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Abstract

The progressive increase in environmental pollution and population are leading many
countries to deal with severe water scarcity issues. Nowadays, it is estimated that at least
four billion people live in a water stress condition, and despite the lack of information,
there are already many alarming situations.
Water desalination seems to be a promising procedure to mitigate this problem, thanks to
several proposals of different technologies. A possible subdivision is in active and passive
technologies, where in the former external mechanical components drive the desalination
process, while in the latter external mechanical parts are not present. Furthermore, both
technologies necessitate of external energy to drive the desalination process, which can
be provided by renewable sources. The main goal of this thesis is to analyse an active
plant and a passive device, both based on Membrane Distillation, and to compare the two
technologies, figuring out the most suitable applications. The first is a Direct Contact
Membrane Distillation (DCMD) process-based plant, powered by solar collectors and
including a heat storage tank, whose performances are investigated by means of Simulink
software. The second is a passive solar driven multi-stage device, capable of recovering
the latent heat of the process, developed at the Politecnico di Torino.
The work is subdivided in different sections. In the introduction, the state-of-art of the
most important desalination technologies is discussed. Then, the active configuration of
the membrane distillation-based technology is studied. In detail, all the parts of the active
plant model are described, including the physics behind the process and the software’s
language used. In addition, the passive configuration of the membrane distillation-based
technology is introduced. The design and the prototyping of the device are discussed,
with attention in describing the chosen guidelines which are imposed by the worldwide
OHDC (Oman Humanitarian Desalination Challenge), used as reference for the device
development. In particular, it has been required a minimum production of 3 liters per
day. Preliminary experimental campaigns, together with numerical analysis (by means
of COMSOL Multyphysics software), are performed to evaluate the performance of the
passive device. The experimental and modelling results are then illustrated, compared
and commented. Furthermore, based on the previous outcomes, a detailed comparison
between the two technology configurations (namely the active and the passive), which
includes economic and energy analysis, is presented pointing out the relative pros and
cons and the most suitable applications for both. Lastly, further improvements of the
presented work are outlined.
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1. Introduction

1.1 Water Scarcity

Even if almost 97% of the world’s surface is covered by water, only the 3% of the total
amount is fresh. This makes this primary resource rare, considering furthermore that
two-thirds of this amount composes glaciers and so is unavailable for our use [1].
As a result one-third of the population faces "high baseline water stress" and one-quarter
faces even "extremely high baseline water stress". These expressions were first used by
UNESCO in the WWAP (World Water Assessment Programme) [2] in order to certificate
the hydrological status of the world’s different regions. This study consists in comparing
the available water per year with the population which consumes it. When the annual
available water is below 1700 m3, it is already considered water stress condition. If this
value is lower than 1000 m3 high water scarcity occurs, instead if it is lower than 500 m3

extremely high water scarcity is present.

Figure 1.1: Global water scarcity subdivided in physical or economical [2]

Water scarcity can be subdivided in physical or economical. In the first case the lack
of water is given by the environmental conditions of some specific regions, for example

7



1.2. Water Supply 8

arid zones located along the equator. In the second case instead, high poverty leads to
a lack of infrastructures and workforce necessary to correctly provide water to the local
population. Figure 1.1 shows where on earth economical or physical water scarcity are
present.
Unfortunately the situation is worsened by the last century human behaviour. Due to
pollution, intensive agriculture and population growth the presence of physical water
scarcity in the globe is increasing year-by-year. The high levels of pollution dry up and
contaminate the available fresh water basins, the wasteful use of water in agriculture
empties aquifers and rivers and the population growth lead to an increase of water demand
[1].

1.2 Water Supply

As already mentioned before only a little part of the global water can be used for human
purposes. Furthermore, of the total 3% only the 0.3% is surface water easily accessible,
the rest is located underground and several works must be computed in order to retrieve
it (Figure 1.2).

Figure 1.2: Earth’s water distribution [3]

The totality of these water resources undergoes the so called hydrologic cycle, which
consists of different steps leading to a sequence of evaporation and condensation phases.
This cycle is important because it allows to regenerate fresh water in the different resources
on earth. By means of this cycle, the different water basins can be distinguished in:
renewable and non-renewable. In the first case this last it is able to regenerate in a short
time span, for example the ground level water. Meanwhile in the second case, the time
span is much longer than the previous one but is not infinite, for example polar ice and
glaciers [4].
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Due to this great lack of available fresh water many studies are in progress in order to
widen the availability of water resources, in particular desalination which will be widely
analysed in this text.

1.3 Desalination Systems

Desalination is a process which allows to remove minerals, in particular salt, from water.
These systems contribute producing only 1% of the total potable water, due to their high
energetic consumption (in high-pressure reverse osmosis plants to supply 300,000 people
in a day, 31 MW are required [5]). Although, thanks to the advent of new technologies,
desalination systems are becoming the most plausible alternative for fresh water produc-
tion. Indeed some countries, with high physical water scarcity, as Kuwait and Qatar
already produce the totality of their water by means of innovative desalination plants.
Nevertheless nowadays the water, produced by desalination, costs about twice of the one
retrieved from natural resources [6]. In order to reduce this cost and the environmen-
tal impact of these processes, scientists are studying an efficient way of implementing
renewable energies as a primary source (Figure 1.3).

Figure 1.3: Renewable energies that can power desalination processes [7]

An important classification can be done between thermal-based and membrane-based sys-
tems (Figure 1.4).
Thermal-based technologies typically operate by evaporating water with thermal energy,
and later condense it, leaving high salinity water (brine) as process waste. Membrane-
based systems instead use physical obstacles and mechanical energy to separate the miner-
als from water. Thermal technologies are typically the most used especially in Middle-East
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Figure 1.4: Desalination systems classification [8]

[9] where energy cost is lower, even if recently membrane systems have been reconsidered
thanks to their: high energy efficiency, low space requirement and operational simplicity.
Another big distinction can be done by subdividing desalination systems into active and
passive. Whenever external energy sources are used to drive the desalination, we talk
about active systems. Contrarily, if the working principle is mainly based on solar systems
and insulating materials, with no use of external energy, we talk about passive systems.
This last subdivision is the one that is gonna be used in the text, in particular in the next
description of the most important and innovative desalination systems available.

1.4 Active Systems

1.4.1 RO-Reverse Osmosis

It is the most reliable and most commonly used desalination technique. It accounts for
the 61% of the world’s fresh water produced with desalination [10].
To better understand RO technique it is better to clarify how osmosis works. Osmosis is
a natural phenomena where water molecules in a weaker saline solution tend to migrate
towards a higher saline solution (Figure 1.5a). More in detail, if these two solutions
are separated by a semi-permeable membrane (allows only some molecules to pass, for
example only water and not salt) water molecules in the lower saline solution tend to
migrate in order to lower the chemical potential difference previously established.
Reverse osmosis is the process of osmosis in reverse. External energy applied to the more
saline solution is needed, in order to increase the chemical potential difference and obtain
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(a) Osmosis (b) Reverse Osmosis

Figure 1.5: Comparison between osmosis and reverse osmosis [11]

a less saline solution (Figure 1.5b).
In a RO desalination plant the flow of water through the membrane is continuous and is
provided by a pump. In particular three flows are present: feed, rejected and permeate
flows (see Figure 1.6). The water contained in the first one is pressurized by the pump
and sent against the membrane, holding a salinity which depends on the application.
The second flow holds water with a salt concentration around 95% to 99% which was
unable to pass, namely this water is defined brine. The last one instead contains the fresh
water produced by the process, with a salinity much lower than the rejected one. The
cross-filtration system allows to obtain 2 divergent flows when the inlet one encounters
the membrane.

Figure 1.6: Sketch of the RO desalination cycle [11]

Some pre- and post-treatments must be done, in order to maintain the correct functioning
of the device. For the purpose of avoiding pump clogging or membrane fouling, it is
necessary to remove any possible inorganic suspended solid from water, by means of
mechanical or chemical pre-treatments (for example coagulation, sedimentation and sand
filtration) [12]. Thanks to these treatments pumps, can be used up to 100 bar with low risk
of damage. Depending on the type of application some post-treatments may be needed,
the most frequent are: pH adjustment, disinfection and remineralization.
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The membranes which are typically used are: hollow fiber, spiral wound, plate and tubolar,
in particular the first two are preferred for their versatility and their cost related to the
productivity. The pores in the membrane are large enough to let the water pass, but
small enough to stop the salt molecules or blocks.
The RO technology is widely used because it has several advantages [13], some of them
are:

• Easy design and operation of the plant;

• Modular nature, which allows modification of the plant’s dimensions;

• Low maintenance if pre-treatments are present;

• Membranes can remove both organic and inorganic contaminants;

• Waste water is low;

• No thermal energy is required since the plant operates at ambient temperature, so
less corrosion;

• Electricity is needed, so solar panels can be adopted;

• Specific power is the lowest among all the other technologies (3-9.4 kWh/m3);

Despite all these advantages also the RO technology has some drawbacks which limits
it’s usage in specific situations. First of all, this process allows to obtain a low recovery
efficiency (RE), defined as "ratio of the volume of desalinated water produced to feed
water" [14], with values around 45% or less in other specific cases. This general inefficiency,
compared to thermal desalination systems (MVC have RE of 97%), doesn’t affect the total
cost of the process when talking about large scale problems, although in scaled-up cycles
usually the cost of RO tends to increase. An other important drawback of the technology
is the great amount of energy required. Generally speaking this energy is given by fossil
fuels (expensive and environmentally unfriendly), even if recently many attempts have
been made in order to use renewable energy as main source.
Overall RO allows to obtain water at 0.5 $/m3 [15], with the price dropping year-by-year
thanks to the advent of new technologies in the process.

1.4.2 MSF - Multi-Stage Flash

MSF is the most used thermal-based desalination technique and accounts for the 26% of
the total distilled water produced [10].
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This processes bases it’s working principle on flash evaporation, which consists in a rapid
evaporation of a saturated liquid stream when it undergoes a rapid reduction of pressure
by passing through a throttling valve. A scheme of the plant is shown in Figure 1.7.

Figure 1.7: Schematic of an MSF plant [16]

In principle the seawater is withdrawn by a pump and sent in a multistage heat exchanger
where heats up. Later the water is sent in a chamber where is further heated up by an
external thermal source (fossil-fuel combustion or renewable energy) till it reaches 90-
110 °C. At this point, the hot brine enters the stages of the device, at low pressure
environment, and flash evaporate. The hot steam condenses releasing latent heat to the
seawater previously introduced. Finally, both the freshwater and the brine are released
by some pumps. A typical MSF system can have 4 to 40 stages, indeed the brine of the
last stage will have a very high salinity, so will be treated as a waste.
Overall the system requires high amounts of electrical and thermal energy to produce the
final fresh water. In order to reduce the environmental impact of the system, in modern
plants are coupled renewable energy systems.
Some of the advantages of MSF are [17]:

• Simple working principle;

• Works well in large scale problems;

• Renewable energy sources can be easily integrated;

• Gives high quality fresh water (no more than 10 ppm);

• Needs no pre-treatment, except for filtration to remove solid materials;

• Cost effective where energy costs are low;
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Generally this technology has a RE value around 25%, and have necessity of a high level of
maintenance, with a consequent increase in the operational costs. In fact flash evaporation
tends to produce deposits around the chamber, especially at the entrances. Another big
disadvantage is the treatment of the wasted brine, which cannot be simply released in the
environment since it could harm the local fauna and flora.
It is nowadays the most used technology in the gulf region, due to it’s large scale feasibility
with high efficiency and the low cost of fossil fuel in those areas. The water cost ranges
between 0.52 $/m3 and 1.75 $/m3 [18].

1.4.3 MED - Multi-Effect Distillation

It is an older technology respect to the MSF, but it is still used to produce the 6% of the
total distilled water [10].

Figure 1.8: Scheme of MED plant [19]

Its working principle consists in transferring the latent heat of vapour multiple times so
to condense fresh water and generate new vapour. By means of a pump the seawater is
retrieved and sent to a preheater, in order to be initially heated up. Then the feed water
is sent to the first stage of the plant, where is sprayed on a coil containing water at 70°C
coming from another circuit. Most of the sprayed water instantly evaporates, then the
vapour is collected and sent to the next stage through a new set of pipes. Having the
vapour a lower temperature in the following stage, in order to assure again the seawater
evaporation, the vessel pressure is decreased. The process is repeated several times, till
at the last stage where the exceeding vapour is condensed in the preheating process. The
seawater which has not evaporated is collected in every stage and expelled as process
waste (brine). In Figure 1.8 it is shown a scheme of an MED plant.
Similarly to the MSF, the MED technology necessitates of thermal and electric energy to
allow the correct desalination of water. These energies are usually taken by combustion
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of fossil fuels, even if in the latest years renewable sources have been adopted to reduce
the overall environmental impact.
The main advantages of the MED technology are [17]:

• Lower maximum temperatures respect to MSF, so less corrosion;

• Better production for low scale applications;

• Very compatible with solar auxiliaries;

• Power consumption is lower, thanks to the lower temperatures;

• No pre-treatment required except for filtration;

This technology reaches RE of 30%-50%, performing similarly to RO and better than
MSF. Despite these advantages, this technology is not preferred due to some important
drawbacks, here cited:

• Complexity of construction, so difficulty in scaling the plant;

• Low temperature of hot steam, which limits the choice of the thermal source;

• Output temperature must be at least as the environmental one to have condensation;

In particular the last disadvantage limits the amount of stages (dimensions of the plant)
especially in hot areas, which are the ones more needy of fresh water. Principally for this
reason the MED diffusion is limited.
Nowadays MED is being reconsidered thanks to the various hybrid configurations which
allow to overcome some of the disadvantages. In particular: Multi-Effect Distillation
Absorption Desalination (MEDAD), MED combined with thermal vapour compression
(MED-TVC), Boosted Multi-Effect Distillation (B-MED) and Flash-Boosted Multi-Effect
Distillation (FB-MED).
In average the water produced with this process costs from 0.7 $/m3 to 1.2 $/m3 [20].

