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Abstract

The evaluation of a novel solar seawater desalination system implemented at the
University of Almeria (Spain) is presented. It integrates a solar thermal field based
on static collectors and a thermal desalination system based on the vacuum multi-
effect membrane distillation (V-MEMD) technology. The V-MEMD unit has a particu-
lar innovation to increase its thermal performance, using a seawater flow to con-
dense the steam and preheat the feed. One of the main strengths of the system is
that thermal energy can be delivered at a stable temperature to the V-MEMD mod-
ule, even with variable solar radiation. A simulation analysis based on a quasi-
dynamic model was performed to evaluate the distillate production profile and the
operating time during a typical year considering different temperature setpoints at
the inlet of the membrane module (60, 70, and 80 °C). The total volume of distilled
water generated ranged from 41.7 to 70.5 m3, depending on the setpoint. The MD
unit produced almost uniformly along the year, with an average flux of (5.5 + 1) |
h-t m=2 at the maximum setpoint, which was proved the most favourable. The bene-
fits of the thermal storage system for minimizing the effect of disturbances in solar
radiation were also demonstrated.

Keywords: solar desalination; membrane distillation; vacuum-multi-effect; thermal
storage; experimental pilot-scale.

1. Introduction

The increasing water scarcity in many regions and the worldwide energy crisis are
two of the harshest problems in the 215t century, especially in overpopulated areas
with low technological development. Only 3 - 5 % of water on Earth is fresh water
suitable for agricultural and industrial activities. It is essential for the economic de-
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velopment, so countries worldwide are forced to find new technologies for its pro-
duction [1]. In this sense, it is vital to find novel robust processes for obtaining
fresh water from brackish or saltwater sources with the least energy consumption
and as autonomously as possible, with no requirements of specialized workforce

[2].

Desalination is a widespread process for obtaining fresh water, either from sea-
water or from brackish water sources. It is fully implemented at large scale nowa-
days and allows supplying fresh water to large populations. However, rural areas
may not receive desalinated water if there are no suitable pipelines and energy
supply, thus a decentralized supply using small-scale plants is more adequate in
many cases. Standalone production of fresh water in a small scale requires a source
of energy, and the use of renewable energies is a great opportunity for increased
sustainability of the concept [3]. Since the regions that present higher levels of wa-
ter scarcity are those with the highest availability of solar radiation (placed in the
solar belt), the utilization of solar energy takes on special interest.

Desalination driven by solar energy is thus a promising solution to face the water
scarcity problems in isolated rural areas with low demand (less than 20 m?3 day™)
and the lack of an appropriate continuous supply of energy [4]. The use of photo-
voltaic fields for supplying electricity to reverse osmosis (RO) units is an ongoing
option [5]. However, problems with the performance have been observed. RO is a
very energy-demanding process that should operate continuously, and solar energy
is discontinuous by nature. This fact derived in operational difficulties even at pilot
scale [6]. The use of solar energy as thermal source for desalination is more
straightforward because storing heat is much simpler than storing electricity [7].
Thermal energy can be transmitted to saltwater directly, making it flow through a
field of solar collectors, or indirectly, by connecting the desalination unit through a
heat exchanger to a solar field operating in closed loop using a specific solar fluid in
the collectors. By far, the most commonly used strategy is the latter, due to the
accelerated damage that hot saline water would produce in the internal piping of
the panels, ending in higher operational costs [8]. In order to achieve an economi-
cally affordable process, the solar collectors must have high efficiency, and the de-
salination units must make the most of the energy. Solar stills are systems with
very low operational and maintenance costs, but with large investment costs be-
cause of their low energy efficiency and low production (around 1.2 m3 m=2y1).
Multi-stage flash (MSF) and multi-effect distillation (MED) have much higher effi-
ciencies, but they are technologies only competitive on a large scale and with high
maintenance costs, mainly due to scaling and corrosion [9].

An inexpensive future alternative with great potential in the desalination of sea-
water or highly saline sources coupled to solar systems is membrane distillation
(MD). It is a non-isothermal membrane process with simultaneous mass and heat
transfer, fully implementable on both small and medium scale, with good energy
efficiency and low cost. Water molecules from a hot current pass in vapor phase
through a hydrophobic microporous membrane, driven by the vapor pressure dif-
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ference between both sides of it. Working temperatures are low, below 80 - 85 °C,
in order not to exceed the thermal resistance of the membrane. Working pressures
do not need to be higher than the atmospheric because, unlike in other membrane
processes like RO, the driving force is not mechanical pressure but vapor pressure.
Thus, as in thermal desalination processes, the rejection of solutes is almost 100
%, and chemical pretreatments are theoretically not necessary. The MD process
yields fresh water with suitable parameters of quality and healthiness. Materials
used for modules are usually plastics, cheaper, free of corrosion and fouling. On the
other hand, MD can be subjected to membrane wetting (which causes contamina-
tion of the product), temperature polarization, and heat losses by conduction across
the membrane, which reduce the energy efficiency [10]. Nowadays, there are no
specific membranes for MD available commercially, but the development of mem-
branes is increasing, in order to improve their mass and heat transfer properties
and avoid the pitfalls commented above [11].

