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ABSTRACT

The use of solar energy to feed the MD desalination process is being evaluated at
Plataforma Solar de Almerı́a, the largest European facility for solar energy research, located
in SE Spain. A test bed for the evaluation of membrane distillation modules is under
operation coupled to a field of static solar collectors. Different commercial modules and
real-scale prototypes are tested in continuous operation and coupled with a solar thermal
source, in order to obtain data in conditions closer to real applications than the tests
performed at laboratory scale. This particular study shows an evaluation of two different
modules using spiral-wound membranes, one with a liquid-gap configuration (built by
Solar Spring) and the other with an air-gap configuration (built by Aquastill). An assess-
ment of the influence of the operational parameters in the performance was done within the
allowed ranges of operation of each prototype, with special attention to the temperatures
and the feed flow rate. Also, the influence of the salinity was investigated using feed water
with salts at different values of conductivity. The characterization of the systems is done
based on the quality of the distillate, as well as the measured values of distillate production
and thermal performance, choosing the specific distillate flux obtained and the gain output
ratio (GOR) as performance indicators. The main results of the analysis are summarized
and compared, discussing the particular operational experiences in each case.

Keywords: Solar desalination; Membrane distillation; Experimental results; Renewable energy
desalination

1. Introduction

The water crisis is a global problem. In the last cen-
tury, water use has surpassed the sustainability level in
an increasing number of regions. Nearly, 1,200 million

people live in regions with physical water scarcity
while 1,600 million have economic water scarcity [1].
The regions most affected by the scarcity of freshwater
have arid and semi-arid climates. In order to meet the
demand in these areas, desalination processes are con-
sidered a suitable proposal. However, conventional
desalination technologies such as multi-stage flash*Corresponding author.
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distillation (MSF), multi-effect distillation (MED) or
reverse osmosis (RO) are not always a good choice,
because they are designed for industrial-scale water
production and plenty of these zones require a small
production of water. This creates the necessity of devel-
oping medium size, robust and autonomous desalina-
tion units using alternative energy sources [2]. While it
is true that RO can be downscaled and fed with photo-
voltaic energy, the complications derived from its dis-
continuous operation require skilled technicians which
are not always available in these places. On the other
hand, solar membrane distillation (SMD) can adapt bet-
ter to discontinuous operation and has the potential to
become a suitable and sustainable solution to put an
end to the water deficit in these areas which receive
high solar irradiation for many hours per day.

Membrane distillation (MD) is a non-isothermal
membrane separation process known since the 1960s.
However, until the 1980s, commercial membranes with
the desired properties were not available. The driving
force of the process is the vapour pressure difference
created by a temperature difference between both sides
of a hydrophobic microporous membrane. Only vapour
is transported through the membrane due to the liquid-
rejecting properties of the membrane materials. How-
ever, the liquid phase can penetrate the pores if the
hydrostatic pressure exceeds the minimum liquid entry
pressure (LEP). So, membranes for MD must have a
high LEP to prevent the passage of liquid. Besides, a
low resistance to mass transfer is required to help the
vapour flux, and a low thermal conductivity is desir-
able to minimize heat losses and maintain the necessary
temperature gradient. In comparison with other mem-
brane separation processes, MD is not driven by abso-
lute pressure, which has several advantages. On the
one hand, the size of the pores can be larger (from 0.2
to 1 μm [3]). This fact, together with the hydrophobicity
of the membrane, decreases the risk of clogging, which
eliminates the need of chemical pre-treatment to water
before entering the modules, just a simple pre-filtration
would be necessary. On the other hand, water with a
high concentration of solutes can be treated. This is the
case of water with high salinity which increases the
energy consumption and membrane fouling in a RO
treatment, like concentrated brines or even sea water
from the Arabian Gulf [4]. Since MD is an evaporative
process, a complete rejection of non-volatile compound
occurs and the quality of the distillate is independent
of the feed water. Furthermore, the range of operating
temperatures enables the use of waste heat and
renewable energy sources such as solar thermal.

