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Synergistic freshwater and electricity production using passive membrane
distillation and waste heat recovered from camouflaged photovoltaic modules

Giovanni Antonetto?, Matteo Morciano®?, Matteo Alberghini“’b, Gabriele Malgaroli®,
Alessandro Ciocia?®, Luca Bergamasco?, Filippo Spertino?, Matteo Fasano®"*

“Department of Energy, Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129 Torino, Italy
b Clean Water Center; Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129 Torino, Italy

Abstract

A sustainable supply of both freshwater and energy is key for modern societies. In this work, we investigate a
synergistic way to address both these issues, producing freshwater while reducing greenhouse gas emissions due
to electricity generation. To this, we propose a coupling between a photovoltaic (PV) device and an innovative
desalination technique based on passive multi-stage membrane distillation. The passive distillation device is driven by
low-temperature heat and does not need any mechanical or electrical devices to operate. The required heat is recovered
from the back side of the PV device that, for the first time, mitigates the aesthetic and environmental impact thanks
to an innovative surface texture. The aim is to demonstrate the feasibility to generate PV electricity from the sun and,
simultaneously, freshwater from the waste heat. The solution is studied by numerical simulations and experiments
at the same time, achieving a good accordance between these two approaches. The device is able to produce up to
2L m™2h™! of freshwater under one sun irradiance. Furthermore, a relative photovoltaic efficiency gain of 4.5% is
obtained, since the temperature of the PV module is reduced by 9 °C when coupled with the desalination technology.
This work paves the way to compact installations made of such passive units, which may easily provide energy and
safe water with low environmental and visual impact, especially in off-grid areas and emergency conditions.

Keywords: Solar energy, Passive desalination, Membrane distillation, Waste heat recovery, Photovoltaic, Electricity
generation

Nomenclature & Optical emissivity -
Greek letters Symbols
B,y  Temperature coeflicients - T Average membrane temperature K
€m Membrane porosity - Ahry  Heat of water vaporization Jkg™!
Mdist Efficiency of the distillation device - A Surface area m?2
1pv PV panel efficiency - a Activity coefficient -
v Dynamic viscosity of the gas mixture Pas C Electrical capacitance F
i Chemical potential of species i Jmol™! dy Air gap thickness m
o Stefan-Boltzmann constant Wm2K™* dy Average membrane pores diameter m
T Membrane tortuosity - d, Membrane thickness m
D Knudsen diffusion for species i m?s™!
*Corresponding author
Email address: matteo.fasano@polito.it (Matteo Fasano) D;; Molecular diffusion for species i in j m?s™!
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Electrical current A

Solar irradiance Wm™2
Specific mass flow rate kgm 257!
Membrane permeability kgPa~'m2s”!
Viscous permeabilty coefficient m?
Molar mass of water kg mol ™!
Molar flux of species i molm=2s~!

Number of PV strings in parallel/series -
Electrical power W
Absolute pressure Pa

PV power output at the Maximum Power Point
W

Specific heat flux Wm2
Universal gas constant JK~"mol™!
Temperature °C
Effective thermal transmittance W m?2K!
Voltage \"

Molar fraction of species i -
Mass fraction of the salt solution -

Vertical coordinate m

Subscripts and superscripts

a
amb
cell, n
cond, n
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eva, n
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int
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panel
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Air property

Ambient property

Property of the PV panel n-th cell
Property evaluated at the n-th condenser
Distiller property

Property evaluated at the n-th evaporator
Experimental quantity

Property of the air gap - membrane interface
Open-circuit

PV panel property

Short-circuit

Simulation quantity

Water vapour property

Saltwater basin property



1. Introduction

At the time of writing, more than 1.42 billion peo-
ple live in areas facing severe water stress all over the
world. Despite the significant technological advance-
ments in the last decades, today still less than 3 per
cent of the global water resources is safely drinkable.
Moreover, given the expected population growth and in-
creasing urbanization in the next years, the global fresh-
water demand is estimated to increase by 20 to 30 per
cent by 2050 in a range of different sectors (UNICEEF,
March 2021). The second major problem associated
with the current projections for global development re-
lates to the increasing demand of energy, and to the con-
sequent potential effect on climate change (De Angelis
et al., 2021). Mitigation policies foresee an increasing
use of renewable energy sources, towards a global sus-
tainable development and an equal access to energy and
freshwater sources (UN General Assembly, 2015).

In this view, water treatment technologies driven by
renewable energy sources have great potential towards
the above mentioned goals and have been extensively
investigated and continuously improved in the recent
years (Giudici et al., 2019; Bologna et al., 2020; Nass-
rullah et al., 2020; Yusuf et al., 2020). In particular,
several articles proposed the coupling of photovoltaic
(PV) modules with traditional water treatment technolo-
gies such as reverse and forward osmosis (Koutroulis
and Kolokotsa, 2010; Khayet et al., 2016; Lee et al.,
2016), electrodialysis (Campione et al., 2018; Xu et al.,
2020) and mechanical vapour compression hybrid sys-
tems (Helal and Al-Malek, 2006). However, most of
the proposed integrated systems use PV modules to
power conventional desalination devices, while only a
few works have experimentally investigated the cou-
pling of PV with desalination devices (Manokar et al.,
2018; Abd Elbar et al., 2019; Elminshawy et al., 2020;
Chen et al., 2021), proving the complexity of this objec-
tive. Recently, novel advanced materials paved the way
for passive devices in the field of simultaneous fresh-
water and electricity production (Liu et al., 2020; Dao
et al., 2021). Passive technologies have the particular
advantage to: i) include no moving mechanical parts,
thus typically requiring low maintenance and associated
costs; ii) be especially suitable for operation in off-grid
areas, where no connection to the electric power grid is
available. Among the others, promising results were ob-
tained by bio-inspired systems (Jiang et al., 2020; Zhou
et al., 2020), advanced nano-structured materials (Xue
etal., 2017; Zhang et al., 2020), traditional (Wang et al.,
2019, 2021) and advanced (Yang et al., 2017) membrane
technologies. However, the novelty of these materi-

als and the current fabrication techniques relegate these
technologies to lab-scale and centimetre-sized proto-
types with a low power density output, thus still lack-
ing cost-effectiveness and a comprehensive evaluation
of their scalability on a device-scale perspective.