Several MD systems have been studied for proofing the concept [12,13]. The main
challenge of MD at pilot scale is its high energy consumption. New configurations
and working strategies are being researched, taking as challenging goal the produc-
tion of distilled water with an affordable specific energy consumption [14]. Nowa-
days, different layouts of membrane, and several configurations based on different
ways of condensing the vapor are being introduced in pilot units and commercial
prototypes for their evaluation [15]. Moreover, the coupling of MD systems with
solar energy is growing in popularity and is being studied at the same time as new
configurations [5]. The assessment of air gap (AGMD) and permeate gap (PGMD)
plate and frame membrane modules for solar desalination was performed at Plata-
forma Solar de Almeria [16,17]. The main problem with these modules was their
poor internal heat recovery, which led to high thermal energy consumption and
therefore the necessity of large solar fields that increase the investment costs [18].

An improvement on that design is the spiral-wound concept [19]. Several solar de-
salination systems based on spiral-wound modules have been installed for as-
sessing their distillate productions and their abilities in the supply of fresh water in
isolated zones [8,20]. As part of the SMADES project, an autonomous desalination
system was developed and installed in a rural coastal area of Jordan. It was formed
by four spiral-wound modules which worked in parallel in permeate gap (PGMD)
mode, a photovoltaic field and a solar thermal field. Low water recovery of 5 % was
achieved in this system, but with a totally standalone installation, able to work with
unstable energy source and with no need of chemical pretreatments [21,22]. One
of the weaknesses of the spiral-wound modules, however, is managing the non-
condensable gases, which requires deaeration with the subsequent energy loss
[23]. Another is the fact that latent heat of condensation is recovered as sensible
heat to preheat the feed, which reflects strongly in the trade-off between productiv-
ity and energy efficiency, that is characteristic of the MD process [24]. Using simu-
lated seawater as feed flow, several modules working in AGMD and PGMD modes
with sensible heat recovery were studied using solar thermal energy as heat source
[25]. Values of gained output ratio (GOR) up to 7 in spiral-wound AGMD modules
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with several envelopes and up to 3.5 in PGMD modules with single envelope were
obtained, with distillate fluxes of 1.0 | h'* m2 and 1.8 | h'* m2?, respectively [26].

Vacuum membrane distillation (VMD) has also been evaluated using solar thermal
energy [27]. In this MD operational mode, by using a vacuum pump, the absolute
pressure inside the membrane module is reduced, the feed is boiled with lower
thermal energy demand and the volume of vapor produced is increased, and thus
the distillate production. Several studies were focused on the modelling and design
with different membrane geometries, like flat sheet [28,29] and hollow fiber [30].
However, upscaling of VMD was not done until memsys launched their novel plate-
and-frame modules for vacuum multi-effect MD (V-MEMD) in 2010. Their particular
configuration allows removing non-condensable gases efficiently, improving thus
the energy efficiency [31,32]. Early modules showed similar energy efficiencies
than spiral-wound modules with much larger concentration factors [33]. As in the
case of MED, latent heat recovery in multi-effect units means an increase in both
productivity and energy efficiency, and therefore the chance of concentrating water
sources even more. A study was reported in which a solution with up to 22.0 wt%
of salts (very close to saturation) was desalinated during six months. A distillate
productivity of 7.0 | h'* m™2 was obtained using a two-effect V-MEMD module [34].
More recently, a performance evaluation of a four-effect V-MEMD module with pre-
pared feed brackish water [35] was also presented.

While there are numerous studies of solar membrane distillation [36-38], there are
not many studies of V-MEMD operated with solar energy. A proposal for using a
hybrid solar-waste heat V-MEMD desalination system for supplying drinking water
24 h a day in a remote area of northern Chile was reported [39]. Furthermore, a
standalone solar thermal and photovoltaic system was developed and tested with
low-salt water as feed (2.3 mS cm). It included a heat pump, a heat storage tank,
and a four-effect memsys V-MEMD module [40]. One of the drawbacks of that sys-
tem was that a significant amount of electricity was required in the heat pump to
condensate the steam in the condenser. An improved energy-saving version of a
memsys V-MEMD module was presented in [41], in which the feed seawater itself
was used inside the condenser for cooling down the vapor from the last effect. High
distillate fluxes (up to 8.5 | h'* m™2) and GOR values (up to 3.19) were obtained, but
the performance was strongly dependent on the season, given that the seawater
temperature determined the vapor condensation.

In this study, the same module as in [41] was considered and the use of solar heat
as the only thermal energy supply for the MD process (without the need of a heat
pump) was investigated. In addition, the results obtained from this experimental
analysis were an essential input to model the V-MEMD system and evaluate the
distillate production profile over a whole year using solar energy as the only ther-
mal energy source. This kind of models that include the solar heat process and the
membrane distillation system can be used for different applications, such as analyz-
ing the production and consumption over a period of time, evaluating control strat-
egies to improve the operation or optimizing the system design attending to differ-
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ent criteria. In [29] for example, a vacuum membrane distillation system directly
integrated with solar collectors was modelled and simulated to compare the produc-
tion in four different days and evaluate it over a whole year. In [42], dynamic and
static models were combined to compare the results obtained with different func-
tion objectives in a model predictive controller aimed to optimize the operation of
solar MD facility. Regarding design optimization, it is worth mentioning the recent
work by Moore et al. [43], in which PV and thermal collectors were combined to
electrically and thermally feed a hollow fiber MD module. In that case, a complete
model of the proposed facility was used in an optimization problem to minimize the
cost of the water while satisfying a production goal.

