavazzo et al. (2018).

The analysis presented in the current work is based on the
predictions obtained by the theoretical model experimentally
validated in the previous article (Chiavazzo et al., 2018). The
distillation device analyzed here consists of 1, 3 or 10 identical
stages. In each stage, the two hydrophilic layers (evaporator and
condenser) are separated by a hydrophobic microporous mem-
brane (thickness t = 150 wm) (see Fig. 2a). The top side of
the distiller is made of a spectrally selective solar absorber to
convert solar radiation into heat (solar absorbance ¢ = 0.96;
infrared emissivity ¢ = 0.04), covered by a transparent convec-
tion reducer to limit heat losses (effective heat transfer coefficient
= 2.3 Wm™2 K~! (Chiavazzo et al., 2018); optical transmittance
t = 0.86). A heat sink (effective heat transfer coefficient ~
30 Wm~2 K1) is coupled to the bottom side of the stack, to reject
the heat flux to the environment. Assuming a solar irradiance of
900 W m~2, the device can produce up to 3.28 Lm~2 h~! in case
of the 10-stage configuration (quantities normalized by the solar
absorbing surface A; = 1.44 x 1072 m?).

Solar absorber

Aluminum sheet
-—) Evaporator
I Membrane (or Air gap)

Condenser
Aluminum sheet

“eSeis

g Evaporator g i %

Membrane (or Air gap) 109

I

I Condenser iz
Aluminum sheet H

Salt
Water

Fig. 1. Schematics of the multi-stage concept of the analyzed distillation
device. Each stage consists of an aluminum sheet, a hydrophilic wick which
acts as an evaporator, a hydrophobic membrane (or air gap obtained with a
spacer), and a hydrophilic wick which acts as a condenser. Salt water is provided
to the evaporators by capillary action, while freshwater is released by gravity
through the porous wick. The whole distillation process is empowered by the
solar (thermal) energy absorbed on the top surface of the device.

The overall control volume CV(a) of the device is chosen to
ensure that all the outgoing heat fluxes flow into the environment
(see Fig. 2a). Hence, the only useful effect of the device is the
chemical one, namely the water distillation. The dead state is
characterized by ambient temperature (To = 293.15 K) and pres-
sure (po = 101325 Pa) and by a NaCl concentration in solution
equal to the one of seawater, namely 35 g L™! (i.e. x,?,aa =Xy =
0.021). The thermodynamic properties are computed according
to Nayar et al. (2016) and Sharqawy et al. (2010). In detail, the
enthalpy and entropy of seawater at the dead state are equal to
ho = 79.8 k] kg~! and sy = 0.282 k] kg~! K=, respectively. First,
Eq. (2) is applied to the control volume CV(a) in Fig. 2, and this
yields

d
lIlz'rr = l1’51111 + Ginbfn - Goutbf)ut + (Gin - Gout){O - a (A[)Cv(ﬂ) - (10)

Different approaches to evaluate the maximum work that can
be extracted from solar energy (exergy budget, ¥s,,) have been
proposed in the literature (Bejan, 2016). In this work we adopt
the expression proposed by Petela (1964)

Weun = OsotarBy = Qsotar ( 1 4T°+1T5l (11)
Sun — YsolarVp = solar 3Tsun 3T§4un B

with Qsoer being the energy flux from the Sun and Tg,,, = 6000
K. It is worth to point out that the exergy content related to
the radiative heat flux (Qq), the convective heat fluxes (Qconv,top,
Qout sink) and the optical losses ((1 — a7)Qsoier) Vanish, because
they all flow into the ambient at dead state conditions (i.e. null
Carnot factor). Moreover, the input and output temperatures of
the salt and distilled water are equal to the environment one,
thus the enthalpy and entropy contributions vanish too. Hence,
considering an ideal binary mixture made of NaCl (molar fraction:
x) and water (molar fraction: (1 — x)), Eqs. (6) and (9) can be
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Fig. 2. Control Volumes (CV) used for the exergy analysis of the passive distillation device. (a) Control volume CV(a) (red solid line) used for the exergy analysis
of the overall device. The useful effect is the variation of the chemical flow exergy (i.e. from salt to distilled water), which is driven by the input solar flux
(Gsolar = Qsotar/As = 900 W m~2, being A; = 1.44 x 1072 m? the solar absorbing surface). The sub-systems are delimited by black dashed lines. For illustrative
purposes, a 1-stage device is depicted here. (b) CV(b) includes the convection reducer and the spectrally selective absorber. (¢) CV(c) includes the aluminum plate
and the evaporator. In this CV, the saltwater flow rate Gj, is heated up to temperature Tiemp,up and then vaporizes, thanks to the net heat flux Que transferred
through the absorber. (d) CV(d) encloses the hydrophobic membrane (or the air gap), which is crossed by the vapor mass flow rate. (e) CV(e) includes the condenser
and the aluminum plate. Here the vapor mass flow rate Gj, is condensed and then discharged into the basin of distilled water. (f) CV(f) includes the heat sink,
through which heat flux is released to the environment by convection. The orange vertical axes show the temperatures through the device.