The coupling of PV and multi-stage passive devices,
a technology based on membrane distillation recently
reported by some of the authors of the present work
(Chiavazzo et al., 2018), offers a good compromise be-
tween modularity, scalability, low cost and high produc-
tivity. The device operates at ambient pressure using a
multi-stage rationale, where high efficiency is obtained
thanks to a series of multiple evaporation and condensa-
tion stages where latent heat is recovered several times
(Signorato et al., 2020). The water feeding relies on
capillary action, which makes it free from moving me-
chanical parts and additional energy needs. Thus, the
design results to be completely passive, compact, and
the employed materials inexpensive. While in the origi-
nal concept solar thermal energy was exploited to power
the system, the required low-temperature thermal en-
ergy may be also recovered from other sources of waste-
heat (Morciano et al., 2020a).

Based on this idea, in this work we propose a cou-
pled solution for efficient and sustainable freshwater
and electricity production. The above mentioned multi-
stage distillation device is indeed coupled with a PV
module. The desalination unit is integrated on the
back side of the PV unit, which provides the waste-
heat to empower the distillation stages. This latter en-
ergy recovery has the additional advantage to lower the
working temperature of the PV module, thus increas-
ing its conversion efficiency (Letcher and Fthenakis,
2018). While similar integrated solutions have already
been explored (Manokar et al., 2018; Sultan and Efzan,
2018; Wang et al., 2019), here we address the additional
problem related to the environmental and visual impact
of PV installations (Sanchez-Pantoja et al., 2018; Al-
Karaghouli et al., 2010). To this, we propose and in-
vestigate the performance of a PV module with an inno-
vative aesthetic surface coating, which allows to reduce
the impact with the surrounding landscape. The result-
ing compact unit results to be particularly suitable for
floating installations (Sahu et al., 2016; Cazzaniga et al.,
2018). In order to assess the proposed solution, here we
experimentally tested the performance of a working pro-
totype. A numerical model is also developed and com-
pared with the experimental results, to provide deeper
insight on the sensitivity to the operating conditions.

The article is organized as follows. The working prin-
ciple of the multi-stage desalination unit and its inte-
gration with the PV module are outlined in Section 2.



Section 3 reports on the experimental setup for testing
the performance of the prototype. The modeling ap-
proach and the adopted numerical framework are dis-
cussed in Section 4; whereas, the results are reported in
Section 5. Finally, the conclusions are drawn in Sec-
tion 6, along with the perspective developments of the
proposed work.

2. Materials

2.1. Passive membrane distillation unit

The adopted multi-stage membrane distillation unit
powered by solar thermal energy was originally intro-
duced by Chiavazzo et al. (2018). It consists of a se-
ries of identical stages, which allow to recover the latent
heat of vaporization several times before it is evacuated
to the environment. A schematics of the working prin-
ciple is reported in Fig. la. Each stage consists of: a
synthetic microfiber (hydrophilic) cloth, acting as evap-
orator; a 0.1 um microporous polytetrafluoroethylene
(hydrophobic) membrane, which separates the saltwater
side from the distillate side; a second hydrophilic cloth,
acting as condenser. The different stages are separated
by an aluminum sheet, to ease heat recovery and trans-
fer to the next stage. Saltwater feeding is provided by
the capillary action from the hydrophilic cloths in each
stage, whereas the distillate water discharge is driven
by gravity. The external parts of the cloths are sealed in
plastic films, to avoid evaporation to the ambient. Low-
temperature thermal energy drives the distillation pro-
cess through the stages, and an (aluminum) heat sink
evacuates the waste heat to the surrounding environment
at the final stage. In this case, the low-grade thermal en-
ergy feeding comes from the waste heat recovered from
the PV module. During daytime operation, the recov-
ered heat induces a temperature gradient between the
saltwater in the evaporator and the freshwater in the con-
denser of the first stage. This results in a gradient of
the partial pressures of water vapor between the cloths,
which generates a net vapor flux across the hydropho-
bic membrane (preventing accidental liquid water flow
and mixing, instead). The distilled liquid in the con-
denser is then discharged into the freshwater basin by
gravity; the latent head released from condensation trig-
gers the same process in the next stage via the aluminum
sheet. During nighttime (see Fig. 1b), the salt accumu-
lated during daytime operation spontaneously diffuses
from the evaporators back to the saltwater basin due to
the salinity gradient (Morciano et al., 2020b). In or-
der to ease this self-cleaning process, the assembly and
dimensions of each evaporator and condenser cloth are

designed to minimize the salt diffusion path back to the
saltwater basin (see the final assembly and the related
exploded view in Fig. 1c and 1d, respectively). In this
case, the dimensions of each evaporator cloth are 125
mm X 35 mm, while those of each condenser are 125
mm X 25 mm. In this configuration, the salt diffusion
distance is minimized (i.e. 35/2 = 17.5 mm) with re-
spect to the longitudinal length of the final assembly.

2.2. Camouflaged photovoltaic unit

The photovoltaic (PV) system consists of a 4-
cells mono-crystalline silicon (c-Si) solar module,
placed into a semi-flexible, lightweight panel (XDISC®
ASole-13) with an innovative aesthetic surface coating
patented by ILOOXS (see Fig. le). In this case, the
chosen coating represents a rippled surface of blue ma-
rine water, which is meant to reduce the visual impact
with the surrounding landscape in case of floating in-
stallation.