In the first part of this manuscript, the operation and performance of the solar de-
salination plant installed at the University of Almeria using real seawater is ana-
lyzed, showing the results and the way that the variability of solar radiation is dealt
with to optimize the performance of the system. Tests were carried out during dif-
ferent periods of the year, to evaluate the behavior of the system along different
weather conditions, comparing days with high solar radiation, days with disturb-
ances in the solar radiation, and days with practically no solar radiation at all. In
the second part of the manuscript, the model referred above is used to perform an
annual evaluation of the solar V-MEMD facility with the objective of assessing the
effect of the operation parameters on the production profile over a year and differ-
ent strategies for using the heat by comparing three temperature setpoints.

2. Materials and methods

2.1.- Experimental setup

The solar desalination MD system operated in this work was installed at the Univer-
sity of Almeria, close to the seashore and using a beach well for the intake of feed
seawater, and with good incidence of solar radiation from sunrise to sunset. The
system layout and the main variables used in the subsequent simulation are shown
in Fig. 1.
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Fig. 1: Layout of the solar desalination system and main variables used in the model.



2.1.1.- Solar system with thermal storage

In order to supply the necessary thermal energy for carrying out the desalination
process, a solar field with five racks of three flat plate collectors each (Euro L20 AR,
by Wagner & Co., Germany) and total aperture area 35.9 m? was used. The solar
fluid was water with 30 Vol% antifreeze (DC20, Wagner & Co., Germany). The pan-
els were tilted 45° and worked at 2 - 2.5 atm internal pressure. In order to ensure
uniformity in the solar fluid flow rate and in the temperature distribution inside the
whole circuit, racks were hydraulically connected in reverse feeding mode. In these
conditions, the nominal thermal power supplied was up to 17 kWt at 90 °C, enough
for meeting the requirements of the desalination module.

The solar system was fully monitored and connected to a hydraulic frame that
bears the flowmeters (Promag 50P40, Endress+Hauser AG, Switzerland) and
pumps (Solar 25-120, Grundfos TM, Sweden). Temperatures in the solar system
were measured using several Pt-100 probes (Omnigrad TST90, Endress+Hauser
AG, Switzerland) installed in each pipeline. Some relief valves and pressure sensors
(Cerabar T PMP-131, Endress+Hauser AG, Switzerland) were installed in order to
protect the system against overpressure. Copper piping was thermally insulated for
avoiding excessive thermal losses.

An innovative element introduced in this solar system was an electronic valve in-
stalled upstream in the primary solar circuit, which allowed operating discontinu-
ously giving the possibility of starting the system up even when the stagnant tem-
perature at the solar collectors was above the fluid’s boiling point. The valve (called
cut-off valve in Fig. 1) cut the circuit off when the system was not working, driving
the vaporized fluid from the solar panels to the expansion vessel, which was big
enough to collect all the volume of the solar fluid. This condensed inside the expan-
sion vessel and flowed back to the solar panels when the pump was turned on.

A 1500 | tank (PSX-F, Huch GmbH, Germany), fully enveloped with a thick insula-
tion coat, was connected to the solar field to allow storing heat during periods of
excessive energy to be used when solar energy was not immediately available. It
also acted as a heat buffer, using an electronic control 3-way valve (Fig. 1), for
minimizing short-time disturbances of temperature caused by unstable solar radia-
tion in cloudy days and facilitating the temperature control at the inlet of the desal-
ination unit. Data acquisition and control of every electronic element were made
using a Supervisory Control And Data Acquisition (SCADA) software.

The needs of electricity for operating the desalination system were met with the
grid at the University of Almeria, although they could be satisfied with a photovolta-
ic system. Since the main energy consumption in the desalination process is related
to thermal energy, this paper is not focused on the evaluation of electricity needs.



2.1.2.- V-MEMD unit

The commercial pilot V-MEMD desalination unit used in the present study was called
MDS-40B and was assembled and manufactured by the Dutch company Aquaver
BV. The MD module was developed and patented by memsys GmbH and consisted
of a steam raiser, four evaporation-condensation effects, and a condenser. Its total
membrane area was 6.4 m?. The module operated with absolute pressure even
lower than 100 mbar. The main innovation introduced in this desalination unit was
the use of feed seawater as coolant in the condenser for preheating it, recovering
the latent heat of condensation of the vapor coming from the last effect and im-
proving thus the thermal energy efficiency. More details of the unit are given in
[41].

2.2.- Experimental procedure

The experimental campaign consisted on tests for evaluating the performance of
the solar desalination system (Fig. 1). Operational conditions in the solar system
were such that the inlet temperature (Tmd,in) and the seawater feed flow rate (F1) in
the desalination module were maintained stable, regardless of the weather condi-
tions. Due to thermal limitations of the membranes, Tmd,in could not be higher than
80 °C. Therefore, the temperature of the solar fluid from the tank to the heat ex-
changer of the MDS-40B (Thx,in) was kept below 90 °C. The flow rate of solar liquid
from the tank to the heat exchanger in the MD unit (mt) was regulated by a control
3-way valve.

