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ABSTRACT

Membrane distillation (MD) is a thermal-based membrane technology that is capable of
treating highly concentrated or contaminated brines, including use as part of a zero liquid
discharge desalination system. The low temperatures of operation of MD make it ideal to be
used with solar energy as a heat source. However, current solar powered MD systems show
poor performance and operate at low temperature compared to other thermal desalination
systems. This paper describes a novel configuration of air gap MD which employs direct
heating of the MD membrane by solar energy. The configuration provides a more uniform
temperature profile over the membrane in the flow direction thereby enhancing vapor pro-
duction. Heat transfer process modeling of the system shows that it can achieve a thermal
efficiency that is nearly twice that of current solar powered MD systems.

Keywords: Air gap membrane distillation; Heat and mass transfer; Desalination; GOR;
Temperature polarization

1. Introduction

Solar powered desalination has the potential to
provide a solution for arid, water scarce regions that
also benefit from sunny climates, but which are not
connected to municipal water and power distribution
networks that are necessary for the implementation of
efficient, large-scale desalination systems. Solar energy
can provide heat energy or electrical power to a
small-scale system that could run independent of any
other infrastructure.

The most common form of solar desalination is a
solar still. Solar stills are simple to build, but inher-
ently do not recycle energy as water condenses on a
surface that rejects heat to the ambient environment
[1]. Another option of this type is solar powered

reverse osmosis (RO). While being more energy effi-
cient than any thermal-based system, it requires
expensive components and is expensive to maintain.
The RO membranes experience high pressures and
can easily be damaged by substances commonly
found in seawater, therefore pretreatment is required.
High cost and complexity makes these systems unat-
tractive for off-grid or developing world applications.

Membrane distillation (MD) has several advanta-
ges as a means for desalination and water purification.
As a thermally driven membrane technology which
runs at relatively low pressure, which can withstand
high salinity feed streams, and which is potentially
more resistant to fouling, MD could be used for desa-
lination where reverse osmosis is not a good option.
The use of thermal energy, rather than electrical
energy, and the fact that MD membranes can
withstand dry out make this technology attractive for*Corresponding author.
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renewable power applications where input energy
and water production would be inherently intermit-
tent and large quantities of electricity (from photovol-
taic cells) would be very expensive. The easy
scalability gives it advantages over other large thermal
systems such as multistage flash and multi effect dis-
tillation for small-scale production.

However, renewable powered MD systems which
have been built currently have poor energy efficiency.
When measured by the gained output ratio (GOR)

1

these systems do not exceed the performance of a sim-
ple solar still, which typically has a GOR of 1, as most
solar stills do not usually employ energy recovery [2].
Systems with poor energy performance are generally
costlier to run, especially if there is a large capital cost
associated with solar collection [3]. Table 1 summa-
rizes the energy performance of existing renewable
powered MD systems.

Of all the systems above, air gap MD (AGMD) is
the simplest. The heat recovery mechanism is inte-
grated into the module and desalination is achieved
with a single flow loop. The air gap between the feed
and condensate stream limits heat loss. However, cur-
rent renewable powered systems use large solar col-
lector arrays which can be very expensive, as they
contain not only a solar absorbing surface and glass
covers, but piping and structure as well. If this could
be further integrated, a complete desalination system
could be provided as a single piece of equipment with
one pump for fluid circulation thereby reducing
capital and resultant water cost.

2. Radiatively heated MD

In the novel configuration proposed here, integra-
tion of the heat collection and desalination steps is
accomplished by using the MD membrane to absorb

solar energy. Instead of the fluid stream being heated
and sent to the start of the MD module at an elevated
temperature, the saline fluid stream is heated directly
at the point of evaporation by solar energy absorbed
by the MD membrane. Fig. 1 shows the heat and mass
flows along the length of membrane.

This configuration has several distinct advantages
over traditional MD systems. Firstly, since the fluid is
being continuously heated while it distills instead of
being heated before being distilled, the temperature
across the module remains higher, increasing the
vapor pressure and the resultant flux due to higher
evaporation potential. Secondly, since the heat of
vaporization is being provided directly from the heat
source at the liquid–vapor interface, the resistance to
heat flow through the boundary layer is substantially
reduced; temperature polarization. Lastly, the entire
MD process is now integrated in one device and can
take advantage of simple methods of solar collection
and concentration, such as using a Fresnel mirror
array as shown in Fig. 2.