Process
Thermal Energy

[kWh/m3]
Electric Energy

[kWh/m3]
Water costs

[$/m3]
SWRO // 3-4 0.5-1.2
MSF 7.5-12 2.5-4 0.7-1.2
MED 4-7 1.5-2 0.8-1.5

Table 1.1: Results of the most significant active processes

In conclusion Table 1.1 resumes all the values obtainable with the three active technologies
illustrated, which cover 93% of the fresh water production.
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1.4.4 MD - Membrane Distillation

Figure 1.9: Scheme of an MD plant coupled with a solar thermal system [21]

MD is new desalination technology, but can be used also for treatment of wastewater and
production of concentrate liquid. It covers only a small percentage of the desalination
plants market, but recently it has gained interest thanks to the possibility of having a
modular component design, which allows the use in remote areas. The scheme of a typical
MD plant is shown in Figure 1.9.
MD technology bases it’s functioning on seawater evaporation across an hydrophobic
membrane. At first, the feed water is sent, by means of a pump, into a channel which
shares one side with a foil and the other side with an hydrophobic membrane. The
particularity of this membrane is that allows the passage of vapour, but inhibits the
water’s one. Once evaporation is triggered, by the foil in contact with a heating source,
the vapour produced passes through the membrane leaded by a pressure gradient, in turn
generated by the preexisting thermal one. At last, the vapour collected in the adjacent
chamber condenses in contact with a second foil, and is then retrieved by a second pump.
The latent heat of condensation is used for a second evaporation, repeating the cycle for
the remaining stages. The number of stages of the device depends only on the amount of
heat provided by the heating source.
Generally speaking the MD technology can be subdivided in four types [22] (Figure 1.10):

• DCMD (Direct Contact Membrane Distillation). Both the vaporizing and the
condensing fluids are in contact with the membrane. The generated vapour passes
driven by a pressure difference between the two sides. Commonly used configuration,
even if a conspicuous amount of heat is lost in the process, due to conduction.
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• AGMD (Air Gap Membrane Distillation). The vaporizing fluid is still in contact
with the membrane, but an air gap is interposed in between this last and the con-
densing liquid. Vapour flux is always present, but the transfer velocity is reduced.
The air acts as a resistance and limits the dispersion of heat, given by conduction.

• SGMD (Sweeping Gas Membrane Distillation). In this case a cold gas is sent
tangentially to the permeate side of the membrane, in order to collect the vapour
produced and bring it to an external condenser. In this way condensation is per-
formed externally, so heat lost is limited and vapour transfer velocity is enhanced.
The main drawback is the diffusion of vapour in the gas, which leads to the necessity
of a bigger condenser.

• VMD (Vacuum Membrane Distillation). Has the same working principle as SGMD,
but uses vacuum instead of a gas. Heat losses are minimal, even if the process
requires an additional pump to work. Indeed capital and operational costs are
higher.

Figure 1.10: Different configurations of MD technology [23]

Also MD is a thermal based technology. The main reason why it is considered so inter-
esting, is the great possibility of satisfying the energetic needs of the process by means
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of renewable sources. This is thanks to the low temperatures reached (∼ 80°C) for the
evaporation of the fluid.
The advantages are here resumed [22]:

• MD membranes are cheap and robust. Low necessity of pre-treatments;

• No corrosion problems;

• High quality of distilled water, considering also non-volatile elements;

• Low electrical consumption during operation;

• Low complexity of the apparatus;

• Low maintenance;

• Temperatures and pressure levels are lower than in other desalination technologies;

• Process can be easily coupled with renewable energy sources;

The main drawback which still limits the diffusion of this technology, is the high cost of
fresh water produced. In fact, despite the low temperatures, the heat required is high and
the permeate flux is low, which leads to a high cost of water production. The typical value
of thermal energy required is 100 kWh/m3 [24], which turns out to be high if compared
to the values reported in Table 1.1.

1.5 Passive Systems

There are many passive systems in the state of art or which are in development. The
most conventional one is the solar still, which can be implemented and advanced in many
solutions, the one reported in this text is the solar steam. For sake of simplicity only
these latter will be analysed, meanwhile the designed device’s working principle, namely
Membrane Distillation, will be largely discussed in Section 3.

1.5.1 Solar Still

Is the most ancient form of desalination, and consists of evaporating seawater by means
of solar energy, replicating the way nature makes rain.
A typical configuration consists in a container, having at the bottom an insulated layer
covered with seawater, and at the top a tilted transparent surface (typically glass). As
the solar radiation enters heating up the seawater, the vapour rises up and condenses in
contact with the tilted surface. Finally the droplets formed slide along the surface and
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are collected apart. Thanks to the fact that the container is closed this type of technology
adopts the greenhouse effect to better evaporate the seawater contained inside. In Figure
1.11a is possible to observe the standard device configuration.

(a) Standard solar still device configuration [25] (b) Solar still coupled with external condenser [26]

Figure 1.11: Different solar still configurations

A part from the basic ones, the solar still technology can assume different configurations
[21]:

• Single stage device, as the one previously described;

• Solar still coupled with collectors, in this case some collectors are used to
pre-heat the seawater in order to increase the efficiency of the device;

• Solar still coupled with condenser, a further condenser is used to increase the
condensate production (Figure 1.11b);

• Multi-stage solar still, many stages are present in order to recover the latent heat
of condensation;

Generally speaking this type of technology is not adopted for industrial water production
purposes, since its productivity is proportional to the device’s area. Unless building
big plants (which is not economically convenient), this technology water productions are
limited. Nevertheless, thanks to the high water quality and portability, this last is typically
employed in remote and arid regions [27]. Furthermore, the facility of maintenance and
low operational costs enhance the usage in these regions.
As we are talking of passive devices the "cost of water" as parameter for the performances
looses of sense, since the production depends on external variable factors (solar irradiation,
wind, ecc.). In order to evaluate the device’s efficiency, the productivity of water per day
is considered. In this specific case, with a mean solar irradiation of 700 W/m2, the device
exploits a mass flow rate of 0.936 L/(m2h) [28].
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1.5.2 Advanced: Solar Steam Generator

Also this technology uses the solar energy to produce distilled water. It is not suitable for
large productions, but is capable of reaching high productivity rates. During the process
the system dissipates a lot of energy to the bulk water with which the solar absorber is
in contact. Due to this fact, the scalability of the system is limited, with a consequent
impossibility of industrialization.

Figure 1.12: a) Direct bulk water contact b) Innovative 2D path [29]

An innovative configuration limits the energy dissipation, opening a new road for further
implementations of the system. The idea consists in a floating thermal insulator standing
alone in the bulk water, wrapped in a super-hydrophobic foil. Saltwater is absorbed in
the layer thanks to capillarity, until it reaches the top where evaporates thanks to the
solar energy collected by the absorber. The solar energy used is maximized, as all of it is
employed in water evaporation. The overall construction of the device is then shown in
Figure 1.12.
The productivity of the technology reaches a maximum of 1.45 L/(m2h) under a mean
solar irradiation of 1000 W/m2. This value is the one of the highest reachable nowadays
with passive technologies.

1.6 Thesis Outline

After this short introduction of the different state-of-art active and passive desalination
technologies, it is important to expose how this thesis is structured. The second chapter
illustrates the Simulink design of a MD plant coupled with solar collectors and energy
storage. In the following chapter, are illustrated the prototyping and the design of a pas-
sive desalination device based on MD technology. The fourth chapter collects the results
of the two models, retrieved by experimental campaign and numerical simulations, and
the comparison between the two technologies. The last chapter instead holds the conclu-



1.6. Thesis Outline 21

sions, where the feasibility of the MD technology in passive devices and the application
cases of both the desalination apparatus are considered.



2. Active technology: Simulink model of an MD
plant

This model aims to compute the total amount of fresh water produced in a year by a
solar desalination system, working by means of membrane distillation. This last has a
dynamic behaviour due to: the hourly variation of irradiance (that influences the amount
of disposable heat) and the inertia of the storage system. For this reasons it has been
employed Simulink as simulation software, since it is capable of dealing with high dynamic
systems. Simulink works with blocks, owing input ports and output ports, and signals
transferred from a block to another. Inside these blocks it is possible to execute many
operations, mathematical and logical. A group of blocks can be collected in a Subsystem,
according to the user’s desire, as in this case where the different subsystems represent the
components of the plant.
The composition of the proposed system is the following:

• Sun Subsystem: the irradiation per unit of area is evaluated, starting from the
solar data provided by the European Union;

• Collector Subsystem: the solar irradiation is converted into heat and transferred
to water flowing inside the collectors;

• Control logic subsystem: a logic control is computed on the collector’s and
storage water, guaranteeing the best performances of these devices and preventing
dangerous situations (i.e water temperature > 100 °C);

• Pipe subsystem: simulates the flow of water in a pipe line, calculating the conse-
quent heat losses;

• Auxiliaries subsystem: a logic control assures a minimum temperature to the
MD module inlet water, so to avoid physical incoherences;

• MD module: mimics a MD desalination unit, converting hot saltwater into cooler
freshwater;

22
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• Pre-heater: simulates the behaviour of a heat exchanger, useful to recover part of
the latent heat unused during the desalination process;

Figure 2.1: Simulink model

The presented model simulates the functioning of the system, considering every time step
as an hour of usage of the apparatus. This choice allows to reduce the computational cost,
without reducing the correctness of the obtained results. Furthermore, the simulation
incorporates five years of usage, in order to avoid that the transient phase compromises
the real obtained results (only the last year is taken in consideration in the results). To
solve the problem, Simulink automatically decides the type of solver depending on the
complexity and in this case the solver ode3 (Bogacki-Shampine method) has been used.
In the following sections every subsystem of the model will be analysed in detail.

2.1 Sun subsystem

The main purpose of this subsystem is to compute the hourly solar irradiation, at a certain
position on Earth, incident on the collectors surface. The irradiation data are collected
from the Photovoltaic Geographical Information System (PVGIS) of the European Com-
mission [30], which provide a Typical Meteorological Year (TMY) of the selected location.
This last is a non-existing year containing meteorological data, obtained by an analysis of
previous several years of the selected place. The interesting parameters for this thesis are:
the dry bulb temperature, the Global Horizontal Irradiance (GHI), the Diffuse Horizontal
Irradiance (DHI) and the Beam Normal Irradiance (BNI).
In order to obtain the wanted results, two steps must be performed: the irradiance on the
collectors must be computed (considering this last inclination and view factors) and then
must be computed the radiation considering the irradiance, constant during the hour.
The equation used to evaluate the irradiance (G) on a tilted surface is [31]:

G = BNI · cos θ +DHI · Fc−s + ρ ·GHIFc−g (2.1)
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where:

• θ is the angle formed between the BNI and the surface, and it allows to evaluate
the portion of irradiation which reaches the surface;

• Fc−s is the view factor between the collectors and the sky:

Fc−s =
1 + cos β

2
(2.2)

• Fc−g is the view factor between the collectors and the ground:

Fc−g =
1− cos β

2
(2.3)

• ρ is the albedo, indicating the fraction of irradiance which is mirrored by the ground
and reaches the collectors;

• β is the angle formed between the collector surface and the horizontal plane;

In practice the value of θ is not directly evaluated, but the cosine is considered by equation
[32]:

cos θ = sin δ sinφ cos β − sin δ cosφ cos γ sinφ+

+ cos δ cosφ cos β cosω + cos δ sinφ sin β cos γ cosω + cos δ sin β sinω

where:

• δ is the solar declination, the position of the Sun at noon respect to equator plane
(varies between -23.45° and 23.45°);

• φ is the latitude (positive towards North);

• γ is the azimuth angle, between the South direction and the projection of the normal
to the surface on the horizontal plane (positive clockwise);

• ω is the hour angle, evaluated considering that each hour the Earth rotates of 15°
(negative in the morning);

φ and γ depend on the geometry of the system, meanwhile ω and δ on the position of the
Sun, in particular this last can be evaluated by means of the Cooper formula [32]:

δ = 23.45 sin (360
284 + n

365
) (2.4)

with n the day of the year.
The subsystem solves these calculations for every hour, providing as output the irradiance
on the collector. The blocks of the subsystem are shown in Figure 2.2.
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Figure 2.2: Blocks contained in the sun subsystem

2.2 Collector subsystem

The purpose of this subsystem is to convert the incoming irradiance into thermal heat
delivered to a fluid flow.
Generally speaking, a solar collector is a particular type of heat exchanger, which uses solar
irradiation to heat up a stream of fluid (commonly air or water), consequently delivered
to a final user. Typically this fluid is used to feed Domestic Hot Water (DHW), low-
temperature space heating or air conditioning plants. The exit temperature of the fluid
from the collector depends on the climatic situation of the designated location and the
device’s efficiency. Usually the maximum temperatures reached range between 70 and
160 °C. Collectors are installed in places where they can be irradiated for the longer time
possible along the day, therefore typically on walls, rooftops and on the floor in case of
big installations.
In this application two different types of solar collector have been used: Evacuated tube
collectors (ETC) and Parabolic solar collector (PSC). The first type consists in an ab-
sorber plate, which collects the solar irradiation, contained in a cylindrical glass tube
having vacuum inside, together with a copper tube where the fluid flows. This particular
configuration allows to reduce the convective dispersion of the plate, and enhance the
heat transmission to the fluid (temperatures reached 140-160 °C), see Figure 2.3. The
main disadvantages of this technology are: bad optical efficiency (cylindrical shape of
the vacuum tubes) and part of the solar irradiation is not collected because of the gaps
between the different tubes.
The PSC instead consists of a parabolic reflecting surface (∼ 10 m2), which conveys all
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Figure 2.3: Evacuated Tube Collector device [33]

Figure 2.4: Parabolic Solar Collector [34]

the solar irradiation on a receiver where the evolving fluid flows and heats up (Figure 2.4).
This technology has higher efficiency at the same area, respect to the other technologies,
thanks to: the implemented sun tracking and the possibility of conveying the solar power
in a limited area. The big disadvantage is the high cost of the device, which could not
justify the higher capacities of the technology.
As already mentioned one of the main parameters to take under consideration when
considering solar collector is the efficiency η, defined as [32]:

η =

∫
Q̇u,coll dt

Acoll
∫
G dt

(2.5)

where Q̇u,coll [W ] is the power generated by the device and Acoll [m2] is the collector’s
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area. Furthermore the power generated can be calculated through equation [32]:

Q̇u,coll = Acoll[G− UL(Tm,plate − Tamb)] (2.6)

where UL [W/(m2K)] is the loss coefficient, Tm,plate [K or °C] is the mean temperature of
the absorbing plate and Tamb [K or °C] is the ambient temperature.
Generally speaking most of the manufacturers provide an experimental formula to evaluate
the efficiency:

η = η0 − c1x− c2Gkx
2 (2.7)

where η0 represents the optical losses due to the glass cover and c1, c2 and Gk (800W/m2)
are constants. x is defined as:

x =
Tm,coll − Tamb

Gk

(2.8)

Tm,coll =
Tin,coll + Tout,coll

2
(2.9)

Resuming, the equations solved in the Collector subsytem are:

Q̇u,coll = ηAcollIT (2.10)

Tout,coll = Tin.coll +
Q̇u,coll

ṁcollc
(2.11)

where c [J/(kgK)] is the specific heat of the heat transfer fluid, ṁcoll the collector mass
flow rate and IT = G x 3600 [J/h].
The chosen devices are: model VTK 1140/2 (manufactured by Vaillant) and Turbocaldo
(manufactured by Innova Energy Solutions). The main characteristics are collected in
Tables 2.1 and 2.2.

VTK 1140/2
η0 [%] 64.2

c1 [W/(m2K)] 0.885
c2 [W/(m2K)] 0.001

Absorbing Surface [m2] 2
Volumetric flow rate [l/h] 48

Table 2.1: Data of the VTK 1140/2 ETC system [35]



2.2. Collector subsystem 28

Turbocaldo Innova
η0 [%] 79.6

c1 [W/(m2K)] 0.66
c2 [W/(m2K)] 0.008

Absorbing Surface [m2] 9.58
Mass flow rate [kg/h] 576.29

Table 2.2: Data of the Turbocaldo Innova PSC system [36]

Figure 2.5: Efficiencies of the different solar collector technologies, with x defined as in Equation 2.8

In Figure 2.5 are represented the efficiencies for the different technologies, as the parameter
x changes.
The fluid flowing in the collectors is a mixture of propylene glycol and water, respectively
20% and 80%. The properties of the too compounds and of the mixture are listed in Table
2.3.
As shown in Figure 2.6 the entire subsystem is constituted by a single Matlab block, which
recalls a written Matlab function necessitating input information, and giving as an output
the final temperature of the high temperature fluid.
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Water [37] Glycol [37] Mixture
Specific heat [J/kgK] 4186 2480 3843

Density [kg/m3] 1000 1036 1007
Dynamic viscosity [Pa · s] 10.7 x 10−4 5.76 x 10−4 9.72 x 10−4

Thermal conductivity [W/(mK)] 0.599 0.201 0.519

Table 2.3: Water, Glycol and Mixture properties [38]

Figure 2.6: Solar collector subsystem

2.3 Control subsystem

Most of the control units which regulate the correct functioning of the plant are col-
lected in this subsection. In real plants, this apparatus is constituted of thermostats and
programmable units, which measure and compare the different signals, activating and
deactivating the users depending on the required necessities. In this specific case, the
subsystem manages the flows inside the collectors and the temperature in the storage
unit.
The controls executed are here listed:

1. Temperature of the high temperature fluid, in order to limit the presence of high
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temperatures, which could lead to damaging;

2. Measure the storage temperature, so to prevent the eventual cooling down of the
storage fluid if the HTF has a lower temperature;

The subsystem adopts a logic language to deal with the previously cited controls. At
first, the collectors outlet temperature is compared with the imposed threshold (i.e 100
°C). Then, the storage temperature is compared with the collectors outlet temperature, if
Tout,coll − Tstorage > 2 °C then the flow is allowed to go in the storage unit. Furthermore,
the storage temperature is held lower than the maximum temperature suggested by the
manufacturer. Lastly, the temperature of the new seawater coming from the pre-heater
is compared with the storage temperature, if Tout,pre−heater − Tstorage > 2 °C the flow is
allowed to enter.
In Figure 2.7 are shown the different blocks.

Figure 2.7: Control unit subsystem blocks

2.4 Pipe losses subsystem

This subsystem evaluates the heat dispersion during the passage of the hot fluid from the
collectors to the storage tank.
The distance of these pipe lines depend on the specific type of application, in this case it
has been hypothesized the installation of the collectors on a four-floors building, and the
storage system placed at ground floor. Furthermore, in order to reduce the heat losses, a
coating of glass wool for the pipes has been considered. All the data for the pipe line are
collected in Table 2.4.
In order to evaluate the total lost heat, conduction and convection heat transfer must
be considered. From the characteristics of the materials employed, it is already know
the thermal conductivity of the insulator. To fully describe convection, it is necessary to
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Pipe line data
Length of the pipe line [m] 12

Pipe diameter [m] 15 x 10−3

Thermal conductivity
of glass wool [W/(mK)]

0.039

Table 2.4: Pipe line data

retrieve the convective heat transfer coefficient by means of the Nusselt number, which
represents the ratio between convection and conduction in a physical medium. In partic-
ular:

Nu =
hd

k
(2.12)

where: h [W/(m2K)] is the convective heat transfer coefficient, d [m] is the tube diameter
and k [W/(mK)] is the thermal conductivity. From literature it is possible to retrieve
the Nusselt number from empirical equations, depending on the present type of flow. In
particular:

• Laminar Flow:
Nu = 3.66 (2.13)

• Turbulent Flow:
Nu = 0.023Re0.8Prn (2.14)

In this application Equation 2.14 will be considered, where:

• Re is the Reynolds number, representing the ratio between inertial and viscous
forces:

Re =
ρvd

µ
(2.15)

• Pr is the Prandtl number, representing the ratio between momentum and thermal
diffusivity:

Pr =
cµ

k
(2.16)

• n is a constant equal to 0.3 if the fluid is cooling, or 0.4 if the fluid is heating;

• ρ [kg/m3] is the density;

• v [m/s] is the mean velocity of the fluid in the pipe;

• µ [Pa · s] is the dynamic viscosity of the fluid;
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Once know the convective heat transfer coefficient, in order to consider the lost heat,
the pipe has been subdivided in infinitesimal portions, where it is reasonable to consider
temperature Tin,i constant. Furthermore, the external surface of the insulating material
has been considered at ambient temperature, adopting a conservative approach. At the
end the lost heat, for an infinitesimal portion, can be written as:

Q̇lost,i = UAin(Tin,i − Tamb) (2.17)

Q̇lost,i = ṁcollcmix(Tin,i − Tout,i) (2.18)

U = [
1

h
+ ri

log( ri
re

)

kins
]−1 (2.19)

where: U [W/(m2K)] is the global heat transfer coefficient, Ain [m2] is the internal area
of the pipe, ri and re [m] are respectively the internal and external radii of the pipe,
kins [W/(mK)] is the thermal conductivity of the thermal insulator, cmix [J/(Kkg)] the
specific heat of the mixture and ṁcoll [kg/s] the mass flow rate.
Combining Equations 2.17 and 2.18, it is possible to express the outlet temperature of
the infinitesimal portion as:

Tout,i = Tin,i −
1

ṁcollcmix
[UAin(Tin,i − Tamb)] (2.20)

Figure 2.8: Pipe losses subsystem
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Executing this calculation multiple times, it is possible to obtain the final outlet temper-
ature of the fluid incoming in the storage system. In Figure 2.8, it is possible to notice
that also in this case, it is present a Matlab block to solve the above mentioned iterations.

2.5 Storage subsystem

Since the solar energy is intermittent during the day, it is important to design a system
capable of storing it, so to assure a more constant production of fresh water. Usually
these systems consist of a tank full of a fluid, which must be characterized by a series of
features. Generally speaking, the equation that governs the heat storage is:

Q = mc(T − T0) (2.21)

where Q [J ] is the stored heat, m [kg] is the mass of fluid inside the storage system, c
[J/(kgK)] the specific heat of the fluid and (T − T0) [K] is the difference between the
actual and the initial temperature of the fluid.
As already mentioned, the fluid must have some characteristics, which are meant to
maximise the energy storage and minimize the amount of storage volume required. Con-
sidering that the temperature of the fluid must be held in a certain range, these features
are here listed:

1. The apparatus must not experience changes of state during usage (i.e liquid to
vapour), unless explicitly required for the functioning of the plant. As a consequence,
the variation of density ρ of the medium is limited, indeed is not an issue for the
stability of the storage system;

2. The selected range of working temperature must assure no state change;

3. The specific heat of the fluid must be as high as possible (Equation 2.21), in order
to reduce the dimensions of the apparatus;

4. Good thermal conductivity, to enhance the heat transfer;

5. Low toxicity and corrosivity, to assure operational safety and a long life of the
storing tank;

6. Low cost, to make the investment sustainable;

Analysing the previously features, water results being the best choice, to overcome all
these necessities. Indeed, this last: has one of the highest specific heat in nature (cwater
= 4186 J/(kgK)), is easy to retrieve, cheap and non-toxic.



2.5. Storage subsystem 34

Considering this application, it has been chosen to adopt directly seawater as medium for
the storage system. In fact, this last has slightly lower specific heat than fresh water (see
Table 2.5), but adopting this choice the total cost of the plant is lower, since it is possible
to eliminate an additional heat exchanger.

Seawater Data
Salinity [g/l] 35

Density [kg/m3] 1024
Specific heat [J/(kgK)] 3998

Table 2.5: Seawater thermodynamic properties

The storage system has been considered mixed, this presuppose that the fluid’s tempera-
ture depends exclusively on time, and not on the position (T = T (t)). To determine the
reached temperature of the fluid over time, a first principle analysis has been carried out,
considering the different contributions.
A positive contribution is given by the heat provided by the mixture coming from the
collector subsystem. Since the two fluids cannot be mixed, the heat transfer is performed
by means of a plate heat exchanger [39], which operate in counter-current flow, and thanks
to an ε−NTU analysis (passages visible in Section 2.8) it has been possible to derive the
fraction of heat capable of being transferred.
In particular, the heat provided by the collectors can be expressed as:

Qcoll = εṁcollcmix(Tmix − Tstorage) (2.22)

Applying a thermal balance to the heat exchanger (assuming the same mass flow rates),
it is possible to determine the mixture temperature going back to the collector subsystem:

Ttocoll = Tmix −
Qcoll

ṁcollcmix
(2.23)

Furthermore, a negative contribution is given by the heat lost to the environment dur-
ing usage. It has been considered an insulating glass wool around the storage tank, so
considering convection and conduction the total heat can be expressed as:

Qloss = UAtank(Tstorage − Tamb) (2.24)

where Atank [m2] is the external area of the tank, U [W/(m2K)] global heat transfer defined
as in Equation 2.19 (cylindrical tank). For simplicity the top and bottom surface heat
transfers have been omitted, since their contribution are much lower than the considered
one.
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Lastly, another negative contribution is given by the heat delivered to the MD unit. This
last can be computed considering the heat transferred during the desalination process and
the pre-heating. In particular:

QtoMD = ṁtoMDcsw(Tstorage − Tfrom,preheater) (2.25)

The overall thermal balance can be written as:

mstoragecsw
dTstorage

dt
= Qcoll −Qloss −QtoMD (2.26)

The blocks in the subsystem are shown in Figure 2.9.