To achieve the desired operating conditions, the strategy changed depending on the
ambient conditions. In the case of days with abundance of solar radiation, the solar
pump was connected, and the solar field linked to the heat storage tank by means
of a regulation solar 3-way valve for loading the latter and supplying thermal ener-
gy to the desalination unit. Heat could be also stored at the same time the desali-
nation unit operated, if there was a surplus of thermal energy in relation to the
needs of the desalination device. This important fact makes the system robust to
disturbances in solar radiation and allowed to operate in the other cases, with hin-
dered or negligible external energy. When not enough solar power was available,
the solar field was isolated by closing the cut-off valve and the desalination module
worked with previously stored thermal energy, in closed loop with the buffer stor-
age tank.

In any case, the operation of the desalination system started when the vacuum
pump of the desalination device was connected, and feed seawater was sucked by
the vacuum to the condenser. Seawater acted as a coolant and was consequently
preheated in operation by the latent heat of condensation transferred by the vapor
coming from the last effect of the module. Cooling seawater went out of the con-
denser and then, regulated by a manual valve, part of it was discarded back to the
sea with the brine, and the rest (the feed flow rate, F1) entered the heat exchanger
as the saline feed to the MD process. When F1 was stable and close to the desired
setpoint, the process pump was switched on, delivering the solar thermal energy
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from the storage tank to the heat exchanger of the MDS-40B unit. The aperture of
the control 3-way valve (y) allowed the mixing of the hot flow with the cold return
in order to control the temperature and reach the desired setpoint of Thxin. The
feed, heated from Tmd,out to Tmd,in, entered the steam raiser of the vacuum desalina-
tion module and the distillation occurred as explained in detail in the V-MEMD |lit-
erature (see e.g. [36,41,44]): the vapor passed through the membrane pores and
was condensed in each effect by the liquid saline flow flowing in counter-current
from the condenser; the latent heat of condensation released by the vapor phase in
each effect was used to concentrate the feed as it advanced through the brine
channel of the module. The vapor from the last effect was cooled down with the
initial feed current in the condenser. The distillate was stored in an auxiliary tank,
and the brine was discarded to the sea.

Solar radiation data, temperatures, pressures and flow rates in the solar circuit
were all recorded by a SCADA system. The amounts of energy captured, used for
desalination and stored in the buffer tank, respectively, were estimated. On the
other hand, the vacuum pressure inside the condenser, the feed flow rate and its
temperature were registered by the MDS-40B unit, as well as the distillate produc-
tion and its quality. To certify the accuracy of these electronic measurements, an
external control of the distillate parameters was performed regularly.

3. Assessment of the operation with solar thermal energy

Seawater temperature and solar irradiance cannot be controlled, so tests were per-
formed during several hours per day, in days with different enough ambient condi-
tions, and dealing with their natural variations to achieve the desired operating
conditions. Thus, as explained in the previous section, the operational procedure
changed depending on the ambient conditions. The three typical cases (abundant,
disturbed, and negligible solar radiation) were assessed and the corresponding op-
eration and performances are described in this section.

3.1.- Operation in clear days

The amount of incident solar radiation in Almeria during a big fraction of the day-
light hours on clear days (greater than 1000 W m2) allowed operating the mem-
brane module at high temperature. Fig. 2 shows the data taken from an experiment
performed with feed temperature (Tmq,in) setpoint (SP) of 80 °C and feed flow rate
setpoint of 120 | h*! on a day close to the summer solstice. The dashed-dotted red
line represents the incident solar radiation to the solar panels. The evolution of the
feed temperature that entered into the MD module is represented with a continuous
yellow line, and the temperature of the liquid that flowed out of the solar panels is
in dashed blue. With high and stable solar radiation, it was possible to work very
close to the setpoint value of temperature almost two hours before solar noon. The
MDS-40B unit was started at about 08:35, when solar radiation was about 700
W m=2 and Tmd,in Was 70 °C. Although the setpoint value of feed temperature (80
°C) was reached at 10:15, the distillate production started before, because the
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amount of thermal energy available at 8:35 was already enough. When the setpoint
value was reached and kept constant, the system worked steady and the distillate
flux in these operating conditions was 7.2 | h™t m=2,
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Fig. 2: System temperatures and solar radiation in the experiment performed in a clear day.

The amount of solar energy harvested by the panels in a clear day was higher than
that needed for desalination in the MDS-40B unit. With the facility presented in this
work, it was possible to store the surplus of heat for its use in case of absence of
solar radiation. Fig. 3 shows the accumulated energy distribution corresponding to
the experiment of Fig. 2. Since around 8:30, the solar field was able to yield ther-
mal energy at an almost constant power of around 16.5 kW. Part of that energy
was supplied for heating the feed to produce distillate (continuous purple line), and
the rest was stored (dashed grey line). The amount of energy stored during this
experiment was around 20 kWht, 34 % of the total energy collected by the solar
field (dashed-dotted green line). As mentioned before, Tmd,in and F1 were main-
tained very close to their setpoint values (80 °C and 120 | h! respectively) since
about 10:15. Before that, the module produced distillate in unsteady state. In Fig.
3 it can be seen that the distillate production was maintained almost at a constant
rate since about 09:30, when Tmd,in reached 75 °C.
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Fig. 3: Accumulated energy and distillate production in the experiment performed in a clear day.

3.2.- Operation with disturbances in solar radiation

Fig. 4 shows the data collected on a day when solar radiation was unstable due to
clouds. The setpoint of feed temperature was 60 °C, and of feed flow rate 120 | h1,
Despite the strong variations of solar radiation observed, the unit could be operated
at the desired temperature.
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Fig. 4: System temperatures and solar radiation in the experiment performed in a cloudy day.