2.3. Integrated unit for freshwater and electricity pro-
duction

The tested prototype consists of the camouflaged PV
panel and eight passive desalination modules (each one
made of three distillation stages), which are allocated
in a tailored structure according to the schematics re-
ported in Fig. 2. Two distillation modules are posi-
tioned underneath each of the four cells of the PV panel.
The structure, distillate containers and frames are cus-
tom made in plastic. The overall structure is clamped
using screws, and the resulting final dimensions of the
prototype are 488 mm X 350 mm X 48.5 mm. It is worth
to point out that, besides structural purposes, the plastic
frame also serves to avoid overloading of the distillation
stages and thus accidental exceeding of the liquid entry
pressure (LEP) for the membrane. The containing struc-
ture presents different openings at the bottom, in order
to allow the cloths and the heat sinks to dip in the salt-
water bath beneath. The distillate basins in the plastic
case are insulated and protected from saltwater contam-
ination. This design would allow the prototype to float
above seawater or to be installed onshore (with a proper
refill of saltwater in the basin). Detailed information on
the design and manufacturing of the plastic frame can
be found in the Supplementary note 1.

3. Experimental methods

3.1. Setup for testing the distiller

A schematic of the experimental setup used to test
and characterize a single distiller module is shown in
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Figure 1: Scheme of the photovoltaic module and the passive multi-stage membrane distillation system. (a) Components and heat and mass flows
during daytime operation; (b) autonomous rinsing during nighttime; (c) picture of the 3-stages passive distiller; (d) exploded view rendering of the
3-stages passive distiller; (e) PV module with aesthetic camouflage used in this work.

Fig. 3. The module is fed with the waste heat from the
back side of the PV panel. The specific mass flow rate
(J) of distilled water, expressed in L m™ h'!, is evaluated
under the reference conditions of irradiance 7, equal to
one sun, namely 1., = 1000 W m2; salinity and temper-
ature of the sodium chloride solution are equal to 35 g
L' and 20 °C, respectively. In these tests, the PV mod-
ule is unplugged, thus acting only as a photo-thermal
device without delivering any current.

The distiller is positioned in the tailored plastic case
and the PV panel is installed on the top (see Supple-
mentary note 1). A solar simulator (infinityPV ISOSun)
is used to mimic the sun irradiance. The extremities
of each evaporator cloth are dipped in the saltwater to-
gether with the fins of the heat sink, whilst the ends of
each condenser cloth spill the distillate in a container
positioned on a precision scale (Radwag PS100.R2).
The recorded weight of the distillate basin allows to cal-

culate the specific mass flow rate of distillate J produced
by the distiller. In order to guarantee a constant temper-
ature of feeding water, a cooling circuit connected to a
heat exchanger (Julabo Corio CD with refrigerated bath
Julabo 300F) is adopted. Five K-thermocouples (RS-
PRO) connected to a Data Acquisition System — DAQ
(NI cDAQ-9174) are used to measure the temperature
of: the back side of the PV panel next to the contact area
with the distiller (Tpane1); the first evaporator (Teya,1); the
last condenser (T¢ond 3); the saltwater in the basin (7Typ);
the air above the panel (T, ). A refractometer (Hannah
Instruments HI 96821) is used to measure the salinity of
water solutions. A pyranometer (Delta OHM LP PYRA
08) is employed to set the irradiance of the sun simula-
tor at the required value before starting the experimental
campaign. During the experiments, infrared pictures of
the various components are taken with a thermal camera
(FLIR TG167).
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Before and after the test, the salinity of the produced
distillate is checked to ensure that no salt contamination
has occurred. After each trial, the salinity in different
points on each condenser cloth is measured, to further
ensure that no salt contamination has occurred.

3.2. Setup for testing the entire prototype

The experimental setup adopted to test the full proto-
type, consisting of the eight distillers and the unplugged
PV module, is similar to that described in the previous
Section 3.1 and it is shown in Fig. 4.

The increased complexity of the system, due to the
simultaneous operation of the eight distillers, allows to
measure only the total distillate production of all the
modules. In addition, these experiments are designed to
evaluate the temperature decrease of the PV cells when
mounted together with the distillers. The testing con-
ditions are the same as those described in Section 3.1,
namely incoming irradiance equal to 7, = 1000 W m?,
salinity and temperature of the sodium chloride solution
equal to 35 g L' and 20 °C, respectively.

The thermocouples are positioned to measure the fol-
lowing temperatures: central portion of the bottom side
of cells 1 and 4, T¢epr,; and Teep 4; air above the panel,
Tamb; saltwater in the basin, Tyy; first evaporator, Tey, |
and last condenser, Tcong3, of distillers A, B, G and H

(see Fig. 4). With these measured values it is possible to
(i) evaluate the temperature distribution throughout the
panel, i.e. how effective is the cooling effect provided
by the distillers on the PV cells, and to (ii) calculate
the temperature gradients that drive the distillation pro-
cesses.

Before starting the experiments, each distillate basin
is filled with 9 mL of freshwater, in order to dip the
extremities of the condenser cloths and facilitate initial
distillate collection. The weight of the produced fresh-
water is measured before and after the test. The salinity
of saltwater is checked before and after each test, whilst
the salinity of the distillate is checked at the end of the
trial. The duration of the experiments is up to 4 h.

3.3. Electrical characterization of the PV module

The experimental setup used to evaluate the electrical
characteristics of the selected PV module is shown in
Fig. 5. The current-voltage (I — V), the power-voltage
(P—V) curves, together with the PV efficiency (py) are
strictly dependent on the solar irradiance 7, and on the
temperature of the cell T, (Solanki, 2015); thus, they
need to be characterized.