re-called to write Eq. (10) as

lPHT - lI/Sun + Gm R TO [Xln In (X ) + (1 _xm) In <
0

)]
1-—

out) +a —Xou[)ll‘l( Xout)] n

Xo 1- Xo

d

dt (At)cv(a) ’

where R, = R/M,, is the specific gas constant of water vapor,
since x < 1 and thus M ~ M,,. Considering CV(a), the inlet
and outlet molar fractions of NaCl in the solution are x;;, = Xg
(seawater) and x,,; = O (distilled water), respectively; therefore,

Gout RwTO |:x0u[ In (

+ (Gin - Gout)fo - (12)

Eq. (12) can be re-written as

irr = Ysun — Gout Ry To In (

l)
+
X0

‘l —
d t

+ (Gin - Gout);‘o - E (A )Cv(ﬂ) . (13)

In Eq. (13), (Gin — Goue )0 can be safely neglected as it is one order

of magnitude lower than the useful effect; whereas, < i (At ) Vi is
- in principle - not negligible, since the salt progressively accu-

mulates in the hydrophilic layers acting as evaporators during the
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distillation process. Then, Eq. (13) simplifies to

1 d, .
o) i @, 09

— Xo

Yirr = Wsun — Gour Ry To In (

In this case, the Second Law efficiency of the overall device can
be finally defined as

d t
(t)ut 1 dt (A )CV(G) + Wirr
lpSun lIls‘un

being Ws,, computed through Eq. (11).

The results obtained for three different configurations of the
distiller presented in Chiavazzo et al. (2018), namely the 1-, 3-
and 10-stage device, are reported in Table 1. There, mass flow rate
(G, L m—2 h™1), irreversibility (¥, W m~2) and exergy storage
term (& (A‘)CV(G), W m~2) are all normalized by the solar absorb-
ing surface A, which is also equal to the evaporating surface. The
gained output ratio (GOR), has been computed according to Gude
(2018). The analysis is carried out considering the first 60 minutes
of operations, when distillate productivity is not significantly
affected by the salt accumulation in the evaporators (see some
experimental evidences of this in the Supplementary Material
of Chiavazzo et al. (2018)). The mass balance equation has been
exploited to quantify the salt accumulated in each hydrophilic
layer acting as evaporator during the test, that is

: (15)

Mnact = Macl,t=0 + (Gin — Gour) At, (16)

being G;, and G, constant with time as a first approximation. As
a result, the molar fraction can be computed as:

~ Mnact/Mnaci
My, /My,

Eq. (17) assumes a fixed mass of water in the hydrophilic evapo-
rators (m,, ), which is estimated from the porosity and volume of
the hydrophilic layers considered constant with time.

This exergy analysis allows then to identify the most relevant
characteristics of the device that influence its distilled water pro-
ductivity. As an illustrative example, a possible optimization of
the stratigraphy of the multi-stage distiller has been investigated
as well. In such a second version of the device, which will be
labeled as Distiller 2 — D2 in the followings, the hydrophobic
membrane has been substituted by an air gap obtained through
a plastic spacer (thickness ~ 1.65 mm; porosity = 0.74). Fur-
thermore, the convection reducer has been removed to reduce
the costs (effective heat transfer coefficient = 5 W m=2 K1),
and a more efficient heat sink considered (effective heat transfer
coefficient = 156 W m~2 K~'). The results obtained for three
different device configurations, namely 1-, 3- and 10-stage device,
are reported in Table 1: the improved distiller (D2) shows a
relative enhancement in n; of 40% (1 stage), 46% (3 stages) and
44% (10 stages) with respect to the original one (D1).