Figure 2.9: Blocks in the Storage Subsystem

2.6 Auxiliaries subsystem

The purpose of this subsystem is to guarantee a minimum inlet temperature to the MD
unit. In particular, to provide a correct functioning of the system, an outlet temperature
from the MD unit of minimum 40°C must be always assured. The logic contained in
the program allows to trigger this subsystem, only when the temperature of the seawater
contained in the storage is lower than the minimum value of inlet temperature, necessary
to assure the previous condition. The heat delivered by the system to the water flowing,
can be written as:

Qaux = mtoMDcsw(Tmin − Tstorage) (2.27)

The evaluation of this quantity is important for the computation of the Solar Fraction
(SF), necessary to view the plant’s performances.
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The subsystem works by means of a Proportional Integral (PI) Programmable Logic
Controller (PLC), working with a feedback signal and contained in a specific Simulink
block. This feedback signal is precisely the outlet temperature of the feed flow, which is
compared with the assigned value in order to retrieve an error signal, directly sent to the
PI. Lastly, this block gives as output a temperature signal compared with the temperature
existing in the storage tank, so to decide whether or not to activate the auxiliaries. In
Figure 2.10 is shown the previous logic.
An existing component chosen for this application is the aguaFLOW exclusive VPM 20/25
W, manufactured by Vaillant [40].

Figure 2.10: Auxiliaries subsystem blocks

2.7 MD subsystem

It has the purpose of simulating the functioning of a Membrane Distillation unit, capable
of producing freshwater starting from seawater. The main component of this device is the
microporous hydrophobic membrane, which allows the passage of vapour flux, but not of
water and salt. The water vapour is generated by the heat provided to the flowing fluid,
and is guided by an existing temperature gradient between the seawater flow (feed side)
and the freshwater flow (permeate side).
The amount of fresh water produced is:

J = K∆pv (2.28)

where J [kg/(sm2)] is the fresh water mass flow per unit area of the membrane, K
[kg/(sm2Pa)] is the membrane permeability and ∆pv [Pa] is the vapour pressure dif-
ference. The main characteristics of this technology are better explained in Subsection
1.4.4.
The permeability of the membrane depends mainly on two coefficients, namely:
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1. Knudsen diffusion, relevant when the pore sizes are small. The coefficient can be
expressed as:

Kknudsen =
2π

3RT
(

8RT

πMw

)0.5
r3

τdm
(2.29)

where: R = 8.314 [J/(molK)], Mw [kg/mol] is the water molar mass, r [m] is the
pore mean radius, τ the tortuosity and dm [m] the membrane thickness;

2. Diffusion in air, can be expressed as:

KD =
πPDr2

RTpaτdm
(2.30)

where: pa [Pa] is the air pressure in the pore, D [m2/s] is the diffusion coefficient
and P [Pa] is the partial pressure of water vapour;

The total permeability can be evaluated as:

1

K
=

1

Kknudsen

+
1

KD

(2.31)

In this type of unit, this last will be considered independent from temperature, and
so constant in time. The chosen membrane is the Aquastill [41], with the following
characteristics:

Aquastill Membrane Data
Thickness [µ m] 77
Porosity [%] 83
Average pore
diameter [µ m]

0.2

Table 2.6: Membrane data

Thanks to some suitable correlations it is possible to calculate the value of the permeabil-
ity, which is equal to 14.5 x 10−7 [kg/(sPam2)].
To increase the productivity, the vapour pressure difference must be maximized. This
can be done by maximizing the temperature gradient present between the permeate and
feed side of the unit. Indeed, it is known by several laws (i.e Antoine’s law) that the
vapour pressure increases exponentially as the temperature increases. Consequently, it is
important to calculate the heat transfer, in order to evaluate the temperatures and so the
partial pressures.
Three thermal contributes can be identified:

1. Convection heat transfer between the feed side water flow and the membrane;
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2. Conduction heat transfer and latent heat vapour mass transfer across the membrane;

3. Convection heat transfer between the permeate side water flow and the membrane;

The first can be expressed as:

qfeed = hfeed(Tfeed − Tm1) (2.32)

where: qfeed [W/m2] is the thermal heat per unit area, hfeed [W/(m2K)] is the convective
heat transfer coefficient of the feed side, Tfeed and Tm1 [K] are respectively the feed fluid
and membrane on the feed side temperatures.
The second can be calculated as:

qmem = J∆Hv +
km
dm

(Tm2 − Tm1) (2.33)

where: ∆Hv [J/kg] is the latent heat of water, km = 0.27 [W/(mK)] is the membrane
thermal conductivity, and Tm2 [K] is the membrane surface temperature on the permeate
side.
Lastly the third contribute can be evaluated through equation:

qpermeate = hpermeate(Tm2 − Tpermeate) (2.34)

Expressing the equations in function of Tm1 and Tm2 and calling km
dm

as Cm:

Tm1 =
Cm(Tpermeate + (

hfeed
hpermeate

)Tfeed) + hfeedTfeed − J∆Hv

Cm + hfeed(1 + Cm

hpermeate
)

(2.35)

Tm2 =
Cm(Tfeed + (hpermeate

hfeed
)Tpermeate) + hpermeateTpermeate − J∆Hv

Cm + hpermeate(1 + Cm

hfeed
)

(2.36)

It is possible to observe that the membrane temperatures are function of the fresh water
mass flow rate. Indeed, in order to evaluate these three unknowns it is required an iterative
procedure. In addition, the convective heat transfer coefficients are unknown, although, as
described in Section 2.4, it is possible to retrieve these values from the Nusselt numbers.
In case of laminar flow, the Graetz-Leveque equation has been used (Equation 2.37),
contrarily in case of turbulent flow the Dittus-Boelter equation has been used (Equation
2.14).

Nu = 1.86(RePr
d

L
)0.33 (2.37)

At last, it is important to determine the outlet temperature of the feed side brine, in
order to provide: the feedback to the Auxiliaries subsystem (see Section 2.6) and the inlet
temperature signal to the Pre-heater subsystem (see Section 2.8).
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Figure 2.11: MD unit subsystem blocks

To evaluate this unknown, it is possible to write the thermal balance to the feed side
closed volume:

ṁtoMDcsw(Tfeed − Tout,feed) = JAm∆Hv + CmAm(Tm1 − Tm2) +Qlost (2.38)

where: Am [m2] is the membrane area and Qlost [W ] is the lost heat. This last can be
evaluated by means of an empirical equation [42]:

Qlost = −780.0180 + 33.1084 T (2.39)

The internal blocks of the subsystem are shown in Figure 2.11.

2.8 Pre-heater subsystem

The main purpose of this subsystem is to simulate the functioning of a plate heat ex-
changer, required to: recover the latent heat of the outlet feed water and to allow the
substitution of the discharged brine with pre-heated new seawater.
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The device used is the same than the one considered in Section 2.5. As already said, in
order to evaluate the temperature of the outlet new seawater is necessary to execute an
ε−NTU analysis.
The key parameters of this method are:

• NTU, or Number of Transfer Units, defined as:

NTU =
UA

Ċmin
(2.40)

where: U [W/(m2K)] is the global heat transfer coefficient, A [m2] is the heat
exchanger area and Ċmin [W/K] is the minimum heat capacity rate, defined as:

Ċ = ṁc (2.41)

• ε, or thermal efficiency, defined as.

ε =
Q̇

Q̇max

(2.42)

• r, which represents the ratio between the minimum and the maximum heat capacity:

r =
Ċmin

Ċmax
(2.43)

Of all the previous parameters only ε is unknown, in fact UA is given by the manufacturer
[39] (∼ 323 [W/K]) and the heat capacities are easily calculable. In literature are present
several equations which relate these three parameters, in particular:

ε =
1− e−NTU+rNTU

1− re−NTU+rNTU
(2.44)

Once known the thermal efficiency, it is possible to obtain the transferred heat (see Equa-
tion 2.22) and by means of the thermal balance, it is possible to derive the outlet tem-
perature of the new seawater. In Figure 2.12 are represented the blocks contained in the
subsystem.
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Figure 2.12: Pre-heater subsystem blocks



3. Passive technology: A low cost solution for
desalination

One of the biggest problems concerning passive devices is the waste of latent heat, released
during the condensation of water vapour. Because of this, the thermal efficiency of the
component, and consequently the water production are reduced. The SMall Laboratory,
research group at Politecnico di Torino, overcame this problem by the realization of a
multi-stage device, capable of retrieving the latent heat from a previous stage to generate
new fresh water [43]. The purpose of this work is to develop an optimized version of this
device, working with the same principle.
Due to the reduced dimensions of the new device, it has been chosen a modular configu-
ration, allowing to decide the overall fresh water production simply varying the amount
of devices. In the end all of these devices have been stocked in specific designed cases.
In the next sections it will be discussed: the working principle, the experimental configu-
ration and the obtained results of the cited prototype.

3.1 Working principle

The main idea that drives the working principle of the device, is the reduced charac-
teristic distance between the two hydrophilic layers, which allows an efficient multiple
evaporation/condensation process. In Figure 3.1a is shown the mechanism driving the
desalination process of a 3-stage prototype.
Every stage is composed of two hydrophilic layers and an hydrophobic membrane. The
upper layer is the evaporator (where seawater is collected), meanwhile the lower one is
the condenser (where the fresh water is collected) of the stage. These two are glued to
the aluminum plates, except for some protruding strips which are respectively dripped in
seawater and freshwater basins.
The device is passive since it is stand-alone, and doesn’t need any external auxiliary
system in order to operate. In fact, the water flux is driven exclusively by capillarity
forces (given by the hydrophilicity of the layers) and gravity (due to the fact that the
device is slightly inclined).

42
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Figure 3.1: (a) Schematic of the 3-stage distillation device (b) Detail of a single stage of distillation,
showing the temperature, the activity (i.e salinity) and the vapour pressure gradients [43]

While working, the seawater rises along the evaporator of each stage thanks to capillarity.
A thermal gradient is introduced between the top and bottom of the device by solar
radiation, that hits the top absorbent surface. Due to this gradient, the upper aluminum
plate evaporates the water contained in the evaporator, generating a vapour flux passing
through the middle membrane. This flux is driven by the pre-existing temperature and
activity gradients present in each stage (Figure 3.1). Then the vapour condenses in the
lower hydrophilic layer, and drops in the basin (thanks to gravity) when saturation is
reached. Finally, the latent heat of condensation is used by the undergoing stage to
trigger evaporation, and so on for all the stages. As a result, the recover of latent heat
allows the unit to have a high thermal efficiency, overcoming the typical limitations of
passive devices.
In conclusion, it is worth to notice that differently from common solar sill technologies,
where the condensation affects the optical transmittance of the device, here the perfor-
mances are influenced exclusively by the solar irradiation available.

3.2 OHDC (Oman Humanitarian Desalination Chal-

lenge)

The guidelines for the design of the prototype have been given by an innovative world
wide challenge named, Oman Humanitarian Desalination Challenge. Initiated by the
MEDRC Water Research and the Oman Research Council, this challenge aims to find a
new portable type of device, capable of providing a certain amount of drinkable water
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in arid remote areas, or in critical scenarios. It’s not surprising that a country as Oman
initiated this campaign for water desalination, in fact according to the World Resource
Institute, this region is ranked 16th in the world in terms of water scarcity [44].

Figure 3.2: Logo of the challenge [45]

In detail, there are seven principle restrictions for the realization of the prototype. These
points will be used to decree the goodness or badness of the realized device, namely:

• Low Cost - Maybe the most restrictive obligation. Limits the cost of the device to
a maximum of 20$, in order to enhance the large scale production especially in the
poorest areas;

• Handheld-size - The proposed device needs to be lightweight and small, since it
might be moved by a single person day by day, or used for rescue purposes;

• Short term use - The device must be capable of working for a minimum of 30
days, without the necessity of a big maintenance;

• Robust - The apparatus must be resilient, and especially corrosion resistant. In
fact, it should be capable of being employed in adverse situations without the risk
of damaging or loosing some components (i.e bolts, cables);

• Minimum rate of production - The prototype must be able of producing a
minimum of 3 liter/day even in cloudy conditions. This amount is a little more
than the average daily necessity of a human being to survive;

• Water Quality - Starting from water 100 NTU (Nephelometric Turbidity Unit)
containing 35 grL−1, the apparatus must give as output water with a maximum of 1
grL−1 TDS. This threshold is given so to meet the WHO maximum contamination
levels [46];

• Stand-alone - The device must be passive, so no external auxiliary systems or
chemicals are allowed to be used in order to provide the correct functioning;
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In conclusion, it has been decided to participate at this contest in order to elaborate a
device that: has appealing for the main societies, respects the state-of-art solutions and
receives constructive feedbacks from the scientific community.