The driving force of the MD process can be set up
with five different module configurations [5,6]. The
most simple configuration is direct contact membrane

distillation (DCMD), in which a solution cooler than
the feed is in direct contact with the permeate side of
the membrane. Evaporation of the volatile molecules
takes place in the hot liquid–vapour interface due to
the vapour pressure difference generated by the trans-
membrane temperature difference. Then, vapour
crosses the pore of the membrane and condenses in
the cold liquid/vapour interface created in the perme-
ate side. Therefore, in this configuration, the distillate
produced is mixed with the cold solution. The main
drawback of this MD configuration is the large sensi-
ble heat losses by conduction through the membrane.
To reduce them, a condensation surface is introduced
in the module, separated from the membrane by a
layer of stagnant air. This configuration is called
air-gap membrane distillation (AGMD). The coolant
solution circulates through the other side of the con-
densation surface, and vapour crosses the air gap to
condense over the cold surface. Because of the air gap,
there is an additional mass transfer resistance and
therefore, the distillate fluxes obtained are lower. This
disadvantage can be remedied if the gap is full of a
stagnant cold liquid that usually is the distillate. This
configuration, liquid-gap membrane distillation
(LGMD), has fewer heat losses by conduction than
DCMD, and the mass transfer resistance is lower than
in AGMD. Besides the previous configurations, there
are two more in which the condensation takes place
outside the module in a separate unit. In sweeping
gas membrane distillation (SGMD), cold inert gas
sweeps the vapour from the permeate side to the con-
denser. To avoid the subsequent separation of vapour
and gas, a vacuum can be applied in the permeate
side. This reduces the conductive heat losses, but with
the vacuum, the LEP of the membrane pores can be
surpassed causing membrane wetting.

MD can be used for different purposes apart from
desalination, such as concentration of ions, colloids or
other non-volatile compounds from aqueous dilutions,
and removal of non-volatile pollutants and micro-
organism from wastewater. MD has been extensively
studied at small scale; however, further experimenta-
tion at a higher scale is necessary for its complete
industrial development and usually the results
obtained at pilot scale do not match with the ones
achieved at a laboratory scale [7].

In order to assess the technology of membrane dis-
tillation under real conditions and coupled with solar
energy, two test beds have been built at Plataforma
Solar de Almerı́a (PSA) (SE Spain). Several prototypes
have been analysed. This study shows a preliminary
evaluation of two different modules using spiral-
wound membranes, one with a liquid-gap configura-
tion and the other with an air-gap configuration.
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2. Materials and methods

The experiments were performed at Plataforma
Solar of Almerı́a during several months of operation
with real solar energy conditions, using static solar
thermal collectors at about 85˚C. The test beds have
been described elsewhere [7]. Two full-scale MD com-
mercial units with spiral wound modules have been
evaluated. One is the Oryx 150 unit built by the Ger-
man company Solar Spring GmbH [8] and the other a
pilot unit by Dutch company Aquastill. The former
uses a LGMD configuration, while the latter is
AGMD.

2.1. Spiral wound modules

The use of spiral-wound modules in MD came up
more than 20 years ago [9,10]. In this type of modules
(Fig. 1), flat sheet membranes, channels and spacers
are assembled and rolled around a tube. This way,
the membrane reaches a packing density between
300m2/m3 and 1,000m2/m3, reducing the space
occupation.

Modules with AGMD and LGMD configuration
comprise three channels: the evaporator channel, the
cooling channel and the distillate channel, which is
between the former two. Feed water is pumped into
the cooling channel. In this channel, the temperature
of the water is increased by the internal heat recovery
and then it flows through a heat exchanger to further
raise its temperature. The heat exchanger receives heat
from an external heat source; in this case, a field of
static solar collectors. Then, the hot water flows
through the evaporator channel in counter-current
flow with water from the cooling channel. In this
channel, evaporation takes place, vapour passes
through the membrane and the remaining brine is

returned to the feed tank. The vapour condenses on
the condenser foil, and in the AGMD, it slides down
to be collected at the bottom of the module, while in
the LGMD, it remains in the gap and overflows at the
top of the module. Latent heat of condensation is
recovered as sensible heat to increase the temperature
of the feed while acting as coolant and minimize the
external heat supply. The spiral-wound configuration
and the counter-current flow of the coolant and the
hot water maximize internal heat recovery. Fig. 2
shows a diagram of the solar MD experimental unit.