In Figs. 3 and 4 the salt concentration, exergy storage and
destruction terms are shown as a function of time for the orig-
inal (Chiavazzo et al., 2018) and optimized version of the device,
respectively. In case of multi-stage configurations, the salt con-
centration is computed by averaging the values in all the n
stages. Results show that the average salt concentration in the
evaporators increases linearly with time in all the considered
configurations. Note that, for the original version of the distiller
(see Fig. 3a), the increase in salt concentration in the 1-stage
configuration is higher than the multi-stage ones, because of
the lower specific mass flow rate of distilled water per stage.
As far as the improved version of the device is concerned (see
Fig. 4a), the average mass flow rate of the 3-stage configuration
is approximately equal to the one of a single stage device, thus
the salt concentration transients are overlapped. Moreover, the

X (17)

higher total distilled mass flow rate in the 10-stage configura-
tion leads to higher values of exergy storage. Finally, the sum
of exergy storage and destruction results to be constant with
time, because of the constant input solar flux and steady distilled
mass flow rate considered during the transient. In particular, the
latter approximation is justified by the experimental evidences
reported in the Supplementary Material of Chiavazzo et al. (2018),
where the expected decrease in distillate productivity due to the
increased salinity in the evaporators cannot be appreciated up to
the sensitivity of the used sensors during the first 60 min. Clearly,
this effect cannot be neglected for longer time periods and, thus,
the reported ny are expected to reduce with time.

3.2. Analysis of each component of the device

A more detailed exergy analysis is necessary to understand
how the various components of the distiller differently contribute
to the overall irreversibility generation: the control volume CV(a)
is therefore split into five control volumes (see Fig. 2), such that
CV(a) = CV(b) U CV(c) U €V(d) U CV(e) U CV(f). The analysis has
been carried out only for the 1-stage configuration, but it could
be easily extended to the other cases.

The first control volume CV(b) (see Fig. 2b) includes the heat
transfer from the sun to the solar absorber, and from the latter to
the environment and evaporator. The bottom boundary is placed
on the back side of the absorber, where the temperature is T =
Tapsorber- It is worth to point out that, in this case, the convective
and radiative fluxes as well as the optical losses are considered at
ambient temperature. The energy and exergy balances therefore
simplify to

Qnet = Qsotar — (1 — @T)Qsotar — Qconu,top — Quad (18)
and
To
lI/t'rr.l = Woun — Qnet | 1 — , (19)
Tabsorber

respectively.

The second control volume CV(c) (see Fig. 2c¢) includes the
hydrophilic layer used as evaporator and the aluminum plate. The
boundary through which salt water enters the control volume
is placed at the seawater level; whilst, the output boundary
is the interface between the evaporator and the hydrophobic
membrane, meaning that the thermodynamic properties of the
fluid are computed at T = Tpemp,up. The variation of kinetic
and potential energy through the control volume turns out to
be negligible with respect to the other terms, since the speed of
inlet/outlet fluid flow is of the order of mm s~' and the maximum
elevation of 5 cm (Chiavazzo et al,, 2018). The exergy equation
can be then written as

T() TO
lJI/irr,Z = Qnee | 1— - Qout,eu 1- +
Tabsorber Tmemb,up

d
- E (At)CV(E) + (Gin - Gout)§0+
— Gout [hout,eu - h*— TO(Sout,ev

1
— Gout RTo ln( ) (20)
1—Xo

Note that, the flow exergy associated with the inlet mass flow
rate (Gj,) vanishes because of the dead state conditions at the
inlet boundary (h;; = h* and s;; = s*). Moreover, as discussed
earlier, (Gi, — Gou )¢o can be safely neglected.

The third control volume CV(d) (see Fig. 2d) encloses the
hydrophobic membrane. The upper interface of the control vol-
ume coincides with the outlet section of CV(c), while the outlet
one is chosen at the interface between the membrane and the

-]+
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Fig. 3. Transient exergy analysis of the original version of the device (Chiavazzo et al.,, 2018) for different number of distillation stages (n). (a) Salt concentration
of the solution in the evaporators, (b) exergy storage due to salt accumulation, (c) irreversibility production and (d) sum of the exergy storage and irreversibility
production. In detail, three different configurations are considered: dotted blue, dashed red and yellow lines represent the 1-, 3- and 10-stage devices, respectively.