3.3 Experimental set-up

In this section the main characteristics of the new prototype will be deeply analysed.
It follows a description of the components needed to produce the device, along with
their fabrication and assembling. Then, a description of the experimental layout will be
examined. At last, the main features of the prototype will be discussed.

3.3.1 Composition

Once known the working principle of the device, it’s optimization mainly concerned in:
obtaining a modular configuration reducing the dimensions of the single device (and so
increasing the transportability), substituting some components to reduce the overall com-
plexity and cost (holding constant or increasing the productivity) and modifying some
characteristics of the water supply in order to enhance the thermal efficiency.
In detail are here reported the components used for the realization of one panel (case with
inserts for containing four devices):

• Hydrophilic layers: made of microfiber, bought with dimensions of 35x35 cm each
(Figure 3.3c);

• Hydrophobic layers: made of polytetrafluorethylene (PTFE), bought with di-
mensions of 63x52 cm each and with pore size ranging between 0.1 µm and 3 µm
(Figure 3.3d);

• Aluminum sheets: wholesale bought with thickness of 1 mm, cut by means of a
jigsaw (Figure 3.3a);

• Transparent plastic: PMMA panels 1 cm thick, used to create the supports for
the devices in the plastic case (Figure 3.12f);

• Plastic components: polypropylene (PP) used to shield the protruding strips of
the layers, in order to prevent the free evaporation of water when exposed to direct
sun irradiation. It has been sealed by means of a sealing machine;

• Adhesive aluminum tape: cut in strips and partially overlapped, to form a unique
sheet, to further cover the protruding strips from solar irradiation (Figure 3.3b);
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• Seawater basin / Case: polypropylene (PP) rectangular case of dimensions
60x40x7 cm, used to collect both four devices and the seawater (Figure 3.3e);

• Fresh water gathering bag: a catheter, cut at one end and appropriately glued
in order to collect all the protruding strips of the condensers. One for each device
is needed (Figure 3.3g);

(a) Aluminum sheets (b) Adhesive aluminum tape (c) Hydrophilic layer

(d) Hydrophobic layer
(e) PP case with installed the
transparent plastic inserts (f) Transparent plastic

(g) Catheter

Figure 3.3: All the components necessary for the realization of a panel

All the components are represented in Figure 3.3.
As a first step all the raw materials have been cut, in order to achieve the correct dimen-
sions for the device, which are here reported:

• Evaporator: rectangle of dimensions 23x27cm;
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• Aluminum foils: rectangle of dimensions 27x9cm;

• Condenser: rectangle of dimensions 37x7cm;

• Membrane: rectangle of dimensions 30x12cm;

• Plastic supports: rectangular trapezoid with length of 27cm, left height of 7cm
and right height of 6 cm;

Figure 3.4: MACOM VAC2060

The hydrophobic, hydrophilic layers and the plastic com-
ponents have been cut by means of precision cutters and
scissors, meanwhile the aluminum and the transparent
plastic with a jigsaw. The solar absorber instead is sim-
ply an aluminum foil, coated with a black pigmented
paint, so to enhance the solar radiation absorption. At
last, the plastic parts have been sealed together by means
of a MACOM VAC2060 sealing machine (Figure 3.4).
It is possible to notice the simplicity of the geometries
and the reduced dimensions for a single productive de-

vice.
Since the device is composed of 5 stages the total amount of pieces required are: 7
aluminum foils (one is the solar absorber), 5 evaporators, 5 condensers, 10 rectangular
sealing plastic covers, 1 catheter and 5 membranes.

3.3.2 Assemble

Once all the components are known and available, it is possible to move to the assembling
phase. No particular actions are required (except gluing and positioning), since the device
is passive (stand-alone) and doesn’t require any cables or chemical components.
It is possible to start from the assemble of the device, to pass then to the assemble of the
case and then the final panel. Due to the fact that: the device is multi-stage and has no
mechanical junctions, the assemble of the device consists exclusively in overlapping the
different layers in the correct order.
At first, the condensers had been glued to one side of the aluminum foils distant 1 cm from
both the superior and lateral edges of this last, as shown in Figure 3.5c. Then the plastic
envelopes, previously sealed, have been inserted at the lateral sides of the evaporators
measuring 25 cm. These last, where inserted deep enough to cover the protruding strips,
but not to much, so to leave the highest amount of disposable working area (Figure 3.5b).
Next, also this assemble has been glued to one side of the aluminum foils. Considering the
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(a) Solar absorber (b) Evaporator

(c) Condenser (d) Hydrophobic membrane

Figure 3.5: Different layers of the device

fact that, the device contains 5 stages, 4 foils will share an evaporator and a condenser,
meanwhile 2 will have exclusively one of the two.
Once concluded this step, it is possible to overlap the layers, in order to produce the
stratigraphy (Figure 3.6) of our device. The order to follow is this:

1. Aluminum foil with only condenser;

2. Membrane, with PTFE side (Figure 3.5d) facing towards the evaporator;

3. Aluminum foil sharing both evaporator and condenser, with the first facing the
membrane;

4. Repeat points 2 and 3, until only the foil with the evaporator is remaining. The
last visible surface should be a plane side of aluminum;

5. Place the solar absorber (Figure 3.5a) on the last surface, in order to enhance
conductive heat transfer;

At the same way as illustrated before, it is possible to build how many devices required.
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Figure 3.6: Stratigraphy of one stage

Once obtained the devices, it is possible to assemble the case that will hold 4 devices,
generating a producing panel. The rectangular container can be shopped online by many
wholesale sites (i.e Amazon, Alibaba), taking care of having the required dimensions of
60x40x7cm. The one used in these applications is a typical dough container used in many
restaurants.
Owning the container, in order to produce the holders for the devices, the trapezoidal
transparent plastic pieces have been glued (with hot glue or silicon) adjacent to one of
the long sides of the case, taking care of pointing the inclined surface towards the outside
of the box. This last appointment is important, so to enhance the flow of water from the
condenser to the outside of the case, where the catheters will be installed. These supports
must be glued at a distance of 5 cm from the 40 cm side of the basin, with an internal
spacing of 9 cm and external spacing of 5 cm. Considering Figure 3.7, it is possible to
observe the different subdivisions obtained once finished. The red slots (from 1 to 4)
represent the areas occupied by the devices, meanwhile the blue areas (identified as 5)
will be filled with salt water. Lastly, finished the previous tasks it is possible to assemble
the final panel.
The devices must been placed on the transparent plastic supports, so to: cover the high-
lighted zones (1, 2, 3 and 4 of Figure 3.7), place the condenser’s protruding strips outside
of the white case and insert the evaporator’s protruding strips in the middle slots, where
seawater will be contained.
Finally, the pre-cut catheter can be attached to the solar absorber and bottom aluminum
foil, in order to collect all the condensers of the device. The final result is shown in Figure
3.8, where only 2 devices are disposed.
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Figure 3.7: Subdivision of the case areas once the transparent holders are glued.

(a) Front view (b) Upper view

Figure 3.8: Case with 2 devices and catheters installed

3.3.3 Features and characteristics

As previously discussed, all the design process undergone the criteria imposed by the
OHDC, not only to join the challenge, but also to assure the device’s appealingness. In
this section the different impositions will be discussed, and in particular it will be exposed
how the device meets these requirements.

Low Cost

Since the device works by means of a passive technology, the operating costs are negligible.
The only expenses regarding this voice may be the manpower to: cut the raw material,
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glue the components, fill the saltwater basin, transport and assemble the panels. However,
these last operations are not much time consuming and do not require particular skills, so
their cost will be neglected. Therefore, the panel’s cost derives exclusively from the price
of the different raw materials. These last, have been taken from the wholesale site named
Alibaba, considering large orders. The final calculations are shown in Table 3.1, noticing
that some prices are referred to m2, kg or units of product sold.

Unit cost Amount Actual cost Reference
Hydrophilic

fabric
1.5 $/kg 0.24 kg 0.36 $ Alibaba wholesale

Plastic envelope
of fabric

0.6 $/kg 0.03 kg 0.07 $ Alibaba wholesale

Aluminum sheets 2.00 $/m2 0.68 m2 1.36 $ Alibaba wholesale
Membrane 1.00 $/m2 0.72 m2 0.72 $ Alibaba wholesale
Catheter 0.1 $/unit 4 units 0.4 $ Alibaba wholesale

Plastic case 0.6 $/kg 1.8 kg 1.08 $ Alibaba wholesale
Total cost of one desalination panel 3.99 $

Total cost of five desalination panels 19.95 $

Table 3.1: Table showing the cost of the materials for one and five desalination panels

It is noticeable that, the price of one single panel is < 3 $ and of five units is < 20 $ which
is the limit imposed by the competition. As shown more lately in the text, five panels are
more than sufficient to overcome the minimum daily distilled water production.
It is useful to remind that one single production panel contains 4 devices with the supports,
and the seawater case. This to testimony the irrelevant cost of the single device, which
ranges around ∼ 1 $.

Hand-held size

The overall dimensions of each desalination panel are 60x40x7cm and weights 3.2 kg
(without seawater and with the dry devices).
All the devices are collected in panels, which can be easily piled up for being transported.
In order to have the challenge desired productivity, five panels had to be considered
(reaching a total of 16 kg). Furthermore, it has been considered the possibility to insert
the panels in two ergonomic suitcases, equipped with handles to further improve the
transportability of the total asset.

https://www.alibaba.com/product-detail/Spunlace-Hydrophilic-Non-Woven-Pet-Nonwoven_62121638828.html?spm=a2700.7724838.2017115.12.5e48e4ccjpmhWK&s=p
https://www.alibaba.com/product-detail/Customized-Factory-Price-Engineering-Plastic-PA_62225433789.html?spm=a2700.7724838.2017115.1.223a5caeFhLK7d&s=p
https://www.alibaba.com/product-detail/5052-h32-0-5-mm-coated_60782889449.html?spm=a2700.7724838.2017115.52.2c925f150lKZKc
https://www.alibaba.com/product-detail/High-filtering-accuracy-0-1um-0_60418663607.html?spm=a2700.7724838.2017115.186.6c394f8ebCkayR
https://www.alibaba.com/product-detail/urine-disposable-catheter-bag_60482645558.html?spm=a2700.galleryofferlist.normal_offer.d_image.11364e61OGUSuW&s=p
https://www.alibaba.com/product-detail/Customized-Factory-Price-Engineering-Plastic-PA_62225433789.html?spm=a2700.7724838.2017115.1.223a5caeFhLK7d&s=p
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Robust

The device should be: resilient, corrosion resistant, have a long life and should minimize
the use of spare parts that can be lost.
This requirement is necessary to allow the possibility of using the device in emergency
conditions, or in particular harsh areas. The illustrated device is composed only of staked
layers, so there are no moving part that can brake, no sealing that can leak and no wires
that can fail. Furthermore, this configuration allows to confer resilience to the device, due
to the fact that, any small damages or misalignment of the layers do not block the water
production. The most delicate layer, namely the hydrophobic layer, is placed between
two soft microfiber layers which prevent any tears and cuts.
The device skeleton is constituted by aluminum foils, which are well known for the cor-
rosion resistance. This is because, when the aluminum initially oxidises generates an
aluminum oxide coating, which protects the material from further corrosion.
Finally, when not used the device (in particular the microfiber) doesn’t deteriorate and
is always ready for working in emergency situations.

Short-term use

The device must operate for a minimum of 30 days, with low maintenance.
In the presented device the mechanical maintenance is nil, while the only necessary op-
erations concerns in re-filling the seawater basin and collect the fresh water from the
catheters, once in a while during the day. This great autonomy is given by the innova-
tive geometry, which allows to: collect water from both the sides of the device (reducing
dry-out effects and re-establishing the correct salinity of the device after few hours from
the usage) and uses the Marangoni effect to control the salinity in the evaporator during
operation [47].
During the tests, in order to avoid the transient phase given by the saturation of the
condenser, this last has been initialized by wetting it with fresh water, before the solar
exposure. This step has been done to reduce the test hours and to better measure the
real production of the device. This lack of this step should not reduce the efficiency of
the device, but more hours are required to achieve the same amount of fresh water.
Lastly, a continuous week of testing didn’t evidence a particular degradation of the device
and a significant reduction of the efficiency.