Tests have been conducted outdoor, by exposing the
PV module to direct sunlight. The experiment has been
carried out from 12 a.m. until 2 p.m. during a clear
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sunny day, which has allowed to provide high and sta-
ble values of solar irradiance. The temperature of the
cell has been regulated at different values to get differ-
ent / — V and P — V curves. The determination of the
I-V curves of PV modules is performed using an Au-
tomatic Data Acquisition System (ADAS), see Fig. 5a,
which allows to store simultaneously the irradiance /,,,
the air temperature 7, and the current / and voltage V
waveforms. The measurements are performed using a
capacitor, which is initially discharged. Then, the PV
module supplies the capacitive load from short-circuit to
open-circuit configurations (Spertino et al., 2014, 2015,
2019). According to Spertino et al. (2015), the duration
of the capacitor transient ¢ is a function of the short-
circuit current Iy, the open-circuit voltage V., the num-
ber of PV strings in parallel N, the number of PV mod-
ules in series Ny and the capacitance C of the capacitor
according to the following expression:

NV,
r=182-C- =%, (1)
Nyl
being in this case Ny = 1 and N, = 1, as only one

module is tested. The ADAS is periodically calibrated,
and it consists of the following components: a notebook
PC with a LabVIEW software to emulate a digital os-
cilloscope; a multifunction data acquisition board with
one A/D converter (successive approximation, 16 bit-
resolution, sampling rate up to 1.25 MSa s™', maximum
input of £10 V) and multiplexer; a differential voltage
probe with 20:1 attenuation ratio for voltage levels up
to 100 V; two current probes (Hall effect) with output
sensitivity of 100 mV A™! for current values up to +30
A, one to measure current and one acting like a trigger

source; a monocrystalline silicon cell for the measure-
ment of /,,; a thermometer, which measures T,; a ca-
pacitive load with capacitance C = 10 mF, resulting in
a duration of the capacitor transient of about 0.2 s. The
uncertainties on measurements have been evaluated as:
+ 0.1% for the voltage, 1% for the current, 1% for the
power, 20 W m2 for the irradiance and 0.2 °C for the
ambient temperature.

The regulation of the temperature of the cell has been
obtained by sticking the PV module on a cooling plate,
see Fig. 5b. The cooling plate is fed by water flowing
in a closed circuit, cooled by a heat exchanger (Julabo
Corio CD with refrigerated bath Julabo 300F). The tem-
perature of each of the four cells is measured with K-
thermocouples, located on the back side, and recorded
by the DAQ. Acting on the heat exchanger while check-
ing the mean temperature of the cells T, steps of
~ +10 °C have been performed from 25 °C up to 65
°C, and for each step the corresponding I — V curve has
been recorded. The P—V curves are obtained as indirect
measurements of the / —V curves, recalling that P = [V.
The photovoltaic efficiency is the maximum power Py
related to the incoming irradiance 7, and overall area of
the cells Acenis = 625 cm?, i.e. py = Pupp/(LrAcells)-
The dependency of the open-circuit voltage V,. with
temperature is described via a temperature coefficient 3,
whereas the dependency for both maximum power Pyypp
and efficiency is determined by a temperature coefficient
v. The results of the outdoor tests are necessary to cal-
culate 8 and y (see Supplementary note 2 for details).
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4. Modelling

4.1. Analytical model

The Maxwell-Stefan equations combined with the
Dusty Gas Model are used to describe the mass transfer
of multi-components mixture of gases through porous
media, such as membranes or air gaps. The model equa-
tion can be written as (Chiavazzo et al., 2018; Albergh-
ini et al., 2020; Morciano et al., 2020a):

X dy;  xiKyt dp

RT dz  nenDix dz

n
XjMi—)CiMj Mi
* Z ; + s @)
j=

EmD,‘j PemDix

=1 RTT RTT

J#FI
where p and T are the absolute pressure and mean tem-
perature within the membrane; R is the universal gas
constant; x;, 4; and M; are the molar fraction, chemi-
cal potential and molar flux of species i, respectively;
€n and 7t are the medium porosity and tortuosity, re-
spectively; Dk is the Knudsen diffusion coefficient for
species i while D;; is the molecular diffusion coefficient
for species i in j; K, is the viscous permeability coeffi-
cient and 7, the dynamic viscosity of the gas mixture; z
is the coordinate along the thickness of the membrane.

The term on the left-hand side of Eq. (2) represents
the chemical potential, which acts as driving force for
species i. On the right-hand side, the first term repre-
sents the viscous flow driven by the absolute pressure
gradient across the membrane. The second term repre-
sents the molecular diffusion, while the third the Knud-
sen diffusion. In short, molecular diffusion is a flow
regime dictated by losses due to molecule-molecule in-
teractions, while in Knudsen diffusion the losses are due
to molecule-wall interactions (Khayet and Matsuura,
2011). Equation (2) can be simplified since a mix-
ture of two ideal gases is considered, namely air (a)
and water vapour (w) (Chiavazzo et al., 2018; Mor-
ciano et al., 2020a). Owing to the latter assumption
iy = % + RT In xy,, where u is the chemical poten-
tial of pure water. Hence dszw = 5_3%“" Moreover, the
distiller works at ambient pressure, so the viscous term
‘fl—f = 0 disappears. Finally, the air is assumed to be
stationary inside the membrane since water has a low
solubility in air, hence M, = 0. The simplified equation
then reads as:

dxy RTTJ(l — Xy + g_WK)
S

, 3)
P€nDyaniy

where m,, is the molar mass of water. Equation (3) can
be integrated within the membrane and air gap, consid-
ering appropriate boundary conditions (see Chiavazzo
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et al. (2018) for details). The specific mass flow rate J
through the membrane (with thickness d,) results to be:

int ; Dwa
_ My €n Dy In - xJ"I*’l + Dy 4)
RTTdm 1— x5+ % '
WK

where the superscript int refers to the interface between
the membrane and the air gap. Accordingly, the flow
through the air gap (with thickness d, and unitary poros-
ity) (Alberghini et al., 2020):

in[ - )
1 — it

The Fuller equation allows to state that pDy, = 1.19 X
107477 [Pa m? s!'] (Yun et al., 2006; Alkhudhiri

etal., 2012). The Knudsen diffusion coeflicient of water
vapour has the following expression (Khayet and Mat-

suura, 2011):
d, |8RT
3 \\mm,,’

being d,, the average pore diameter of membrane. Fi-
nally, the Mackie-Meares equation models the correla-
tion between porosity and tortuosity as (see Supplemen-
tary note 3 for further details):