Solar radiation had almost no disturbances in the beginning of operation from
07:55 to 09:40. In this timespan, the temperature of solar fluid increased almost
linearly from 65 to 75 ©°C. After 09:40, disturbances in solar radiation occurred.
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Consequently, the temperature of the solar fluid was reduced about 10 °C and
could not be controlled well. However, the feed seawater temperature was main-
tained close to the setpoint during all the time, even with low and variable solar
radiation. This was possible by using the buffer tank in the solar field, which ab-
sorbed the variations of radiation successfully. Fig. 5 illustrates the energy distribu-
tion in this test. It can be seen that at the times when the solar radiation de-
creased, the rate of captured solar energy decreased and so did the stored solar
energy, which showed a negative slope indicating that stored heat was used to
keep the feed seawater temperature constant. This way, the distillate flux was also
maintained practically constant around 2.7 | h't m™2, as indicated by the constant
slope of the continuous purple line in Fig. 5.
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Fig. 5: Accumulated energy and distillate production in the experiment performed in a cloudy day.

3.3.- Operation with only stored heat

Fig. 6 shows the data taken from operation on a rainy day in Almeria. Dashed-
dotted red line represents the poor solar radiation during all that day (never above
300 W m-2). Despite the solar field being turned off (dashed blue line indicating
ambient temperature), the feed temperature was maintained around the setpoint
value of 60 °C for 4.5 hours, using exclusively heat that was stored in the previous
days while the operation was carried out with high solar radiation.
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Fig. 6: System temperatures and solar radiation in the experiment performed with only stored heat.

As shown in Fig. 7, the stored heat available initially was around 30 kWhw, and the
MDS-40B unit was supplied with 6.2 kW steadily, producing distillate with a con-
stant flux of 2.4 | h"' m2 during almost 4.5 hours of operation. As in the previous
case, the continuous purple line in Fig. 7 shows that the production of distillate was
uniform with time because the feed temperature was constant during all the exper-
iment, even in the absence of solar radiation.
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Fig. 7: Accumulated energy and distillate production in the experiment performed with only stored heat.

Therefore, it was proved that the system was able to deal with variations in the
solar radiation to guarantee constant supply of distillate during its operation. The
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operation can be extended beyond solar radiation availability by reducing the sup-
plied thermal power, but reducing the distillate production too. On the contrary, if a
bigger amount of water is necessary in a short time, the operation must be shorter
and at a higher feed temperature.

4. Simulation of the annual performance of the system

After describing the operation strategies of the solar V-MEMD facility and demon-
strating how the variability of the solar radiation can be managed, the following
step was to carry out an annual evaluation. For that purpose, a model was made to
simulate the annual performance of the system considering the effect of the operat-
ing parameters on the distillate production over a full year, in order to assess the
best way of using the heat and check how the system can be operated at maximum
efficiency.

4.1.- Modelling

The model was composed of three main subsystems: the solar field, the storage
system, and the MD unit. The variables and parameters of the models mentioned in
the following subsections are described in the nhomenclature section.

4.1.1.- The solar field model

The fluid temperature at the outlet of the solar field was evaluated with the bilinear
model described in Eg. 1. This model has been widely used with good results in
parabolic through collectors [45], compound parabolic collectors [46] and flat-plate
collectors [42]. In this case, it was assumed that the dynamic of this solar field was
equivalent to the dynamic of one absorber pipe with the following characteristics:
the mass flow rate, m,, was calculated with Eq. 2 (to take into account that the
solar field was composed of 5 collectors in parallel connection and each collector
had 10 absorber pipes in parallel) and its length, Leq, was three times one real pipe
length (to take into account that each loop had three collectors in series connec-
tion).

(Ts,out(t)_Ts,in(t))

ATsout(t) _ H r= .
pCpAs att - Bl(t) - E (Ts(t) - Ta (t)) - Cpmeq T: (1)

where Ts(t) — Ts,out(t)z"'Ts,in(t)
. m,
Meg =——, Leg = L- n,. (2)

npng

Table 1 includes information about the values of the parameters considered in the
solar field model.

Table 1. Parameters of the solar field model

As 2.8:10°> m?
H 5.88J.s71.0C'?
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L 2.1m
Leqg 6.3 m
Na 10

Np 5

Ns 3

B 0.11m

4.1.2.- The storage system model

The heat storage tank was modelled with a stratified multimode approach [45]. The
tank was divided into two nodes or sections, and an energy balance was applied in
each one of these sections:

AT () . ) ) ) UAy-(Te1 (£)=Ta(t)
PV;—lt = m(t) * Tsoue(t) + 1 (t) - Tep(t) — g (t) - Tey (£) — M, (t) - Ty (2) — %,

(3)
V2O = i (£) - T () + 11 (8) - Tongue () — 15 (6) - T (8) = 10 () - T () = M
(4)

where the volume, V, was 1.5 m3, and the thermal losses coefficients, UA: and UAz,
were 3.6 J-s'-°C1and 3.8 J-s'1-°C1, respectively.