Rate of production
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Figure 3.9: PV infinity ISOsun so-
lar simulator

Due to impossibility of placing the device outside at real
solar irradiation (the experimental campaign has been
computed in September/October), the device has been
tested indoor by means of a solar simulator, namely the
PV inifinity ISOsun shown in Figure 3.9.
This device is capable of providing a constant 1000
W/m2 on a working area of 30x30 cm, by means of the
emission light of a lamp. Inside the device are installed
some fans, which are needed for the lamp cooling, pro-
viding in our case a simulation of convection conditions
present in external environments.
Starting from saltwater containing 35 g/L of salt, the
whole desalination technology (made of 20 devices or
5 panels) has demonstrated to produce 1.78 L/kWh of
distillate in average. This means that the whole asset

provides 1.78 liters of distilled water (0 g/L), per each kWh of solar thermal energy. From
experimental measures, the productivity ranged from 1.43 L/kWh (worst data collection)
to 2.13 L/kWh (best data collection).
Considering the average solar irradiation of Muscat in September (i.e 199 kWh per squared
meter per month [30]), considering the retrieved results, the whole desalination technology
is able to produce in average 8.38 L/day of distilled water (6.74 L/day worst scenario;
10.03 L/day best scenario).
Considering that the challenge request is of 3 L/day, the 5 panels can fully satisfy the
requirement. The excess of production can be stocked for cloudy days where no solar
irradiation is present.
The modularity of the technology allows to assure always a certain amount of distilled
water produced. For example, if one panel fails or damages, freshwater will be anyway
produces by the other 4 panels, despite the reduction of 1/5 of the productivity.

Stand-alone

As already specified the device is passive, namely it’s working principle is based on thermal
distillation (evaporation and condensation driven by thermal gradient), provided by solar
irradiation. Indeed, there are no moving parts, no chemicals (no risk of contamination)
or external materials.
The devices can work without any supervision during the day, in particular no sun tracking
or solar concentration are present. The whole asset is made of simple components, easy
to handle, difficult to loose and non dangerous for the operators.
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Lastly, the assemble of a single 5 stage device can be done in one minute by a single
person, once the order of the layers is fully understood.

Quality

Thermal distillation is well known for the capacity of reducing the salinity of water. During
the experimental campaign almost every time the measured salinity has been of 0 g/L,
reaching maximum values of 1 g/L, given by occasional contamination or instrumental
errors. The salinity has been measured by means of a digital refractometer shown in
Figures 3.10.

(a) Salt water with 35 g/L (b) Distilled water 0 g/L

Figure 3.10: Salinity measurements by means of digital refractometer

Figure 3.11: Initial levels of water and after 24 hours of contact. It is possible to observe the impossibility
of the particles passage across the membrane

Furthermore, thanks to the presence of the membrane, particles contained in the inlet
water are unable to pass. Hence, the input turbidity of the initial water doesn’t affect the
quality of the final distilled water. In Figure 3.11 is shown a test, which demonstrates the
membrane’s capacity of blocking the particles, also in concentrations of 100 NTU.
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Lastly, thanks to the high temperatures reached during the distillation process, it is
probable that most of the present bacteria perishes. This allows the potability of the
provided the water, without any post-process treatments.
All the main features described in this section are verbally resumed and reported in a
published video at the following link Small OHDC video.

3.3.4 Experimental layout

As previously mentioned the majority of the experiments have been taken indoor, due
to the seasonal lack of solar irradiance. This fact allowed to relate the production of
water to a constant amount of solar radiation, namely 1000 W/m2, provided by the solar
simulator. Contrarily, no real applications in an external environment could have been
taken.
Do to the lack of time for the experimental campaign, no thermal analysis has been con-
duced on the device, but only a measure of water productivity. Despite this fact, it is
plausible that the prototype proposed behaves thermally as the previous versions, consid-
ering also the change in the geometry. To confirm this fact, it is possible to observe the
numerical simulations in the following chapter, and the superficial values of temperature
reached on the solar absorber.
In conclusion are here illustrated the instrumentation needed for the experimental cam-
paign taken on a single device:

• Digital refractometer: for salinity measurements;

• Modular Distiller: device under investigation;

• Thermal gun: needed for infrared measurement of superficial temperature of the
solar absorber;

• Digital scale: for distillate water mass measurement;

• Pipette: to extract the water (salty or distilled);

• PV infinity ISOsun: sun simulator (see Figure 3.9);

• Metallic support: provided together with the solar simulator, allows to regulate
the height of the device;

• Seawater basins: rectangular seawater basins adopted for a single device;

In Figure 3.12 are represented all the instruments.

https://www.youtube.com/watch?v=dT6JVEP8Scw
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(a) Infrared thermal gun
(b) Seawater basin for a single
device (c) Digital scale

(d) Pipette (e) Digital refractometer (f) Transparent plastic

Figure 3.12: Different instrumentation necessary for the experimental campaign

At the beginning of the first day, the cleaned (with dry evaporator and condenser) device
has been assembled, and placed on an slightly inclined surface. Then, the device has been
initialized, by saturating the two layer respectively with salt water and fresh water, in
order to reduce the unproductive initial transitory phase. Next, the two seawater basins
have been filled with salt water (35 g/L) and placed at the sides of the device. The
already wet protruding strips of the evaporator have been immersed in the saltwater in
the basins, and the ones of the condenser have been collected in a single catheter. At last,
all the apparatus has been placed on an adjustable steel platform, positioned underneath
the solar simulator irradiated area.
Once initialized the apparatus, the experiment consisted in weighting and checking the
salinity of the produced water every hour, for at least 5 hours. At the end of the productive
day, the reached temperature of the solar absorber and the salinity along the axis of the
evaporator has been measured and registered, leaving at the end of the procedure the
device in the initial configuration (protruding strips of the evaporator immersed in salt
water). The following day, the salinity of the evaporator has been measured again, to
take track of the eventual salt diffusion hypothesized during design, and the condenser
has been re-initialized, due to the fact that fresh water went away during the night by
means of osmosis. Once done these two passages, the device was ready to be exposed to
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solar irradiation, so the procedure previously exposed has been repeated.
In all this description, it is important to notice how the device requires almost no oper-
ational maintenance from one day to the other, increasing the resiliency and the facility
of usage of the technology.

3.4 Theoretical model

To conclude this chapter, in this section will be exposed the theoretical model supporting
the general system working principle. A good analysis of the physics behind this tech-
nology allows to better understand the pros and cons of the device and is necessary to
implement the numerical simulations described in the following chapter.
The driving force of each stage is the vapour pressure difference existing between each
evaporator and condenser. As already mentioned before, this latter is given by the dif-
ference in water activities (depending inversely to water salinity) and vapour pressures
(directly proportional to temperature), present at the two sides of the hydrophobic mem-
brane. The Raoult’s law describes this effect:

∆pv = a(YE)pv(TE)− a(YC)pv(TC) (3.1)

where ∆pv [Pa] is the water vapour pressure difference, depending on: the temperatures
TE (evaporator) and TC (condenser) [K] and the water activities a, depending on the salt
mass fractions YE (evaporator) and YC (condenser).
It is important to better analyse the different components of the Raoult’s law, starting
from the water activity described in Equation 3.2 (considering ideal conditions).

a =
MNaCl(1− Y )

MNaCl(1− Y ) +NionMH2OY
(3.2)

where MNaCl (58.44 g/mol) and MH2O (18.02 g/mol) are respectively the molar masses
of the sodium chloride and water, Nion = 2 are the number of ions present in the sodium
chloride molecules and Y (msalt/msolution) is the water salinity that can be computed both
for the condenser and the evaporator. Considering the condenser (msalt = 0 and Y = 0,
dealing with fresh water) the water activity a = 1, meanwhile considering the evaporator
(msalt = 0.035 kg and Y = 0.035, dealing with sea water) a = 0.978.
Furthermore, in Equation 3.1 it is possible to notice that the water pressure itself in-
fluences the water pressure difference. This last can be historically estimated by several
formula’s, in this text the Antoine’s semi-empirical correlation has been used, namely:

log[pv] = A− B

C + T − 273.15
(3.3)
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where: pv is the vapour pressure expressed in mmHg, A, B and C are material constants
and T is the temperature expressed in Kelvin. It has a range of validity from 0.01 bar to
2 bar, large enough for the purposes of this text work. In this case of study, the material
constants are respectively: A = 8.07, B = 1730.63 and C = 233.42 [48].
Once resumed these quantities, it is fundamental to analyse the analytical solution to
derive the specific mass flow rate of freshwater (J), which indicates the productivity of our
device. To do so, the same steps carried out by professor Chiavazzo [49] for the previous
version of the device are here retraced. In this piece of literature the "Maxwell-Stefan
model" and the "Dusty-Gas model" have been combined to derive a simplified equation for
the specif mass produced. The first model, takes into account both the chemical potential
and the molecular diffusion phenomena, generated by the total pressure gradient. The
reasonable assumptions made are here listed:

• The mixture of water vapour, hydrogen and nitrogen is approximated with a binary
mixture of water vapour and air;

• The air molar flux is considered nil, supposing the air molecules stuck in the mem-
brane pores;

• Since the whole system works at ambient pressure, the viscous flow is considered
nill;

• The gasses in the process are considered ideal. The chemical potential of water
vapour is µw = µw,pure + RT ln[xw], being: µw,pure pure water vapour chemical
potential, R the ideal gas constant (8.314 J/(Kmol)), T the temperature in Kelvin
and xw the water mole fraction;

• The water mole fraction can be assumed much smaller than one (xw « 1), due to the
fact that condensation happens downstream the pore, and not within the membrane
where air is present;

• Pure Knudsen regime can be considered, when the pore size is small (∼ 0.1 µm).
In fact, when the mean path of the molecules is comparable with the scale of the
system (pores walls in this case).

Thanks to the previous considerations it is possible to approximate, through a 1st order
Taylor series, the specific mass flow rate as:

J = K∆pv (3.4)

where K [kg/(Pam2s)] is the permeability coefficient of the gap present between the two
hydrophilic layers. This last can be approximated as a sum of different contributions.
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1. Interaction between vapour and vapour;

2. Interaction between vapour and pore wall;

3. Interaction between vapour and air present in the gap;

Namely, K can be calculated as:

1

K
=

1
εmPDwaMH2O

paτRTdm

+
1

2εmrMH2O

3RTdmτ

√
8RT

πMH2O

+
1

PDwaMH2O

paRTdair

(3.5)

where: εm is the membrane porosity, P is the total pressure, Dwa is the diffusion coefficient
of water vapour in air, pa is the arithmetic mean of the air partial pressure, τ is the
tortuosity, dm is the membrane thickness, dair is the air layer thickness and r is the
average pore radius of the membrane. Furthermore, for this application it is possible to
estimate the product PDwa as:

PDwa = 1.19 ∗ 10−4T 1.75 (3.6)

In addition the tortuosity can be evaluated by means of the Mackie-Maeres equation as
below:

τ =
(2− εm)2

εm
(3.7)

All the previous equations have already been verified in the previous versions of the device,
finding a good accordance with the numerical and experimental results.
At last, it is important to better analyse the specific flux present between the evaporator
and the condenser during operation. This last can be evaluated considering the following
equation:

q =
keff,g
dgap

(TE − TC) + J∆hLV + qlost (3.8)

where: keff,g is the effective thermal conductivity within the eventual air gap and mem-
brane, dgap is the thickness of each stage. ∆hLV the enthalpy of vaporization and qlost is
the specific heat lost at the borders of the device’s stages.
It is important to point out that the water flow in the hydrophilic layers is almost static,
so the whole heat transfer process is mainly given by conduction (convection is negligible).
All these considerations are fundamental to better understand the COMSOL simulations
done in the next chapter.



4. Results

Once completely described the two desalination systems, the results obtained by the
experimental campaign and the numerical simulations are here reported.
Considering the active plant, no experimental campaign has been conduced, so the unique
available results are the numerical ones.
As far as the passive device is concerned, the numerical simulations have been performed
by means of COMSOL Multyphisics software. These results will be compared with the
experimental ones, retrieved in the Politecnico’s laboratories, in order to validate or dis-
charge the results obtained.

4.1 Active Plant

Simulations are exploited in order to maximize the solar fraction and the distillate annual
production for the two types of collectors adopted. Specific parameters have been ranged
between chosen values, so to completely describe the plant’s behaviour in the different
conditions. The limits have been imposed by the available components in the different
wholesale shop and by the overall sizes of the plant, in particular:

Variable Minimum Mean Maximum
ETC area [m2] 2 12 24

Membrane area [m2] 0,05 0,2 0,8
Storage tank volume [l] 150 500 1917

Outlet feed temperature [°C] 40 50 60

Table 4.1: Chosen values for the different variables

By choosing the correct combination of these variables and holding constant the remaining
data (i.e mass flow rate and solar data) it has been possible to identify for each technology
the maximum and minimum of the solar fraction and distillate production.
In the next subsections are reported the results obtained for the two collector types
selecting Turin as the desired location for the simulation.