(2 - €m)*
T=—.
€m

_ My pDyy

RTd, )

Dyx = (6)

(M

Since x,, < 1, Eq. (4) and (5) can be approximated by
a first-order Taylor series, thus resulting as

J = KAp,. 8

The permeability of the membrane (K), which includes

the contributions of molecular and Knudsen diffusion,

has the following expression (Khayet and Matsuura,
PaTdn

2011; Chiavazzo et al., 2018):
-1
=m—“_v( ‘/”m‘f+pada) . 9
RT \ émpDya 8RT  pDwa
where p, is the partial pressure of air in the membrane
pore. The vapour pressure differential is calculated
with the Raoult’s law Apy = a(Yeva) pv(Teva) — Pv(Teond)
(Alkhudhiri et al., 2012), where p,(T') can be estimated
via empirical formulae, e.g. Antoine’s correlation. In
this case, the chemical activity of the saltwater (mass
fraction Yey, = 0.035) is equal to a(Yeyy) = 0.978 (Chi-
avazzo et al., 2018) (see Supplementary note 3).

The specific heat flux between evaporators and con-
densers can be estimated by modelling a sensible contri-
bution due to conduction through the layers, and a latent
contribution due to water evaporation/condensation (see
Supplementary note 3 for further details) (Chiavazzo
et al., 2018; Alberghini et al., 2020; Morciano et al.,
2020a).

3tdy
€mdp

4.2. Numerical models

Numerical models of the developed prototype have
been employed to evaluate its performance and to fully
characterize the mass and heat transfer phenomena oc-
curring in the device. In detail, three-dimensional Finite
Element Method (FEM) models have been implemented
in COMSOL Multiphysics®.

The geometry of the simulated system, which in-
cludes a portion of PV panel and one distiller, is shown
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Figure 6: FEM model of a representative part of the simultaneous freshwater and electricity production system, consisting of a portion of the PV
module and one 3-stage distiller. (a) Geometry and (b) scheme of the applied boundary conditions.

in Fig. 6. On top of the multi-stage distiller, a layer
(dimensions: 140 mm X 140 mm X 3 mm) mimicking
a PV cell is placed (see Supplementary note 4 for de-
tails). Here, a three-stage configuration device is con-
sidered, thus the geometry consists of fourteen different
blocks, representing the PV cell, the three hydropho-
bic and porous membranes, the three hydrophilic and
porous evaporators, the three hydrophilic and porous
condensers and the four aluminium sheets. It is impor-
tant to notice (see Fig. 6b) the different width between
evaporators (35 mm) and condensers (25 mm).

Two sets of equations are solved numerically to ob-
tain the water vapour flux through the membrane and
the temperature in the prototype. In detail, the energy
conservation and the Fickian convection-diffusion equa-
tion for the transport of diluted species are employed.
The heat transfer equation is applied throughout the en-
tire computational domain, whilst the transport of di-
luted species is solved within the domain representing
the membranes. It is worth to point out that, in the
domains representing all the evaporators and the con-
densers, Navier-Stokes equations are not solved because
of the the negligible velocities due to capillary action.
The simulations are performed under stationary regime
and a finer mesh calibrated for fluid dynamics is consid-
ered. In addition, the fully coupled approach is set due
to the strong interaction between the various physics in-
volved.

In Figure 6b, the applied boundary conditions are also
reported. Boundary heat sources (namely JAhry, being
Ahyy the heat of water vaporization) have been applied
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on both sides of the membranes, to model the latent con-
tribution to heat transfer across the membrane. Then,
the radiative losses from the boundaries of the PV cell
to the ambient are considered, as reported in Fig. 6b.
To this purpose, the following equation has been imple-
mented: —-n-q = ¢ O'(T;mb - T4), where ¢ is the sur-
face emissivity, which is equal to 0.95 (see Supplemen-
tary Note 4) and o the Stefan-Boltzmann constant. Fi-
nally, the incoming effective solar flux (namely, ¢;,) and
the output heat flux exchanged between the heat sink
and the environment have been included in the form of
appropriate boundary conditions, namely —-n-q = ¢,
and —n-q = U,y - (Tymp — T), respectively (see Supple-
mentary Note 4 for further details).

A second three-dimensional FEM model is setup to
compute the average temperature of the PV cells above
the distillers, which allows to estimate the PV efficiency
gain. Again, only a representative part of the coupled
prototype is simulated. The geometry considers a 140
mm X 140 mm X 3 mm portion of the PV panel (sur-
face slightly larger than that of a single PV cell), while
the two distillers in contact with the back side of the
PV module are included by means of Neumann bound-
ary conditions. The latter consider the effective ther-
mal transmittance of the distiller — which has been mea-
sured as Ugg = 25.42 W m™ K!, the temperature at
the boundary — which is the variable for which you are
solving, and the known external temperature (see Sup-
plementary note 4).



5. Results and discussion

5.1. Distillation performance of a single distiller

The freshwater production of a single distiller under
the camouflaged PV panel obtained in the experiments
is shown in Fig. 7a, where the mean value + 1 s.d. is
reported from five different tests, repeated according to
the same protocol presented in Section 3.1. When pow-
ered with the constant irradiance from sun simulator,
the produced distillate increases linearly over time. To
monitor the evolution of the performance during the ex-
periments, the specific flow rate of distilled water [L m™
h™'] has been calculated as the volume of distillate gen-
erated every 20 minutes normalized by the surface of
the condenser cloth (see Fig. 7b). During steady state
operation, i.e. after 2 hours, the average distillation per-
formance is Jexp = 2.03 £ 0.22 L m?2h',in agreement
with the results by Wang et al. (2019) for a 3-stage dis-
tiller directly exposed to the sun (i.e. with no coupling
with PV module).