4.1.3.- The MD unit model

From the results presented in [41] and using the Matlab System Identification
toolbox, a static model was obtained to calculate the temperatures at the outlet of
the MD unit (Tmd,0ut) and heat exchanger (Thxout), and the distillate production (d).
It is described in Egs. 5 - 8 and in Table 2.

Tmd,in= Poo + Po1-Tmd,out + Po2-Thx,in (5)
Thx,out= P10 + P11*Tmd,out + P12* Thx,in (6)
Tmd,out= P20+ P21-Tmd,in + P22-Tsw + P23-T%md,in + P24-Tmd,in* Tsw (7)
d= p3o+ p31-Tmd,in + P32-Tsw+ P33-T%md,in + P34-Tmd,in* Tsw+ P35-T%sw

(8)

Table 2. Variables and parameters of the membrane unit model

Model parameters Value

poo 15.4 °C
po1 0.2

poz 0.6

p1o 11.8 °C
p11 0.2

p12 0.7

p20 158.4 °C
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p21 -5

p22 1.2

p23 0.05°C!

P24 -0.02°C1?

P30 -437.7 I-ht
p31 14.3 |-ht.oCt
p32 -6.4 |-ht-oC1
p33 -0.08 |-ht.°oC2
p34 -0.08 I-ht.0oC2
p3s 0.3 I-h1.oC2

The root mean squared errors obtained with the polynomial approximations de-
scribed in Egs. 5 - 8 were 0.7 °C, 0.4 °C, 0.8 °C and 2.4 |-h! for Tmd,in, Thxout, Tmd,out
and d, respectively.

4.2.- Operating modes

Four operating modes were defined in this facility for the purpose of the model:

o Stop mode (mode 0). In this operating mode, all the pumps are stopped.

o MD mode (mode 1). The solar field is stopped because the solar irradi-
ance is low, but the MD unit is operating with the heat from the storage
system.

. Solar field mode (mode 2). Solar fluid is circulating through the solar

field to increase the temperature of the heat inside the storage system,
but the thermal energy is not enough to operate the MD unit.

o Full mode (mode 3). The MD unit is in operation and solar fluid is
pumped to the solar field to increase the temperature in the storage sys-
tem.

The conditions to change the operating mode were the following ones:
El: (Tyoue > Tey +3°C) AND (T < 100°C),

E2: (Tyout > Ty + 1°C) OR (T pur < 115°C),

E3: T, >70°,

E4: T, <65°C,

being the state graph the one shown in Fig. 8.
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Fig. 8. State diagram considered to operate the SMD facility

4.3.- Temperature control

A control strategy was included in the model to maintain the temperature at the
inlet of the membrane module, Tmq,in at three different setpoints: 60 °C, 70 °C and
80 ©C, in order to consider different strategies for using the heat. Firstly, from the
setpoint and the actual Tmg,out values, the required temperature at the inlet of the
membrane unit, Thxin was inferred through the inverse of Eq. 5. Based on a heat
and mass balance in steady state conditions, the control 3-way valve aperture, v,
(Fig. 1) required to reach the desired temperature Thxin was calculated. In this
model, it was assumed that this valve is an ideal linear actuator:

Thx,in “Cp (Thx,in) = Ttl : Cp(Ttl) Y+ Thx.out ) Cp(Thx,out) ) (1 - Y) (9)

— SP'CIJ(Thx,in)_Thx.out'Cp(Thx,out) (10)
Tt1-Cp (Ttl)_Thx.out‘cp(Thx,out)

4.4.- Inputs of the model simulations
With the aim of performing an annual simulation, the following assumptions were
made:
e The solar irradiance at titled angle (45°) and the ambient temperature were
obtained from the Photovoltaic Geographical Information System (PVGIS)
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Monthly irradiation
at 45° angle

Ambient
temperature
0

Seawater

temperature
CIC)
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E T 1

Fig. 9.

4.

tool [48]. PVGIS is a free online tool aimed to estimate the solar electricity
production of a photovoltaic (PV) system. It provides solar radiation and
ambient temperature based on data from satellites. The data base used was
PVGIS-CMSAF and the chosen location was University of Almeria (36.830, -
2.404). The data obtained are depicted in Fig. 9. As can be observed, the
highest values of solar irradiance were reached near the equinoxes (monthly
averages of the irradiation are represented in Fig. 9 for better visual as-
sessment).

The monthly mean seawater temperature was obtained from the data col-
lected in [49] (see Fig. 9). The chosen location was Almeria (Spain).

When the solar field was operating, the solar fluid flow rate was established
as 15 |/min.

A constant pressure of 2 bar was assumed in the circuit.

Three different values of MD unit inlet temperature (Tmd,in) setpoint (70, 80
and 90 °C) were considered.

mhx and mmd were equal (18 |/min).

The initial conditions considered to perform the simulation were the follow-
ing ones: Tw(t=0) = 55 °C; Tu(t=0) = 70 °C; Tmgou(t=0) = 20 °C;
Ts,in(t=0) = Ttl; Ts,out(t=0) = Tt2.

250
200

150

(KWh/m?)
=)
o

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

40 -
630*

PP T A N S B

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

~ 15

Inputs used for the annual simulation

5.- Simulation results

The model was run for simulating the system behavior during a typical year, con-
sidering three different operating values of the temperature inlet to the MD module.
In order to reduce the computation time, the dynamic models were discretized with
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difference equations. The sampling time used was 60 s, to obtain a trade-off be-
tween execution time and the error obtained with the discretization.