60
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4.1.1 Constant inputs

Here are illustrated the different input data which will remain constant during the simu-
lations. The solar data, which consists of collectors disposition and solar irradiation are
predetermined once chosen the geographical and installation locations. In this case Turin
has been selected as city of interest and the collectors have been placed on a rooftop with
a certain inclination. Figure 4.1 and Figure 4.2 give a first impression of the order of
magnitude of the dealing irradiances. The maximum values range between 800 and 1000
W/m2 in the summer season and the minimum is below 100 W/m2 in the winter season.

Figure 4.1: Irradiance per collector surface in the first ten days of January a July

Figure 4.2: Irradiance on the 15th day of each month of the year
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Other important parameters that have been set constant are: the mass flow rate evolving
in the MD system, the inlet permeate temperature and the new seawater temperature.
All the values assumed for these parameters are collected in Table 4.2.

Solar Data [°]
Latitude, φ 45
Slope, β 25

Azimuth, γ -22.5
Temperatures [°C]
Inlet permeate 20
New seawater 20

Mass flow rate [kg/h]
To MD system, mtoMD 100

Table 4.2: Constant input parameters

4.1.2 ETC collectors

In Table 4.3 are illustrated the different configurations considered and the corresponding
results, in terms of annual distillate production and solar fraction.

ETC 1st 2nd 3rd 4th
ETC area [m2] 24 24 24 24

Membrane area [m2] 0.05 0.8 0.05 0.2
Storage volume [l] 500 150 1917 500

Outlet feed temperature [°C] 40 60 40 50
Results

Solar Fraction [%] 90.31 20.87 44.16 50.1
Annual Water Production [l/year] 2551 35507 1235 8523
Annual Power Consumption [kWh] 15028 72609 72931 27596

Table 4.3: ETC configurations and corresponding results

From Figure 4.6 and 4.5 it is possible to justify the results obtained for the different
configurations. Indeed, it is observable that to increase the solar fraction it is necessary
to increase the mean storage temperature and reduce the required inlet feed temperature,
so to reduce the auxiliary delivered heat and increase the heat storage capability of the
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plant. Indeed, the solar fraction can be expressed as:

SF =
Qsun

Qsun +Qaux

(4.1)

The water production instead is largely enhanced by a bigger membrane surface and
temperature difference between the feed and the permeate side. This latter can be only
increased by increasing the inlet feed temperature, since the inlet permeate water is hy-
pothesized constant.
From Figure 4.4 it can be concluded that the best configuration adoptable is the fourth,
which allows a compromise between the solar fraction and the annual distillate production
of the plant.
Considering the operational and capital expenditures of the plant (see Figure 4.3), the
water price which allowed to reach the break even point in 30 years, considering the fourth
configuration, is 0.3132 €/liter. In particular it has been considered the Net Present Value
defined as :

NPV =
∑

real cash flow =
∑

discount rate · cash flow (4.2)

where the discount rate is a factor that converts the computed cash flow in a suitable value
for the specific year and the cash flow is the money entering and exiting the company (i.e
capital cost, operational cost and income). Fixed the plant life at 30 years, it is possible
to determine the unitary cost of water which sets to zero the NPV in this amount of time.

Figure 4.3: Capital cost of the different components
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Figure 4.4: Scatter plot of the different configurations

Figure 4.5: Annual mean temperatures of the fluids evolving in the different sections of the plant
considering the different configurations
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(a) 1st configuration (b) 2nd configuration

(c) 3rd configuration (d) 4th configuration

Figure 4.6: Heat delivered by the sun versus the heat provided by the auxiliary system

Figure 4.7: Annual distillate water production in the 4 configurations
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4.1.3 PSC collectors

In Table 4.4 are illustrated the different configurations considered and the corresponding
results, in terms of annual distillate production and solar fraction. All the consideration
done in the ETC case are the same.
Considering the operational and capital expenditures of the plant (see Figure 4.8), the
water price which allowed to reach the break even point in 30 years, considering the
fourth configuration, is 0.3379 €/liter. The calculations solved are analogous to the ETC
collectors case.

PSC 1st 2nd 3rd 4th
PSC area [m2] 9.583 9.583 9.583 9.583

Membrane area [m2] 0.05 0.8 0.05 0.2
Storage volume [l] 500 150 1917 500

Outlet feed temperature [°C] 40 60 40 50
Results

Solar Fracrion [%] 82.04 18.95 34.73 44.26
Annual Water Production [l/year] 2456 35507 1241 8082
Annual Power Consumption [kWh] 15452 73696 44221 29503

Table 4.4: PSC configurations and corresponding results

Figure 4.8: Capital cost of the different components
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Figure 4.9: Scatter plot of the different configurations

Figure 4.10: Annual mean temperatures of the fluids evolving in the different sections of the plant
considering the different configurations
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(a) 1st configuration (b) 2nd configuration

(c) 3rd configuration (d) 4th configuration

Figure 4.11: Heat delivered by the sun versus the heat provided by the auxiliary system

Figure 4.12: Annual distillate water production in the 4 configurations
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4.1.4 Summary

From both the technologies it is possible to observe the limited capability of the designed
plant based on MD. The low production of water can be mainly attributed to the MD
subsystem and in particular considering that:

• MD technology is still a developing technology;

• The dimensions of the membrane are limited. Indeed, the module used is a labora-
tory one and its dimensions are directly proportional to the water production;

Also the elevated cost of the water is strictly related to the poor performances of the
plant, since the productivity is not capable of rapidly overcoming the initial constructive
expenses, increasing the unitary cost of water.
Comparing the two collectors it is possible to observe that in terms of water production the
results are almost the same, meanwhile considering the SF the ETC technology obtains
better results. Although, it is important to underline that the PSC’s collecting area is 2.5
times less than the ETC ones, allowing the former to be more efficient in heat transfer,
but with a higher technology cost than the ETC. Indeed, 24 m2 of evacuated tubes cost
∼ 14,000 € and one parabolic collector (9.583 m2) cost ∼ 15,000 €. This last difference
strongly influences the water final price due to the fact that the collector represent the
major expense of the plant (see Figures 4.3 and 4.8).
In conclusion the ETC collectors are more convenient than the PSC, even if the overall
plant production is still not satisfactory.

4.2 Passive device

4.2.1 Numerical Analysis

Introduction

COMSOL Multyphisics is a finite-element based software, which allows to solve a consis-
tent amount of issues, necessitating different physics. Indeed, the preliminary steps when
initializing a simulation are the choice of: the spatial dimension (i.e 2D,1D or 3D) and
the physics involved (i.e heat transfer or fluid flow). In this particular case three physics
have been selected:

1. Heat Transfer in Porous Media: it allows to trace the different heat exchanges,
considering also porous materials (i.e the hydrophilic membrane);



4.2. Passive device 70

2. Transport of Diluted Species: it allows the evaluation of mass transport through
the membranes, necessary to trace the fresh water mass flow;

3. Laminar Flow: used to fully determine the laminar flow of fluids, useful to describe
the water flow in the hydrophilic layers by means of capillarity;

The biggest advantage of this software is the capability of linking the different physics
during the solution of the problem. In particular, the heat transfer and the laminar flow
effects have been considered simultaneously, elaborating a non-isothermal fluid flow.
Once set this preliminary parameters the geometry can be directly generated thanks to
the software’s available geometry tools. The different parts of the model can be assigned
to a material type and to a specific physical condition, so to prepare the software for the
simulation. Lastly, a correct mesh can be generated and the simulation can be launched.
Once ended, COMSOL Multiphysics has several post-processing tools to retrieve the re-
quired information from the model and solve the proposed problem.
In the following sections: the geometry, the physics, the boundary conditions involved
and the obtained results will be deeply illustrated.

Geometry & Material characteristics

The 5-stages passive device has been assembled by stacking several rectangular boxes one
on top of the other, with dimensions described in Section 3.3. The model geometry is
shown in Figure 4.13.

Figure 4.13: Geometry with detail

From the detail in figure, it is possible to observe that the middle 4 stages contain 5 boxes
representing in series: aluminum foil, evaporator, membrane (thinner layer), condenser
and second aluminum foil. The only exception is represented by the upper stage which
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counts also an additional aluminum layer, working as solar absorber. As in real life, the
hydrophilic and the aluminum layers are 1 mm thick and the membranes are 0.15 mm
thick.
All the materials necessary for the simulation have been found in the software’s mate-
rial library, namely: aluminum, PTFE (membrane), microfiber (hydrophilic layer), water
(hydrophilic layer) and air present in the membrane gaps. Since the materials are already
available, the software is capable of retrieving all the important physical parameters nec-
essary for the simulation.
Both the hydrophilic layers are modelled considering a 70 % of water and a 30 % of
microfiber, since the layers are fully saturated. Considering this fact, the thermal con-
ductivity of the whole body has been calculated as the weighted mean of the composing
materials thermal conductivities:

khydrophilic = kmfiber ∗ 0.3 + kwater ∗ 0.7 (4.3)

where kfiber = 0.04 [W/(mK)] and kwater = 0.6 [W/(mK)].
The membrane instead contains micro pores filled with air, so the thermal conductiv-
ity of the whole layer is given by the parallel of the membrane’s and the air’s thermal
conductivities. The searched parameter can be expressed as:

1

kmemlayer
=

1

kairεm + (1− εm)kPTFE
(4.4)

where: εm is the membrane porosity, kair = 0.026 [W/(mK)] and kPTFE = 0.25 [W/(mK)].
Due to the high porosity of the membrane, the overall thermal conductivity will be close
to the air’s one (∼ 0.06 W/(mK)).
Finally, the remaining aluminum layers are fully constituted by the base material, so can
use the thermal conductivity present in the software’s library.

Physics & Boundary conditions

The physics involved in the stationary simulation are illustrated in Section 4.2.1. Indeed,
the main goal of the simulation is to predict the water vapour flux and the temperature
profile of the device during operation, so the transient has a limited interest.
The heat transfer affects all the device, meanwhile the transport of the diluted species and
the laminar flow are respectively restricted in the membranes and evaporators domains.
The condenser’s water flow has been omitted, since is nearly static (Re « 1) and it’s
influence in the overall process is neglegible .
As mentioned in Section 4.2.1 the water vapour flux has been evaluated separately from
remaining the physics, allowing the software to solve the Navier-Stokes equations inde-
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pendently. Always for this reason, the latent heat of evaporation transferred across the
membrane has been modelled as a boundary condition present on the surface separating
this last and the evaporator. In particular:

Qlatent = J ·∆Hv = λ ·∆Hv (4.5)

where: ∆Hv is the latent heat of evaporation, J is the mass water vapour flux and λ

is the lagrangian multiplier, necessary to solve the numerical solution by means of the
"Lagrangian multiplier" approach.
COMSOL multyphisics is only capable of working with concentrations when dealing with
mass transport, so in order to evaluate the molar flux across the membrane Equation 3.4
is written as follows:

N = −Deff∇c = −Deff∇(
pv
RT

) (4.6)

where: N [mol/(m2s)] is the diffuse molar flux, Deff the effective diffusion coefficient and
c the molar concentration. In this specific case of study no air is present in between the
evaporator and the membrane, so the contributions to the effective diffusion coefficient
are given exclusively by Knudsen and molecular transport. Considering the theoretical
assumptions illustrated in Section 3.4, Deff can be evaluated as:

1

Deff

=
1

DwK

+
1

Dwa

(4.7)

where the former represents the Knudsen contribute, in particular:

DwK =
8r

3

√
RT

2πMw

εm
τ

(4.8)

and the latter represents the molecular contribute:

Dwa = 1.19 · 10−4T
1.75

P

εm
τ

(4.9)

The initial molar concentration has been evaluated as:

c0 =
φrelρmax
Mw

(4.10)

where: φrel is the relative humidity (0.2 in this case), ρmax [kg/m3] is the maximum water
density with unitary relative humidity, namely 0.0172 kg/m3.
In order to model the different heat transfers of the device with the environment, different
boundary conditions have been imposed. The solar irradiance has been set as an incoming
heat flux gathered by the solar absorber, which has an emissivity of 0.45 (Figure 4.14).
As already said in Section 3.3, the constant value of irradiance has been set to 1000W/m2

basing on the machine’s capacity.
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Figure 4.14: Black paint solar ab-
sorber emissivity [50]

Convective heat transfers occur on all the sides of the
device, namely lateral, top and bottom. Due to the pres-
ence of the fans a forced convection has been considered
for the top and bottom sides (∼ 25 W/(m2K)), mean-
while thanks to the presence of the plastic envelopes
the lateral heat loss has been considered limited (∼ 3
W/(m2K)). Furthermore, considering the closed envi-
ronment and the elevated amount of radiation, the am-
bient temperature has been considered ranging between
30-35 °C. Finally, the bottom radiation heat loss has

been considered, imposing the raw aluminum emissivity equal to 0.2.
The boundary conditions imposed to the laminar flow consist in the inlet and outlet
flow conditions, attributed respectively to the lateral borders and the bottom side of the
evaporators. The former consisted in assigning an inlet velocity to the fluid, namely 3.65
x 10−6 m/s. This value has been obtained considering the distilled water production in
the static case (no laminar flow). The former instead has been set by a pressure border
condition which avoids water come back.