Table 1

Transient exergy analysis of the control volume CV(a), considering a different number n of distillation stages. The
mass flow rates [L m~2 h~'], the gained output ratio (GOR) [-] (Gude, 2018), the irreversibility and the storage
terms [W m~2], and the Second Law efficiency [%] are reported for D1 and D2, which refer to the original (Chiavazzo
et al,, 2018) and the improved version of the distiller, respectively.

,  GILm™?h] GOR [-] Wi [W m~2] i (A g Wm™] (%]
D1 D2 D1 D2 D1 D2 D1 D2 D1 D2
1 0.53 0.68 0.37 0.47 840.37 840.05 0.57 0.77 0.05 0.07
1.37 1.45 0.95 1.01 838.83 837.45 1.42 2.29 0.13 0.19
10 3.28 478 2.29 3.34 835.49 832.25 3.21 5.21 0.32 0.46

hydrophilic layer acting as condenser. Here the heat flux is de-
graded from Tmemp,up t0 Tmemb,bottom, and the exergy equation can
be written as

To To
lpirr,3 = Qau[,ev 1——) - Qin,cond 1—— )+
Tmemb,up Tmemb.bottom

+G [hin.memb — hout.memb — To(Sin.memb — Sout,memb )] . (21)

Note that, Gy, = Gour = Guistilled water = G.

The fourth control volume CV(e) (see Fig. 2e) takes into ac-
count the hydrophilic layer (condenser) supported by the alu-
minum plate, and the following exergy equation can be written:

To To
lI’irr,4 =Qneond |1 — 57— | — Qourﬁcond 1—— |+
Tmemb,bo[tom Tsink
+G [hin,cond — hour — TO(Sin,cond - Sout)] .

Finally, the fifth control volume CV(f) (see Fig. 2f) includes the
heat sink. Here the whole inlet exergetic flux is degraded to the

(22)

Table 2

Temperature profile through the 1-stage distiller. Temperatures are given in K.
D1 and D2 refer to the original (Chiavazzo et al., 2018) and the improved version
of the distiller, respectively.

Temperature [K] D1 D2
Tsun 6000 6000
Tabsurber 320.3 310.1
Tmemb,up 318.3 308.5
Tmemb.botrom 3174 299.6
Tsink 315.3 298.1
To 293.2 293.2
ambient temperature, namely
To
lIjirr,S = Qout.cond <] - = 1- (23)
Tsink

The temperature profile through the two versions of the dis-
tiller, as obtained from the experimentally validated model (Chi-
avazzo et al, 2018), are reported in Table 2. Considering those
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Fig. 4. Transient exergy analysis of the improved version of the device for different number of distillation stages (n). (a) Salt concentration of the solution in
the evaporators, (b) exergy storage due to salt accumulation, (c) irreversibility production and (d) sum of the exergy storage and irreversibility production. In detail,
three different configurations are considered: dotted blue, dashed red and yellow lines represent the 1-, 3- and 10-stage devices, respectively.

Version D1

Condenser 6%

Absorber 93%

Evaporator 8%
Membrane 3%
Heat sink 83%

Version D2
c

Condenser 14%

Heat sink
31% 4 Evaporator 9%

Absorber 95%

Fig. 5. Exergy analysis of the different components of a 1-stage passive distiller. Relative contribution to the irreversibility and exergy accumulation in the: (a)
original version of the distiller (D1), with (b) detail within the stratigraphy and heat sink; (c) optimized version of the distiller (D2), with (d) detail within the
stratigraphy and heat sink. Note that % (Af ) # 0 only in the evaporator.
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Table 3

Exergy destruction and accumulation in the different components of the 1-stage
distiller. The irreversibility and storage terms are given in W m~2. D1 and D2
refer to the original (Chiavazzo et al, 2018) and the improved version of the
distiller, respectively.

Wi + 4 (A') W m™2]
Control volume Component D1 dt ( ) D2

b Absorber 784.9 799.5
C Evaporator 4.3 3.9

d Membrane/Air gap 1.6 18.9
e Condenser 35 5.9

f Heat sink 46.8 12.6

temperature values, the results of exergy analysis for the different
components of the distillers are presented in Table 3 and Fig. 5.
Table 3 shows that, for both versions of the distiller, the higher
source of exergy destruction and storage is represented by the
solar absorber. In detail, it accounts for 93% (original distiller)
and 95% (improved distiller) with respect to the overall amount
(see Figs. 5a,c). Figs. 5b and 5d show the detailed irreversibility
production within the stratigraphy of the distiller and in its
heat sink. As far as the original solution is concerned, the major
contribution is provided by the heat sink, because of its lower
thermal efficiency. On the other hand, in the improved version of
the distiller, a nearly 73% reduction of the destroyed and accu-
mulated exergy has been achieved by installing a more efficient
heat sink. At the same time, the optimization of the stratigraphy,
which allows an increase in the distillate productivity, has led to
sensibly higher exergetic losses in the spacer, due to the larger
temperature gradient along the air gap.