The distillate production calculated with the model is shown in Fig. 10. The total
productions during the whole year were 41.7, 68.4 and 70.5 m3 considering the
heat used at different temperature setpoints of 60 °C, 70 °C and 80 °C respective-
ly. As can be observed, the difference between the first and second case is much
larger than between the second and third. The reason is that although the setpoint
was established at a fixed value, the controller could only maintain it when the con-
ditions were favorable. As shown in Table 3, in the case of the lowest setpoint (60
0C), almost 100% of the operation took place at that value, in the case of 70 °C
31.8%, and in the case of 80 °C, only 2.6% of the time Tmq,in was maintained at the
setpoint. To understand this, Figs. 2 and 4 can be invoked. While in the latter the
setpoint of 60 °C was reached almost immediately after starting the MD operation,
in the former it took longer to reach the setpoint of 80 °C, and this was only possi-
ble in a clear day with good conditions. This maximum setpoint, therefore, can be
seen as equivalent to operating using the heat without limitations, while the mini-
mum setpoint of 60 °C restricts the temperature to facilitate the extension of the
operation using the stored heat, as illustrated in Figs. 4 and 6.

10000 — . . .

Blsp=g0°C
Bl sp=70°C/|
Esp=60°C||

9000

8000 |

7000 | 1

6000

5000

4000

Distillate production (l)

3000

2000

1000

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Fig. 10. Monthly distilled water production. Comparison performed with different temperature
setpoints (SP) at the inlet of the MD module (Tpng,in).

Table 3. Distribution of the operating temperature of MD corresponding to each
setpoint: time in hours that Tmd,in was kept inside every interval.
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Setpoint SP Time (h)

Tmd,in=SP £ 10C SP-990C < Tmd,in < SP-10C  Tmdg,n < SP-9 0C

80 oC 55.4 408.1 1684.1
70 °C 683.3 1219.7 249
60 °C 2535.5 0.9

The highest monthly values of distillate production were obtained during the late
summer, when high solar irradiance at 45° coincided with high ambient tempera-
ture, so the heat losses in the solar field decreased. The strong influence of the
ambient temperature was observed comparing April and October with similar irradi-
ance. Production in the latter month was larger because ambient temperature was
higher. The largest values of distillate production were strongly linked with the
temperature setpoint at the inlet of the MD module (Tmd,in). It could be at its high-
est values (80 °C) when the solar field was at its highest efficiency, and this took
place during the late summer months because of the more abundance of clear days
and the fact that the energy stored allowed operating at temperatures close to 80
oC, whereas in winter months the system could barely reach 70 °C. The effect of
the seawater temperature was also important and was evident in the fact that the
maximum production occurred in September, with less irradiance and ambient
temperature than in August, but also less seawater temperature. As a consequence
of the better solar field efficiency during the summer, the operating time of the MD
unit in this period was twice than in winter (see Fig. 11). It is important to mention
that the operation at lower setpoint temperatures increased the operating time of
the MD because the use of the stored energy was more distributed along the time.
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Fig. 11. Mean monthly operating time of the MD unit. Comparison performed with different
temperature setpoints (SP) at the inlet of the MD module.

The use of the solar field also presented some differences along the year (see Fig.
12). In this case, working at higher temperatures at the inlet of the MD module
increased the operating time of the solar field (mainly during the summer). The
reason was that when a lower setpoint temperature was used during summer, the
heat extraction from the solar collectors took place at a lower rate and the temper-
ature at the outlet of the solar field could reach the maximum temperature estab-
lished (115 ©C) for the solar field to stop. This situation occurred because when
working at low setpoint temperatures in the MD the energy stored was higher and
the temperature at the inlet of the solar field was closer to the maximum tempera-
ture. However, the increase in operation time during the summer was less for the
solar field than for the MD module, with extended functioning due to the energy
stored when the daily solar radiation was larger. As a matter of fact, only in Janu-
ary and December the operating time of the solar field exceeded that of the MD,
because of the low radiation demanding a longer time to reach the setpoint value of
the operating temperature and the lack of possibilities to store heat. During the rest
of the year, the solar field was operating a shorter time than the MD, because the
latter’s functioning was extended due to the available stored heat. Indeed, this dif-
ference of operating time was more noticeable for the 60 °C setpoint, which al-
lowed a more prolonged use of the stored heat.
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Fig. 12. Mean monthly operating time of the solar field. Comparison performed with different
temperature setpoints (SP) at the inlet of the MD module.