The evolution of temperature profile across the dis-
tiller is shown in Fig. 7c. The working temperatures
are relatively low, with Evaporator 1 working at 45
°C (Teya,1 = 48.22 °C from numerical simulations) and
Condenser 3 at 22.5 °C (T¢ona 3 = 24.53 °C from numer-
ical simulations). This is mainly due to the heat sink
dipped in the saltwater basin at 20 °C, which keeps a
lower temperature on the last condenser.

A comparison between the experimental results, the
predictions by numerical model and the previous evi-
dence in the literature (Chiavazzo et al., 2018) is shown
in Fig. 7d. The average productivity evaluated by the
numerical simulations (purple bar) is equal to 2.00 L
m? h''. The uncertainty of model predictions is quan-
tified by varying the values of the most relevant param-
eters within realistic intervals. In detail, /,, is affected
by the uncertainty due to non-uniformity of the beam,
accounting for + 51.3 W m~2, namely the standard de-
viation of the irradiance measured in several points dur-
ing the calibration of the solar simulator. The convec-
tive heat transfer coefficient between the panel and sur-
rounding air is estimated via calculation of natural and
forced convection at low air speeds. The thickness of the
additional air gap (d,) between membrane and cloths,
which considers their non-ideal contact, ranges from 65
pm to 85 um. €, is taken from Chiavazzo et al. (2018);
Morciano et al. (2020a). As result, the numerical pro-
ductivity ranges from 1.41 to 2.76 L m™ h’!, which are
the minimum and maximum value evaluated from the
combination of values that minimizes and maximizes
the productivity, respectively (see Supplementary note
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4 for details). The blue bar in Fig. 7d shows the produc-
tivity reported by Chiavazzo et al. (2018), that is 1.44
L m? h'!, from a 3-stage distiller with 0.1 um micro-
porous membranes tested under one sun. The higher
specific distillate flow rate achieved in this work is due
to the larger absorbing area of the PV panel, which pro-
vides a heat localization effect.

The distillation efficiency of the j-th stage of distiller
can be expressed as (Chiavazzo et al., 2018):

N o J(]) AhyyAcond
Naist(J) = ——————,

(10)
q inAeva

being J(j) the specific distillate flow rate of the j-th
stage, gin the numerical value of the heat flux that ac-
tually passes through the distiller, and Acong = 0.8 X
(125mm X 25mm) = 25 cm? and Aeyy = (125mm X
35mm) = 43.75 cm? the effective condenser and evap-
orator areas, respectively, which are equal for all the
stages. Notice that, based on experimental observations,
the effective condenser area has been reduced by 20%
to consider the portion of the cloth covered by adhe-
sive tape. Instead, the Gained Output Ratio (GOR) can
be used to calculate the overall distillation efficiency as
(Lienhard et al., 2017):

- Jtot AhLVAcond

GOR
GinAeva

, an

being Ji the total distillate flow rate of all the tested
stages. The efficiency for the tested 3-stage distiller un-
der the camouflaged PV panel (open circuit) are listed in
Table 1, as computed by the validated model. The GOR
shows the ability of the multi-stage membrane distilla-
tion technology to rise the overall efficiency by recov-
ering the latent heat. Notably, the GOR value is about
three times the efficiency of the single stages.

Table 1: Specific mass flow rates, efficiency of the j-th stage and over-
all GOR for the 3-stage distiller below the camouflaged PV panel
(open circuit) tested under one sun.

JHILm? '] nae()) (%] GOR[%]
1 0.80 39.80
2 0.67 32.46
3 0.53 25.70
totalgm 2.00 98.95

The experimental tests show that the solar thermal en-
ergy consumption per cubic meter of produced distillate
i (qin Aeva) / (Jexp Acona) ~ 670 kWh m~>, whilst Jey, is
the average experimental specific mass flow rate. This
energy consumption is almost 40% lower with respect



W
o

Distillate [mL]
-t N [\
(6} o (&)}

_.
o O

o
Q

Time [h]
(a)

D
o

(o)
o

I
o

w
o

Temperature [°C]

N
o

=y
o

0 1 2 3 4 5
Time [h]
(©)

3

=

o + %

e 8- \% %

Q 2 .', % % %w'+'_'+'~~+—‘—+»—n
g |

s/

=1r _,"

O Qe ‘ ‘ ‘

Time [h]
(b)

3

c
o

€

=t

2

©

3

=1

(O]

5

@

0o

Nt . AN \6\
e<\((\e : & &

Q;IQ (5\‘(\

(d)

Figure 7: Distillation performance of the system consisting of the camouflaged PV module (open circuit conditions) placed on top of the 3-stage
distiller, under reference conditions (I, = 1000 W m2 and 35 g L' of NaCl saltwater feed). (a) Produced distillate and (b) its specific flow rate
over time; (c) temperature profile over time (uncertainty estimated as: + 0.2 °C); (d) comparison between the distillation performance obtained
from the experiments, numerical simulations and literature (Chiavazzo et al., 2018) (3-stage distiller including a membrane with 0.1 gm pores).

to that of traditional 1-stage solar stills, namely about
1150 kWh m™3 (see Supplementary Table S3 by Chi-
avazzo et al. (2018)). This demonstrates the effective-
ness of the multi-stage heat recovery to achieve a more
efficient energy management.