3.3. Comparison with other technologies

A comparison between the results obtained for the proposed
desalination device and other technologies reported in the litera-
ture is shown in Fig. 6. In detail, a tubular solar still, an active
liquid gap membrane distillation (LGMD) system driven by a
solar heat source, an active direct contact membrane distillation
(DCMD) unit powered by a generic non-solar heat source and the
10-stage configuration of the present distiller (both original and
improved version) are considered in the analysis.

First, the considered solar still consists of a tubular cover, a
transparent polyvinyl chloride lid at both ends of the cover and a
semicircular black trough inside it (Ahsan et al., 2012). This device
relies on inclined surfaces to collect the condensed water from
the lower edge of the still. The estimated Second Law efficiency
of this solar still is equal to 0.055%.

Second, the considered solar LGMD system relies on three
components: a solar collector, a photovoltaic (PV) module and a
LGMD module (Luo and Lior, 2016). The solar collector heats up
the feed stream of the LGMD module, the PV module provides
the electricity for a pump and the LGMD module produces the
distillate. The latter consists in a liquid gap membrane distilla-
tion configuration, which is a variation of an air gap membrane
distillation (AGMD), where the gap between the membrane and
the condensing surface is filled with the distilled water. This
allows to achieve a higher GOR (Gude, 2018; Swaminathan et al.,
2016). According to the exergy analysis performed in Luo and
Lior (2016), the main sources of exergy destruction include the
solar collector (84.6%), the PV module (10.2%) and the MD module
(3.1%). The Second Law efficiency for this system is equal to
0.072%, which is slightly higher than classic solar stills.

Third, as far as the DCMD unit is concerned (Lienhard et al.,
2017), the largest source of entropy generation is represented
by the membrane. Similarly to reverse osmosis, the water vapor
diffusion through the pores of the membrane is responsible of

1.2

-
=}

o
™

10 stages

1
~

10 stages

Second Law efficiency, m [%]
o
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o
o

Solar Still LGMD Distiller 1 Distiller 2 DCMD
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Fig. 6. Second Law efficiency for different desalination technologies. The Sec-
ond Law efficiency for 10-stage configurations of the proposed device (both the
original (Chiavazzo et al., 2018) and improved versions) presents intermediate
values with respect to solar still (Ahsan et al., 2012), active liquid gap membrane
distillation (LGMD) driven by solar source, and active direct contact membrane
distillation (DCMD) powered by a generic non-solar heat source (Lienhard et al.,
2017).

large irreversibilities, due to both high diffusion resistance and
heat conduction losses through the membrane (as only a thin
membrane separates the cold and hot streams in the module).
This process presents a Second Law efficiency of approximately
1%.

Fourth, the multi-stage distiller, because of its ability to reuse
the latent heat of condensation, shows sensibly higher efficiency
with respect to that of the solar still. The original version of the
distiller shows a Second Law efficiency around 0.32%, whilst the
improved version around 0.46% (namely, a 44% relative increase).

Note that, in all the previous cases, the efficiencies have been
computed using the expression for solar exergy in Eq. (11). More-
over, efficiencies are evaluated considering the non-flow exergy
(storage term) as part of the irreversibilities, as in Eq. (15). This
means that, in this case, we consider that the high-salinity solu-
tion is not reused; however, the brine may be potentially reused
and converted into a useful effect as well. For example, it may
be exploited in other processes where high-salinity solutions
are needed, such as forward osmosis processes, solar ponds or
osmotic power generation (Linares et al., 2014; Martinetti et al.,
2009; Ahmed et al., 2000; Lu et al.,, 2001; Ciofalo et al., 2019;
Shaaban, 2019). In the latter case, the Second Law efficiency
is envisioned to reach 1.08% in case of the 10-stage configu-
ration device (improved version), which would be eventually
comparable with the efficiency of active MD processes.