Summarizing all the results, during a typical year the difference between operating
at 80 °C and 70 °C was 3.1% more production, with only 0.2% less MD operating
time and 3% more solar field operating time, while the difference between operat-
ing at a setpoint of 70 °C and 60 °C was 64% more production with 15.2% less MD
operating time and 18.5% longer solar field operating time. It is evident that work-
ing with the heat at its lowest temperature hinders greatly the distillate production,
and the decrease of solar field operation time is balanced by the increase of MD
operation time. It is not within the scope of this article to perform an economic
analysis, mainly because the costs of this novel V-MEMD technology are not yet
established (the technology is not commercially implemented). However, some
economic consideration can be used to assess the results. We can assume that the
operating costs are not going to be very different between the MD and the solar
field (mostly electric consumptions of two circulation pumps in the latter, one circu-
lation pump of similar power as the solar pumps plus the vacuum pump in the for-
mer), and in any case the operational costs (excluding thermal energy) are not the
highest in MD [18,50]. Thus, the larger relative increase of production when in-
creasing the temperature setpoint will have a greater beneficial effect on the costs.
In addition, as shown in Fig. 13 the distillate flux was larger and very similar for the
setpoints of 80 °C and 70 °C than for 60 °C, and also more stable, with an average
value of (5.5 1) Ih'tm=2vs. (3 £ 1) h'!m>2, respectively. This indicates that the
MD module was more efficiently used for the higher setpoints. Fig. 13 also shows
the beneficial effect of a lower seawater temperature on the specific performance of
the V-MEMD unit, since for a given operating temperature the maximum distillate
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flux values always coincide with the minimum seawater temperature values (see
Fig. 9). This effect is stronger the lower the operating temperature, since this en-
hances the effect of the cooling temperature on the MD unit [41]. Regarding the
choice between the setpoints of 80 °C and 70 °C, the longer operating time of the
solar field in the former case was reflected in a similar relative production increase
without any influence on the MD operation time. Thus, it seems beneficial to choose
the highest setpoint temperature for the solar heat.

B sp-g0°C
Bl sp=70°C||
Elsp=60°C

Distillate flux (| h™! m™)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Fig. 13: Mean monthly distillate fluxes obtained along the year with different setpoints (SP) at
the inlet of the MD unit (Thy,in).

5. Conclusions

In this work, the use of solar energy as thermal source for the production of dis-
tilled water from Mediterranean seawater with the V-MEMD unit MDS-40B was
evaluated. A solar field of flat plate collectors with total power up of 17 kW at
90 °C was used for energy harvesting, connected to a heat buffer tank. The design
of the solar field allowed working almost the whole year in a wide range of feed
temperatures in the MD module, between 60 and 80 °C. It was shown that the use
of a heat buffer in the desalination system made the operation more stable when
perturbations in solar radiation occurred. The feed temperature could be maintained
inside the operating range of 60 °C and 70 °C in the membrane module despite
changes in the solar radiation, and it was shown that the heat stored in the tank
during a day of operation was enough to operate the following day during a similar
length of time without solar radiation, although at a lower temperature. Reaching
an operating temperature of 80 °C proved more difficult, though, and only possible
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during 2.6% of the operating time during a typical year. A simulation of the system
showed that a total production of 41.7, 68.4 and 70.5 m3 can be obtained for a set-
point of 60 °C, 70 °C and 80 ©C respectively. The large decrease of production
when using the heat at 60 °C maximum temperature makes it unworthy and hardly
balanced by the operational expenses. Using the heat at 70°C was a better option,
and even the small production increase when allowing for a maximum temperature
of 80 °C was worthwhile, since the increment in the operational expenses was ra-
ther low compared to 70°C. It was demonstrated that the controlled operation of
the solar field managed to balance the competing effects between solar irradiance,
seawater temperature and availability of solar thermal energy to optimize the per-
formance of the MD unit.

Nomenclature

Variable Description Units

As Cross-section area of the loop pipe m?2

Cp Specific heat capacity J-kgt-°C

1
d Distillate production rate [-h-t
H Thermal losses coefficient J:st. oC
1

I Solar irradiance W-m-2

L Flat plate tube length m

Leq Equivalent flat plate tube length m

Mg Water mass flow rate between the heat exchanger and
the MD module

My Water mass flow rate between the 3-way valve and the kg-s™
heat exchanger

Meq Equivalent mass flow rate kg-s't

M, Solar field mass flow rate kg-st

m, Solar fluid mass flow rate between the tank and the kg-s
three-way valve

Na Number of tubes in each flat plate collector -

Np Number of flat plate collectors in parallel connection -

Ns Number of flat-plate collectors in series connection -

SP Temperature setpoint at the inlet of the MD unit

Ta Ambient temperature °C

Tmd,in Hot water temperature at the inlet of the membrane °C
module

Tmd,out Water temperature from the MD module to the heat ex- °C
changer

Thx,in Hot fluid temperature at the inlet of the heat exchanger °C

(inlet of the MD unit)
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Thx,out Fluid temperature from the heat exchanger to the tank °C

T, Mean temperature in the solar field °C

Ts,in Inlet temperature of the solar field °C

Ts,out Outlet temperature of the solar field °C

Tsw Seawater temperature °C

Ta Solar fluid temperature in the upper part of the tank °C

Te Solar fluid temperature in the lower part of the tank °C

UA: Tank thermal losses coefficient (upper part) J-st.oCt

UA: Tank thermal losses coefficient (lower part) J-gt.oCt

\Y; Volume of the tank m?3

Greek letters

B Tuning parameter that modulates the solar irradiance m
collection

p Solar fluid density kg-m-3

Y Three-way valve aperture parameter -

List of abbreviations

AGMD
GOR
MD
MED
MSF
PGMD
PVGIS
RO
SCADA
SMD
VMD
V-MEMD

Air gap membrane distillation

Gained output ratio

Membrane distillation

Multi-effect distillation

Multi-stage flash

Permeate gap membrane distillation
Photovoltaic geographical information system
Reverse osmosis

Supervisory control and data acquisition
Solar membrane distillation

Vacuum membrane distillation

Vacuum multi-effect membrane distillation
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