The Oryx 150 unit by Solar Spring uses a module
with a LGMD configuration developed in collabora-
tion with the Fraunhofer Institute [8]. The module is
900mm high and has a diameter of 360mm and all
the connections (inlets and outlets of the cold and hot
streams and distillate outlet) are located in the upper
part of the module (Fig. 3). The AGMD Aquastill
module has a height of 500mm and a diameter of
600mm, with the distillate outlet located at the bottom
of the module, as the brine outlet and the feed water
inlet, while the outlet of the cooling channel and the
inlet of the evaporator channel are on the top side
(Fig. 4).

The membrane of the Solar Spring module is made
of PTFE, a hydrophobic polymer which has a low sur-
face energy and an exceptional chemical resistance
together with a good thermal stability [12]. However,
in the Aquastill module, the membrane used is a spe-
cial kind of PE. The membrane used by Solar Spring
has an effective area of 10m2 and a length of 7m,
with nominal pore size of 0.2 μm, porosity of 80% and
thickness of 70 μm. The rest of the module compo-
nents are manufactured of plastic too, such as ETFE
for the condenser foil, LDPE for the spacers and GFK
in the case of the shell [13]. The membrane used by

Fig. 1. Schematic diagram of a spiral-wound module
(adapted from [11]).

Fig. 2. Schematic diagram of the solar MD experimental
unit.
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Aquastill has an effective area of 24m2 with a length
of 5m, it has nominal pore size of 0.3 μm, porosity of
85% and thickness of 76 μm. The materials used for
the condenser foil, the spacers and the shell are PET-
AL-PET, PP and polyurethane, respectively [Aquastill,
private communication].

2.2. Performance parameters evaluated in the study

The production of distillate was studied by analys-
ing the distillate flux, calculated as the mass flow rate
of distillate produced ð _mdÞ per unit of surface of
membrane.

Distillate flux
l

h �m2

� �
¼ _md

qd � specific surface area
(1)

Another important parameter in MD is the recovery
ratio (RR), which indicates the fraction of the feed
water that is transformed into distillate.

RRð%Þ ¼ _md

_mf
� 100 (2)

where _mf is the mass flow rate of feed water (kg/s).
The energy efficiency of the system was calculated

using the performance parameter gain output ratio

(GOR) that is defined as the latent heat necessary to
evaporate all the mass flow rate of distillate produced
compared with the external heat added [14].

GOR ¼ _md � Dhv
_Q

(3)

where Δhv is the enthalpy of vaporization (kJ/kg) and
_Q is the rate of thermal energy supplied to the system
(kJ/s).

Finally, the quality of the distillate was evaluated
by measuring its conductivity and calculating the salt
rejection factor:

SRF ð%Þ ¼ rf � rd
rf

� 100 (4)

where σf is the conductivity of the feed and σd is the
conductivity of the distillate.

Fig. 3. Oryx 150 system at the facilities of PSA.

Fig. 4. Aquastill pilot unit at the facilities of PSA.
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2.3. Experimental plan