3.4. Cost analysis

An estimate of the costs of water production with the pro-
posed devices is presented, based on the typical prices available
on common online marketplaces for the required items. The anal-
ysis relies on the levelized cost of water (LCOW, here measured
in terms of US dollars per liter of produced distillate). This latter
index is defined as (Panchal et al., 2019; Kabeel et al., 2010)

Ceap CRF + Cyp
G Aty

being C., the capital cost, CRF the capital recovery factor, Cy, the
operation and maintenance cost, G the productivity and Aty the

LCOW = , (24)
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total operating hours (8 hours of solar desalination per day have
been considered). The operation cost is estimated parametrically,
as Cop = Cqp CRF s 1, being s the considered share of the capital
cost and n the considered number of years of useful lifetime. The
capital recovery factor (CRF) is defined as:
n\n
CRF = l& (25)
1+ =1

being i the interest rate. Here we assume s = 10% and i = 12%.
In order to estimate the possible range of cost, we study two
scenarios: a more conservative one, that is, a 3-stage configu-
ration and 2 years lifetime (n = 2); an optimal one, based on
10-stage configuration device and 10 years lifetime (n = 10). A
one-square-meter device is considered in both cases.

The capital cost for the distiller D1 is Cqp =~ 458 USD. In
detail, the hydrophobic PTFE membrane accounts for 20% of the
total cost, the aluminum sheets for 6%, the hydrophilic microfiber
wicks for 3.5%, the selective solar absorber for 1.5%, the 3D
printed convection reducer for 15% and the heat sink for 54%.
Note that, for the sake of simplicity, the following contributions
are neglected: polystyrene floating element, auxiliaries (namely
hydraulic/mechanical fittings), distilled water basin and pumps
for distillate/rinsing. Based on the more conservative scenario
(namely 2 years lifetime and 3-stage configuration device), we
obtain LCOW = 0.04 USD L'; whereas, in case of 10-stage
configuration device and 10 years lifetime the levelized cost of
water reduces to LCOW = 0.0027 USD L,

In the improved version of the distiller D2, the 3D printed
convection reducer is removed and the membrane is substituted
with a plexiglass porous frame (spacer). Then, the list of ma-
terials includes the hydrophilic layers (fabrics), the heat sink,
the plexiglass frame and the aluminum sheets for preventing
contamination. The plexiglass accounts for 7.5% of the total cost,
the aluminum sheets for 8.5%, the hydrophilic microfiber wicks
for 4%, the selective solar absorber for 2% and the heat sink for
78%. The total cost of the analyzed device then yields Cqp & 321
USD. The estimated levelized cost of water is about LCOW =~
0.027 USD L! for the more conservative and 0.0011 USD L' for
the best considered scenarios, respectively. The cost reduction of
the improved version of the distiller is then up to about 60%, in
the best scenario, with respect to the original version.

4. Conclusions

Reducing energy consumption is key for minimizing the en-
vironmental footprint of desalination systems. In this sense, ex-
ergy analysis is a powerful technique to investigate the ther-
modynamic performance and sustainability of systems and pro-
cesses (Lucia and Grisolia, 2019). In this work, we have applied
this analysis to a previously proposed multi-stage distillation de-
vice, which is powered by solar energy and operates without the
need of any moving part or electromechanical auxiliary system
(i.e. passive desalination). The device provides enhanced fresh-
water productivity thanks to a smart recovery of the available
low-grade thermal energy. The present exergetic analysis has
allowed to have a more in-depth thermodynamic insight of the
concept, with particular regards to the production of irreversibil-
ities in each component of the device and the overall Second Law
efficiency.

The results obtained show that the Second Law efficiency of
the originally proposed device is higher than that reported for
e.g. a tubular solar still. We have also shown that the exergy anal-
ysis allows to identify simple modifications of the distiller stratig-
raphy and assembly that may easily yield a further 40%-46%
relative enhancement in the Second Law efficiency. These results
demonstrate that the reported exergy analysis can be adopted for

further optimization of the device and for an efficiency-driven
re-design of those components of the stratigraphy that mainly
impact the overall performance of the system.

The chemical exergy owned by the brine has been here consid-
ered as lost, therefore reducing the Second Law efficiency of the
device. However, in perspective, the proposed distiller could be
coupled with a desalination system operating with high-salinity
feed water (e.g. forward osmosis), in order to reuse the brine and
thus increase the overall performance of the desalination process.
In this latter case, the obtained efficiency is envisioned to be
comparable with that of e.g. direct contact membrane distillation
devices, that is around 1%.
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