5.2. Prototype testing

The full prototype has been tested according to the
procedure described in Section 3.2. The net volume of
distillate obtained from each distiller in 4 hours under
one sun irradiance and the temperature profiles are re-
ported in Figs. 8a and 8b, respectively. All the distillers,
except that indicated with G (see also Fig. 4), show a
similar overall performance. The average production of
distilled water is (18.1 + 6.4) mL per distiller (includ-
ing G). The corresponding distillation performance is
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Jexp = (1.81 £0.64) L m? h'l. If the distiller G is ex-
cluded from the calculation — as it is an outlier compared
to all other cases — the prototype reaches an average pro-
duction per distiller equal to (20.3 +2.2) mL, which cor-
responds t0 Jexp-g = (2.03 £0.22) L m? h'!. These re-
sults are coherent with the experiments and numerical
simulations shown for a single distiller (see purple bar
in Fig. 8a). Finally, at steady state, the experimental
temperature of the evaporators (see the red band in Fig.
8b) ranges from 42.7 °C to 47.0 °C, whilst the temper-
ature of the condensers (see the blue band in Fig. 8b)
from 22.4 °C to 24.9 °C.

5.3. PV electrical characterization

The I -V curves of the camouflaged PV module have
been determined for several temperatures of the cell,
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Figure 8: Distillation performance of the prototype consisting of eight 3-stage distillers below a camouflaged PV panel (open circuit) under one
sun. (a) Overall net production of distillate after 4 h under I, = 1000 W m2 and with 35 g L"! saltwater salinity. The blue bars show the distillate
produced by each of the eight distillers in the prototype (named A—H). The dark green bar shows the average value (+1 s.d.) of distillate produced
by the entire prototype, whilst the light green bar shows the average value (+1 s.d.) excluding the distiller G. The purple bar shows the numerical
prediction with minimum and maximum values. (b) Evolution of temperature difference between the first evaporators and last condensers of

modules A, B, G and H (average +1 s.d.).

and the results are reported in Fig. 9. The cell tem-
perature T ranges from 25.0 °C to 64.0 °C during
the outdoor testing. As discussed in Section 3.3 and
in Supplementary note 2, variations of T impact on
Voc, While the effects on the current are negligible. The
results confirm this behavior: at T = 64 °C the -V
curve presents V. = 2.24 V, while a reduction of T
of 40 °C leads to V. = 2.55V, namely a 14% increase
in voltage. In the short circuit region (I =~ I, and V = 0
V), the I-V curves present similar short-circuit currents:
the differences are due to the marginal variation of irra-
diance during the measurements. On the contrary, in the
open circuit region (I =~ 0 A and V = V), the slopes of
the I-V curves are negative and they vary according to
Tecen- In particular, at lower T, the curves are steeper,
resulting in a higher Fill Factor (Spertino et al., 2015),
ranging between 71% and 74% for T equal to 64.0 °C
and 25.0 °C, respectively.

Regarding the P — V curves, the same considerations
can be applied to open-circuit state. Moreover, the Ty
reduction of 40 °C allows to increase the PV output
power from 6.48 W to 7.77 W, leading to a +20% in-
crease. The temperature coefficients have been evalu-
ated using Egs. (S1) and (S2) in Supplementary note 2,
resulting in yex, = —0.45 % K'!, and Bexp = —0.31 %
K. These values are in the range generally valid for
commercial PV modules. Indeed, the temperature coef-
ficient for power y ranges between ~ —0.45 % K and
~ —0.35 % K! (Schujman et al., 2015; Liu and Dong,
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2016), while a common value for 8 is = —0.3 % K!
(Dubey et al., 2015).

Eventually, the currents have been corrected to Stan-
dard Test Conditions (STC, see Supplementary note 2):
this correction allows to avoid the effects due to a non-
uniform irradiance during the measurements. No cor-
rection has been applied to the voltages, in order to
evaluate the effect of cell temperature on PV efficiency
npy. Figure 9c shows the efficiency estimated from the
experiments (red thombus), the corrected values (blue
squares) and the values calculated with Eq. (S3) using
Yexp = —0.45 % K and nsyc = 12.7%. The corrected
data are well represented by Eq. (S3); in particular, npy
increases by 22%, passing from 10.5% (Tcen = 64 °C)
t0 12.7% (Tcen = 25 °C).

5.4. PV efficiency enhancement by distiller

The designed and tested prototype is conceived to re-
cover the waste heat from the back side of the camou-
flaged PV module to feed the distillation process while
simultaneously generating electricity. The efficiency of
the PV module is also expected to be higher when tested
together with the passive membrane desalination de-
vice, owing to the resulting reduced temperature of PV
cells. The desalination modules, indeed, act as coolers
because of their thermal contact with the saltwater reser-
voir. Here, the evaluation of this expected PV efficiency
gain is performed by comparing the temperature of the
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Figure 9: Results of the electric PV characterization in outdoor conditions and for different temperatures of the cells. Experimental (a) 7 —V and (b)
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and the values obtained with the model (black dashed line).

cells when the panel is tested with (7)) and without
(T cel, uncooled) the distillation devices below.

On the one hand, Tcel uncooled 1S assessed introduc-
ing the PV module alone under the solar simulator (one
sun irradiance, open circuit conditions) and measur-
ing the temperature of the four cells on the back side
of the module. The experimental average temperature
of the four cells is equal to Tecepp uncooled = 62.4 °C
(Tel, uncooled = 64.0 °C from numerical simulation). In
this case, the temperature throughout the module is al-
most uniform.

On the other hand, the temperature of the cells when
the PV module is coupled with the distillers (7y) is not
uniform, as the infrared image in Fig. 10a shows. It is
possible to note the colder rectangular areas caused by
the two distillers in thermal contact with the back side of
the PV cell. During this experiment, temperatures have
been measured in the center of the PV cells 1 and 4 (on
the back side of the module, see Fig. 4), finding an aver-
age value of 60.0 °C in good agreement with that from
the numerical simulation in Fig. 10b (61.3 °C). How-
ever, the effective operating temperature of the PV cell
should be computed as an average value throughout the
whole surface of the cell. This can be done by means
of the finite-element method model in Fig. 10b, since
the average temperature of the PV cell coupled with the
two distillers can be estimated from the spatial average
of the computed temperature field over the PV cell area.
In this configuration, the average temperature of the PV
cell has been evaluated numerically as T = 54.7 °C.
This value represents the expected average temperature
of the cells during the synergistic operation with the dis-
tillers.