In MD, the maximum temperature in the evapora-
tor channel is limited by the thermal resistance of the
materials (the membrane, usually) to values below
85˚C. So, the maximum operational temperature con-
sidered in this study was 80˚C. Modules were oper-
ated inside the recommended feed flow rates of each
fabricant, in order to avoid surpassing the LEP of the
membrane, which would produce unwanted pore wet-
ting, and to guarantee a good internal heat recovery.
Experiments were carried out for two different feed
flow rates (400 and 600 l/h) in the case of Solar Spring
module and, at the moment of writing this paper, for
a single feed flow rate (550 l/h) in the Aquastill mod-
ule. For both MD units, tests were done using a solu-
tion of marine salts with total salinities around 1 g/l
as control test and 35 g/l to simulate the average salin-
ity of seawater. No pretreatment was used in any case.
To keep the salinity constant, operation was per-
formed in batch mode, returning the brine and distil-
late to the feed tank. The Solar Spring unit has an
automated system for refilling the feed tank with
cooler salt water as its level decreases during the oper-
ation. By operating in batch mode, this system is deac-
tivated and as a result, the temperature of the feed
tank increased throughout the operation due to the
residual heat carried by the brine. In the Aquastill
plant, this problem was minimized using a much lar-
ger feed tank. Experiments were performed trying to
maintain stationary operational conditions. Every
experiment lasted at least 60min, and the first 15min
were discarded in both modules to avoid possible pre-
vious fluctuations from the steady conditions. Opera-
tional parameters were monitored and controlled by a
supervisory control and data acquisition (SCADA)
connected through a programmable logic controller
(PLC). Measures of feed and distillate conductivities
were done manually every 15min. In the Solar Spring
experiments, distillate flow rate was measured every
15min, so the performance parameters were averaged
during 15min intervals to obtain the corresponding
measurement. In the Aquastill experiments, the distil-
late flow rate was measured with higher frequency,
but data were averaged every 15min for comparison.

3. Results and discussion

The quantity of distillate produced in the two
modules was analysed by means of the distillate flux
and the recovery ratio. The former is shown in Figs. 5
and 6 for feed salinities 1 and 35 g/l, respectively.
Measurements are presented for different values of
the temperature difference between the hot inlet and

the cold inlet, which is the driving force of the pro-
cess. For the Solar Spring module data are shown for
two different feed flow rates (400 and 600 l/h) and for
the Aquastill module, at a feed flow rate of 550 l/h.
For all cases, the distillate flux increased with the tem-
perature difference, although it was larger for the
Solar Spring module. The increase in productivity
with the temperature difference was linear. This is
usually the case with real-sized modules, in which
macroscopic effects make the productivity trend devi-
ate from Antoine’s law which predicts an exponential
increase [15]. In the Solar Spring module, an increase

Fig. 5. Variation of the distillate flux with the temperature
difference between the hot inlet and the cold inlet for the
Solar Spring and Aquastill modules for feed salinity 1 g/l.

Fig. 6. Variation of the distillate flux with the temperature
difference between the hot inlet and the cold inlet for the
Solar Spring and Aquastill modules for feed salinity 35 g/l.
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in productivity with the feed flow rate was also clear.
The influence of salinity was much smaller, and the
values obtained for 35 g/l were only slightly lower
than for 1 g/l. For instance, the distillate flux obtained
with the Solar Spring module at feed salinity 1 g/l
was 1.90 l/hm2 for a temperature difference of 48˚C
and a feed flow rate of 400 l/h. For the same condi-
tions, but feed salinity 35 g/l, the measured distillate
flux was 1.76 l/hm2. The distillate flux for the Aqua-
still module at 550 l/h feed flow rate was lower (by a
factor of three for the maximum values) than that for
the Solar Spring module at 600 l/h feed flow rate.
However, the concentration factors of the saline feed
obtained with the Aquastill module were similar or
larger than the Solar Spring one. Figs. 7 and 8 show
the RR as a function of the temperature difference for
both modules and for feed salinities 1 and 35 g/l,
respectively. It can be seen that the RR increases line-
arly with the temperature difference in both modules,
with no significant differences between the different
feed flow rates in the case of the Solar Spring module.
For 1 g/l, and for a temperature difference between 35
and 55˚C, the values obtained for the Aquastill mod-
ule were slightly larger than the Solar Spring module,
though considering the error bars in the data, not sig-
nificantly. The results for salinity of 35 g/l were simi-
lar for all modules, and lower than for feed salinity
1 g/l, especially in the case of the Aquastill module
(between 10% and 30% decreases compared with a
maximum of 12% in the Solar Spring module).