Mesh

In order to build the mesh two options have been selected: Free Triangular (for the sides
where the fluid enters) and "Swept" (for the sides parallel to the fluid flow).

Figure 4.15: Detail view of meshed model

Given the big thickness difference between the membrane and the remaining blocks, the
mesh on these borders had to be fined by a manual operation. The overall number of
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elements built are 142604, with 322715 degrees of freedom plus 204538 internal degrees
of freedom.

Results

Once ended the initial set-up, it is possible to run the simulation and elaborate the data
by an aimed post-processing. Given the low complexity of the problem the simulation
arrived to convergence in small time with only 3 iterations, as shown in Figure 4.16.

Figure 4.16: Error plot

The ambient temperature has been considered equal to 30 or 35 °C, meanwhile the convec-
tive heat transfer of the bottom and top has been considered equal to 25 or 30 W/(m2K),
which are reasonable values for environment conditions. Combining these 4 values it is
possible to obtain 3 different scenarios.
The most important value to consider is the fresh water production. In Table 4.5 are
reported the latter data and the discrepancy with the experimental results, shown in
Section 4.2.2.
The efficiencies related to the simulated cases are: η1st = 21.6%, η2nd = 20.7% and
η3rd = 19.5%, evaluated by means of the following equation:

η =
N∆hv
qsolar

(4.11)

The lower efficiency of this device respect to the older version [49] can be justified by the
higher emissivity of the absorbant surface and the absence of the bottom heat sink.
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Tamb [°C] hconv [W/(m2K)]
Diffuse molar

flux [mol/(m2s)]
Productivity [l/(m2h)] Difference [%]

1st case 35 30 0.025 1.62 8.89
2nd case 35 25 0.024 1.55 13.22
3rd case 30 25 0.023 1.46 18.14

Table 4.5: Simulation water production results

Once given the total water production of the device it is important to observe the perfor-
mances of the single stages.

Figure 4.17: Diffuse water fluxes in the different stages

In Figure 4.17 it is possible to observe that the productivity is descendent from the top
to the bottom of the device, coherently with the expected behaviour. The values are
negative due to the opposite orientation of the axis respect to the water flux direction.
The respective contribution of each stage, compared to the final productivity are: 21.96%,
20.99%, 19.98%, 19.01%, 18.05%.
It is now important to analyse the temperature profile along the device, since this last
directly influences its productivity and the partial pressures present in the different layers
(see Equation 3.1). For sake of simplicity the reported graphs refer to the second case
of Table 4.5, which represents the most plausible situation. In Figure 4.18 is shown the
volumetric temperature profile, meanwhile in Figure 4.19 is shown the temperature profile
along the device’s height.
Analysing Figure 4.18 it is possible to observe that the temperature ranges between 342 K
(∼ 69 °C), present on the solar absorber, and 328 K (∼ 55 °C), on the bottom aluminum
surface. Overall the temperature drop from top to bottom is of 14 °C, with a ∆T of 1
°C between evaporator and condenser of each stage. From Figure 4.19 it is possible to
notice the different temperature drops when considering the material layers of the device.
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Figure 4.18: Volumetric temperature profile

Figure 4.19: Temperature drop across the device’s height. (1) corresponds to an aluminum substrate,
(2) to an hydrophilic substrate and (3) to an hydrophobic substrate.

It is possible to inversely relate the slope of the curve with the thermal conductivity of
the present material, namely higher the slope lower the thermal conductivity. Known this
fact, zone (1) corresponds to an aluminum substrate, zone (2) to an hydrophilic substrate
and zone (3) to an hydrophobic substrate. As previously mentioned, also this graph
confirms the temperature drop of 1°C between the evaporator and the condenser of each
stage.
Lastly is interesting to consider the distribution of the different lost heat fluxes. Table
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4.6 illustrates the latter contributions.

Figure 4.20: Section temperature distribution and thermal heat loss representation

Heat flux channel Convective flux [mW] Radiative flux [mW] Total flux [mW]
Solar absorber 7896.7 2758.4 10655.1

Aluminum lateral 932.9 533.7 1466.6
Evaporator lateral 69.98 93.85 163.83
Condenser lateral 197.43 268.87 466.3
Membrane lateral 40.62 54.92 95.54
Bottom aluminum 11590 327.1 11917.1

Top reflected / / 1336

Table 4.6: Heat losses in the device

The top reflected lost heat has been evaluated considering the percentage reported in
Figure 4.14. It is possible to relate these quantities to the total amount of solar irradiance
incident on the solar absorber, namely 26.1 W . In Figure 4.20 are reported these values
together with the temperature profile along the device’s section.

4.2.2 Experimental results

The most important results retrieved by the experimental campaign carried out on the
designed prototype are here reported. In particular, the best and the worst data sets are
reported, outlining in particular the water production and the salinities registered on the
evaporator.
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Best Data Set

The data refer to the experiment taken under the sun simulator the 14/09/2020 with an
irradiance of 1000 W/m2.

Figure 4.21: Distillate mass and productivity over time of a single device

[g/l] Before test After test After 12 hours
Top Evaporator 35 161 35

Center Evaporator 35 112 35
Bottom Evaporator 35 54 35

Condenser 0 0 0
Distilled Water / 0 0
Feed water 35 32 32

Table 4.7: Salinities on the first evaporator and condenser over time

From Figure 4.21 it is possible to observe that a total distilled mass of 186.12 grams and
a mean productivity of 2.13 l/(m2h) have been obtained over 5 hours. Table 4.8 confirms
the capability of the device to recover the salinity of the evaporator during the hours
of inactivity, which was one of the main goals of the new proposed geometry. Figure
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Figure 4.22: Evaporator’s points for salinity measurement

4.22 allows to better understand the measurement points selected on the first evaporator,
which represented the most critical situation.

Worst Data Set

The data refer to the experiment taken indoor the 18/09/2020 with an irradiance of 1000
W/m2.

[g/l] Before test After test After 12 hours
Top Evaporator 35 125 35

Center Evaporator 35 112 35
Bottom Evaporator 35 88 35

Condenser 0 0 0
Distilled Water / 0 0
Feed water 35 35 35

Table 4.8: Salinities on the first evaporator and condenser over time

From Figure 4.23 it is possible to observe that a total distilled mass of 125.5 grams and
a mean productivity of 1.43 l/(m2h) have been obtained over 5 hours. Also in this case
Table 4.8 confirms the capability of the device to recover the salinity of the evaporator
during the hours of inactivity.
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Figure 4.23: Distillate mass and productivity over time of a single device

4.2.3 Summary

Considering the experimental analysis, it has been obtained a mean distillate productivity
of 1.78 l/(m2h). As shown in Table 4.5 it is observable that the maximum percentual
deviation respect to the mean experimental result is lower than 20 %, confirming the
wellness of this latter data. Figure 4.24 visually represents this result by showing that
the numerical model results interval is almost fully contained in the experimental one.
Considering a constant irradiance of 1000 W/m2 the productivity can be expressed as
liters per kilowatts per hour incident on the absorbent surface, obtaining 1.78 l/kWh.
Considering the average solar irradiation of Muscat in September (i.e. 199 kWh per
square meter per month, source: PVGIS) and the validated model estimates, the whole
desalination technology would be able in average to produce 8.38 L/day of distilled water
from seawater (6.74 L/day worst scenario; 10.03 L/day best scenario), largely full-filling
the required water production required by the contest.
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Figure 4.24: Distillate productivity comparison

4.3 Comparison of desalination performance

The main features analyzed are: distillate productivity, energy consumption, annual fresh-
water production and cost per liter. Table 4.9 collects all these data regarding the 2
different technologies, where the productivity is referred to the membrane’s dimension.

Single Passive Renewable Driven Literature Renewable
Device Active Plant Driven Active Plant [51]

Productivity [l/(m2h)] 1.78 4.86 /
Power consumption [kWh/m3] 562 3238 /

Annual water production [l/year] 85 8523 36500
Freshwater cost [€/l] 0.0472 0.31 0.015

Table 4.9: Comparison between the two technologies

These results consider a single passive device (contained in a panel), the fourth configu-
ration of the plant adopting ETC collectors and a solar powered MD plant with 10 m2

membrane found in literature. It is noticeable the higher annual water production and
productivity of the active system, although obtainable by means of a ∼ 5 times higher
energy consumption. Indeed, the water cost of this latter is ∼ 7 times higher than the
passive’s one. Furthermore, it is important to consider the modularity of the passive de-
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vice which could allow the whole apparatus to reach these levels of production by simply
adding more devices.
The active system is capable of providing a constant amount of water along the year
thanks to the presence of the auxiliary system, meanwhile the passive device depends
exclusively on the solar irradiance, varying the production during the different seasons.
This higher reliability is fundamental when a certain daily amount of water is necessary
(i.e for agriculture or biological issues). It is also important to underline that the results
reported for the passive device have been obtained in favorable conditions and longer
experimental campaigns must be done in order to analyse the behaviour along the different
climatic conditions.
Nevertheless basing on this results it is possible to conclude that the Membrane Distil-
lation desalination method applied to passive devices generates satisfying results, which
can be compared to the more used active technology.



5. Conclusions and Future Works

Water scarcity is a more and more striking problem for the global populations. To face
this problem, the researchers all over the world are developing new methods to retrieve
freshwater, mainly based on seawater (or saltwater) desalination in order to minimize the
depletion of the groundwater resources. Membrane Distillation is of particular interest
due to the possibility of improvement, especially considering: the lower pressure and
temperature levels required for the process respect to other technologies, the easy coupling
of the plant with renewable energy sources, the low maintenance and the low complexity.
The main objectives of this thesis were to study this desalination technique implemented
in an scaled active plant and study the possibility of using it in a new low cost passive
device, both adopting solar irradiation as main energy source. The Simulink model de-
scribing the former is capable of predicting the water production of the plant, allowing
to precisely evaluate its performances considering existing components acquirable from
the different manufacturers. While established active technologies MD based are already
present in the literature, passive ones are still under development, this is why a new pro-
totype has been presented and compared to the existing technologies, so to evaluate its
capabilities and eventual large scale production. Generally speaking passive desalination
reduces the energy consumption of the process and eliminate the environmental issue
linked with the brine production typical of active plants, yielding in contrast lower water
productions. These devices are ideal to be employed in remote areas and to diversify the
global freshwater production.
Mainly due to the limited dimensions of the plant, in particular of the membrane used, in
order to hold an acceptable solar fraction the annual water production has been limited
if compared to the other plants present in literature (adopting 10 m2 membranes or
working with fuel combustion). Despite this fact, important information regarding these
last parameters and the energy consumption have been retrieved, namely in the optimal
configuration it has been found: a solar fraction of 50 %, an annual water production
of 8523 l/year, a specific power consumption of 3238 kWh/m3 considering both solar
irradiation and fuel consumption and lastly a specific water cost of 0.31 €/l. Furthermore,
a more efficient collector type, namely the Parabolic Solar Collector (PSC) has been tested
providing a higher heat transfer capacity per meter squared, yielding though to a higher
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investment increasing the unitary water cost. The obtained results are more than sufficient
to fully characterize the plant and to provide reliable data comparable with the analogous
passive technology, therefore the further optimization is left as a future work (i.e use of
a stratified tank, variation of collectors and membrane’s dimension and coupling with
different desalination technologies).
The design of the passive device has been carried out following the guidelines imposed
by the the OHDC (Oman Humanitarian Desalination Challenge) desalination challenge.
All the requests, namely: low cost, easy handling, short term use, robustness, minimum
rate of production and water quality, have been fully satisfied by the proposed prototype.
After the initial design process, the performances of the device have been obtained by
both successful experiments and numerical simulations. Considering a constant solar ir-
radiation of 1000 W/m2 the device has been capable of showing: a mean productivity
of 1.78 l/(m2h), an annual water production of 85 l/year, a specific power consumption
of 562 kWh/m3 and a specific water cost of 0.0472 €/l. Considering the low cost and
simplicity of construction, comparing them with the ones retrieved with the already con-
solidated active technology and considering that the device has been productive only 5
hours per day, the results achieved are promising. From the numerical calculations it has
been possible to observe that the passive device has a lower energy consumption, lower
cost and lower water production respect to the other desalination technology. This latter
though is easy to overcome simply increasing the number of devices composing the ap-
paratus, i.e considering 20 devices as for the OHDC competition it is possible to achieve
1700 l/year. The innovative symmetrical geometry demonstrated to allow a complete salt
removal during the simulated nighttime, thus enhancing the low operational maintenance
required by the apparatus compared to the previous versions. Furthermore, the numer-
ical simulations performed with COMSOL Multiphysics have been capable of predicting
the behaviour of the device and confirming the experimental results. As future work,
it would be interesting to execute an outdoor experimental campaign and evaluate the
device’s productions under daily variable solar irradiations.
In conclusion, it is possible to assert that the Membrane Distillation technology can be
fully implemented in passive devices, obtaining satisfying energetic and productive results
opening a new perspective for desalination.
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