The observed temperature reduction of the cells
caused by the cooling effect of distillers should lead to a
PV efficiency gain proportional to the temperature coef-
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ficient yexp = —0.45 % K-! obtained in Section 5.3, that
is

TSsTC * 76xp(Tcell - Tcell,uncooled)

= +0.47%,
IrrAcells 0

(12)
where Acs = 625 cm? is the area of the PV cells
in the panel. The maximum power at 7cel uncooled 1S
Prpp(Teelt,uncooled) = 6.6 W, whilst its efficiency is
v (Tecell, uncooled) = 10.56%. Then, the relative gain is
% = +4.50%, which corresponds to an en-
hanced estimated efficiency npy (Tcen) = 11%.

These results show the effectiveness of the synergy
between the camouflaged PV module and the passive
desalination technology. A further enhancement of the
PV efficiency gain could be provided by coupling larger
distillers that cover all the surface of the cells, in order
to further reduce their mean temperature.

Anpy =

5.5. Energy analysis of the coupled system

We evaluate the various energy contributions to the
global efficiency of the coupled prototype, in which
freshwater and electricity are produced at the same time.
The global efficiency considers both the electric power
generation and the distillation process. The incoming
power is the solar flux collected by the whole surface
of the panel, namely Apaner = 1268 cm?. This thermal
power is equal t0 Py = I Apanel = 126.8 W. The PV
cells allow to generate, at MPP (Maximum Power Point
of the characteristic P — V curve) and T = 54.7 °C,
an electric output equal t0 Prpp(Teen) = 6.9 W, which
corresponds to a PV efficiency of npy(Teen) = 11%. To
estimate the energy output corresponding to the distil-
lation process, instead, the product of the latent heat of
vaporization and the average production rate of distil-
late from the eight distillers is taken into account via
Pgis = 8 Jexp Ahry Acong = 272 W.
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Figure 10: (a) Infrared picture of the surface of the PV module coupled with the distillers during the experiments and the corresponding (b)

simulated temperature field from the numerical model.

Since the photovoltaic efficiency is defined as npy =
Propp/ Prr, here the potential of the distillers to recover
the waste heat from the back side of the PV cells is mea-
sured by defining a thermal recovery efficiency:

Pdisl

=21.46%. (13)

MRecovery =
Irr
Eventually, the global efficiency of the prototype, being
the sum of the two outputs, is equal to:

NPrototype = TJRecovery + nev(Teen) = (14)

Pgist + Papp(T
_ dist mpp( cell) = 26.90%.

Pry 1

It is worth to point out that, in this study, the tem-
perature reduction of the PV cells due to their electric
connection is considered as negligible, thus not affect-
ing the distillation performance. Whereas, Wang et al.
(2019) demonstrated a —9% decrease in productivity for
a device consisting of a 3-stage distiller and a PV mod-
ule operating at maximum power under one sun irradi-
ance.

6. Conclusions

In this work, we have analyzed the coupling between
a camouflaged photovoltaic technology and a passive,
thermal desalination device. The water treatment unit is
mounted on the back side of the PV module, which al-
lows to recover and exploit the waste heat for freshwater
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production. Overall, the main original contributions of
the presented solution are: i) the innovative aesthetic
surface coating, which allows to reduce the visual im-
pact on the surrounding landscape; ii) a mosaic-like ar-
rangement of small-sized modular and passive distillers,
which eases the scalability of the capillary-driven distil-
lation processes; iii) the enhanced electricity generation
efficiency due to the PV cell cooling provided by the
distillation device coupled below. Hence, this proof-of-
concept prototype results to be a compact and efficient
coupled solution for water and energy needs.

Laboratory experiments have shown that, in realistic
conditions (solar irradiance equal to 1000 W m2, salt-
water feed temperature and salinity equal to 20 °C and
35 g L1, respectively), a desalination rate up to 2 L m™
h'! can be achieved. The energy required by the desali-
nation system, around 670 kWh m?, results to be com-
petitive with other solar desalination techniques (see
Supplementary note 5). Moreover, the synergistic in-
tegration between the desalination and the PV modules
has demonstrated higher electric performance in opti-
mal conditions, thanks to to the lower operating tem-
perature of the PV module. In this sense, a relative PV
efficiency gain of 4.50% has been observed when the
temperature of the PV cells is decreased by 9 °C.

The adopted desalination technology relies on inex-
pensive and broadly available materials, and the tex-
tured PV module has a reduced visual impact. These
choices allow to: i) reduce the costs of the desalina-
tion unit for its integration within compact cogenera-



tion systems; ii) increase the social acceptance of the
installations and their integration with the surrounding
landscape (here, particularly thought for floating instal-
lations). Based on these considerations, a complete
SWOT analysis of the proposed technology (see Sup-
plementary note 6) highlights its high flexibility and
applicability to remote and stand-alone installations.
However, the proposed solution also shows a few weak-
nesses: first, the solution still represents a lab-scale
prototype with a limited Technology Readiness Level
(TRL); second, the visual texture slightly reduces the
PV efficiency, and no self cleaning operations from dust
are yet proposed or implemented. In perspective, the
freshwater productivity could be enhanced by stacking
additional distillation stages, while the PV efficiency
improved by removing the aesthetic camouflage (if tol-
erated in the considered installation site).

A scaling-up of the proposed system may be finally
envisioned: for example, a 1 m? device could poten-
tially provide the basic need of drinkable water for 4 to
5 people per day (i.e. ~ 3 L day' person’! (Institute
of Medicine (US). Panel on Dietary Reference Intakes
for Electrolytes and Water, 2004)). This may be partic-
ularly interesting in off-grid areas in coastal regions or
small remote islands.
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