Efficiency in the use of thermal energy is an
important parameter for the industrial implementa-
tion of solar thermal desalination. As explained

before, GOR was the parameter chosen to assess the
thermal energy efficiency. In this study, GOR was
calculated for both modules considering only experi-
ments performed at 35 g/l. Fig. 9 shows the values of
the GOR obtained for the Solar Spring module at two
different feed flow rates, 400 and 600 l/h and for the
Aquastill module, a feed flow rate of 550 l/h. The
values measured in the Aquastill module were
greater than 4 for all cases, reaching values near 7
for the highest temperature difference between the
hot inlet and the cold inlet (approximately 50˚C). On
the other hand, the GOR measured for the Solar

Fig. 7. Variation of the RR with the temperature difference
between the hot inlet and the cold inlet for the Solar
Spring and Aquastill modules for feed salinity 1 g/l.

Fig. 8. Variation of the RR with the temperature difference
between the hot inlet and the cold inlet for the Solar
Spring and Aquastill modules for feed salinity 35 g/l.

Fig. 9. Variation of the GOR with the temperature differ-
ence between the hot inlet and the cold inlet for the Solar
Spring and Aquastill modules for feed salinity 35 g/l.
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Spring module did not reach 4 even for temperature
differences larger than 50˚C. These values are signifi-
cantly larger than those reported for pilot-size plate
and frame modules [16]. Moreover, when the feed
flow rate was increased in the experiments carried
out with the Solar Spring module, the values of GOR
decreased. For a temperature differences above 40˚C,
the values of GOR for the Solar Spring module were
higher for 400 g/l feed flow rate, reaching values
over 3, while for 600 l/h the maximum value was
2.75. Another significant difference between both
modules is the variation of the GOR with the temper-
ature difference. The GOR increased with the temper-
ature difference between the hot side and cold side
in both cases, but this effect was greater for the
Aquastill module than for the Solar Spring module.
For an increase of 14˚C in ΔT, the GOR in Aquastill
module increased 57%, while a similar increase in the
GOR of the Solar Spring module required a raise in
the temperature difference of 40˚C for the case of
feed flow rate 400 l/h.

As shown in the results, the temperature differ-
ence had a positive effect in all cases; however, the
feed flow rate had a different effect in the thermal
energy efficiency and the distillate production. This is
due to the hydrodynamic conditions being enhanced
by achieving a more turbulent regime which
decreases polarization effects and therefore favours
the flow of vapour. However, turbulence can increase
the heat losses across the membrane. Moreover, the
different performance of the modules can be related
to the different configurations. As aforementioned,
the air gap in the AGMD minimizes the heat losses
by conduction through the membrane which is
responsible for decreasing the thermal efficiency of
the MD process. However, the air gap increases the
mass transfer resistance, so even though the energy
efficiency is higher, the distillate fluxes can be lower.
The fact that the effective cross-flow velocity of the
Aquastill module is lower than in the Solar Spring
module needs also to be taken into account (for feed
flow rate of 550 l/h, the effective cross flow velocity
in Aquastill is 0.039m/s while for feed flow rate of
400 l/h in Solar Spring is 0.076m/s). This means that
the contact time of the feed flow with the membrane
is larger, which increases the heat recovery. However,
the lower effective cross-flow velocity decreases the
turbulence and this decreases the vapour flux
through the membrane, making the distillate flux
lower. Nevertheless, the RR of the Aquastill module
is comparable with the Solar Spring one. This means
that the total distillate flow rate is not that dissimilar
in both modules, since the differences in the feed
flow rates are not that large.

3.1. Quality of the distillate

Measured values of distillate conductivity corre-
sponding to feed salinities about 1 and 35 g/l for the
Solar Spring module are represented in Fig. 10. For a
salinity of 1 g/l, all the results showed excellent distil-
late quality, always below 20 μS/cm. For a salinity of
35 g/l, the majority of the results showed similar dis-
tillate quality (more than half of the measurements
between 1 and 5 μS/cm), though the occurrence of
very high values (>100 and even >1,000 μS/cm) was
remarkable. These correspond to measurements at the
beginning of the experiments, and might be explained
by salt deposition occurring on the membrane when
the process is discontinued [17]. Subsequent flushing
of the crystals as more permeate is being produced,
which would restore the quality of the distillate. This
effect is obviously much less important for a salinity
of 1 g/l. Fig. 11 show the measurements of distillate
conductivity for salinities 1 and 35 g/l obtained in the

Fig. 10. Frequency distribution of the values of distillate
conductivity measured for the Solar Spring module in the
experiments carried out with feed salinities 1 and 35 g/l.

Fig. 11. Frequency distribution of the values of distillate
conductivity measured for the Aquastill module in the
experiments carried out with feed salinities 1 and 35 g/l.
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Aquastill module. If we compare both modules, the
measured range of conductivities for a salinity of 1 g/l
in the Aquastill module was higher than that in the
Solar Spring module, though almost all the measure-
ments fell below 20 μS/cm. Worse results were
obtained for a salinity of 35 g/l. In this case, the aver-
age conductivities obtained in the Aquastill module
were between 100 and 200 μS/cm, much larger than
those in Solar Spring module. Figs. 12 and 13 show
the salt rejection factor (SRF) for both salinities in the
Solar Spring module and Aquastill module, respec-
tively. For 35 g/l feed salinity, salt rejection factors
generally greater than 99.9% were achieved in Solar
Spring while the maximum SRF obtained in the Aqua-
still module was 99.9%, and the majority of the values
were between 99.6 and 99.8%. These results are con-
current with the larger pore size (and lower hydro-
phobicity) of the modified PE membrane of the
Aquastill module compared with the PTFE membrane
of the Solar Spring module.

4. Conclusions

Two pilot units of MD developed by different man-
ufacturers using spiral-wound modules are under eval-
uation for solar desalination at PSA. They are based on
two different configurations: one is LGMD (Solar
Spring) and the other AGMD (Aquastill). Their perfor-
mance was analysed and compared for several opera-
tional parameters. On one hand, the energy efficiency
was larger than in plate and frame modules, with GOR
values exceeding 3 in the Solar Spring module and
reaching 7 in the Aquastill module. Despite the higher
energy efficiency of the latter (GOR about twice higher),
distillate fluxes were lower than in the Solar Spring
module (even three times smaller). Recovery ratios
were similar in both cases. The distillate quality was
lower in the Aquastill than in the Solar Spring module,
though still acceptable (conductivity values mostly
below 200 μS/cm for feed salinity 35 g/l). From this pre-
liminary analysis, it can be concluded that the Aquastill
AGMD pilot unit is able to obtain with higher thermal
energy efficiency a similar amount of distillate produc-
tion than the Solar Spring LGMD Oryx 150 unit, using a
module with 2.4 larger membrane surface area. The
effect of the different membrane characteristics between
the two modules need to be studied further before per-
forming an economic analysis.
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Abbreviations
MSF — multi-stage flash distillation
MED — multi-effect distillation
RO — reverse osmosis
SMD — solar membrane distillation
MD — membrane distillation
LEP — liquid entry pressure
DCMD — direct contact membrane distillation
ACMD — air-gap membrane distillation
LGMD — liquid-gap membrane distillation
SGMD — sweeping-gap membrane distillation
PSA — Plataforma Solar de Almerı́a
PTFE — polytetrafluoroethylene
PE — polyethylene
ETFE — ethylene tetrafluoroethylene
LDPE — low-density polyethylene
GFK — glass reinforced plastic
PET-AL-PET — polyethylene terephthalate

(aluminium-laminated)

Fig. 12. Frequency distribution of the values of SRF mea-
sured for the Solar Spring module in the experiments car-
ried out with feed salinities 1 and 35 g/l.

Fig. 13. Frequency distribution of the values of SRF mea-
sured for the Aquastill module in the experiments carried
out with feed salinities 1 and 35 g/l.

2784 A. Ruiz-Aguirre et al. / Desalination and Water Treatment 55 (2015) 2777–2785



PP — polypropylene
SCADA — supervisory control and data

acquisition
PLC — programmable logic controller

Symbols
_m — mass flow rate (kg/h)
RR — recovery ratio (%)
GOR — gain output ratio
Dhv — latent heat of vapourization (kJ/kg)
_Q — thermal heat flow rate (kJ/s)
SRF — salt rejection factor (%)
σ — electrical conductivity (µS/cm)
ΔT — temperature difference between hot

feed and cold feed of the MD module
(˚C)

ρ — density (kg/l)

Subscripts
d — distillate
f — feed
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