Some aspects of this design have been investigated
previously. Use of direct heating on the membrane to
eliminate temperature polarization was experimen-
tally tested by Hengl et al. [8]. Heating was delivered
using an electrically resistive metallic membrane
which would be impractical to use in a large-scale
system. Energy efficiency performance was not mea-
sured. Chen et al. [9] used uniform solar flux to heat
the feed stream by placing a solar absorbing surface
above the feed stream. This method still retained the
temperature polarization effect, but captured the idea
of integrating solar collection and desalination into
one unit.

The feature that strongly distinguishes this system
from others developed in the past is a solar absorbing
membrane that is placed below the water layer. The
membrane can be a dyed single sheet that absorbs
solar energy near the MD pores, or a composite mem-
brane with a hydrophilic polymer such as polycarbon-
ate or cellulose acetate, layered on top of a standard
MD membrane material, like Teflon (PTFE).

1GOR is the ratio of the latent heat of evaporation of a unit
mass of product water to the amount of energy used by a
desalination system to produce that unit mass of product.
The higher the GOR, the better the performance.

Table 1
GOR and operating conditions of existing renewable powered MD desalination systems

System Type GOR Operating condition

Banat et al. [4] AGMD 0.9 Clear sky, 40.11 kWh/day absorbed energy, 7m2 memb. area

Fath et al. [5] AGMD 0.97 Clear sky, Ttop = 60–70˚C, 7m2 area, Tbot = 40–50˚C, 0.14 kg/s low rate, seawater

Guillen-Burrieza
et al. [6]

AGMD 0.8 Ttop = 80˚C+, 20.1 L/min (0.33 kg/s) feed flow rate, 5.6m2 memb. area, two modules
in series, 35,000 ppm feed salinity

Wang et al. [7] VMD 0.85

Operating conditions listed.

E.K. Summers and J.H. Lienhard V / Desalination and Water Treatment 51 (2013) 1344–1351 1345



3. Modeling

The MD portion of the system was modeled using
equations from Summers et al. [10]. However, in a
directly heated system, there is no external heat input
and the energy enters at the membrane surface. Since,
the surface is exposed to the environment, there are also
losses. A control volume of a differential portion of the
saline feed channel for this case in shown in Fig. 3.

Without a solar radiation input, the energy and
mass balance of the fluid flowing through differential
element remain the same as for any other MD system
[10]. The solar radiation component enters at the
membrane according to Eq. (1):

_mfdhf ;b ¼ �½Jmðhfg þ hf ;m � hf ;bÞ þ qm�dAþ SdA ð1Þ

where the subscripts f,b and f,m are the feed, the bulk
fluid, and membrane on the feed side. qm is the con-
ductive heat loss through the membrane, and Jm is the
vapor flux. Consolidating and collecting terms, Eq. (2)
shows that the solar input, S is distributed among sen-

sible heating of the feed stream; energy to evaporate
the liquid; and conductive losses through the mem-
brane, respectively:

SdA ¼ _mfdhf ;b þ Jmðhfg þ hf;m � hf ;bÞdAþ qmdA ð2Þ

The temperature difference between the feed in the
bulk stream and at the membrane surface can be
found using the heat transfer coefficient ht,f between
the bulk and membrane where heat flowing from the
membrane to the bulk increases the temperature of
the bulk stream over the length of the module as
described in Eq. (3):

mfdhf;b ¼ ht;fdAðTf ;m � Tf;bÞ ð3Þ

Fig. 3. The hot side of the MD membrane receiving heat
flux S, with heat and mass fluxes labeled.

Fig. 1. Schematic diagram of a radiatively heated MD
module with energy and mass flows.

Fig. 2. Side view of a system using Fresnel mirrors to
concentrate solar energy.
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3.1. Solar transmission

The quantity S is determined by the transmission
characteristics of the cover system. Since fluid flows
over the absorber plate, this fluid becomes an addi-
tional material in the cover system, attenuating the
energy that reaches the absorber.

A system of two covers was described by Duffie
and Beckman [1] which would account for incidental
reflections between covers; however, a good approxi-
mation for most solar collectors is that the transmis-
sion through the next cover is a fraction of what is
transmitted through the previous cover [1]. This is
described by Eq. (4) with the entry angle of the light
into the next cover is the exit angle of the previous
cover.

s2 ¼ ð1� q2Þð1� a2Þs1 ð4Þ

a and q are the fractions of energy lost by absorption
and reflection, respectively. s is what is transmitted.

The water layer below the second cover acts as an
additional cover. Reflection through the water is a
function of the entry angle of a beam of light that
exits the glass above it.

nglsinðhinÞ ¼ nwsinðhoutÞ ð5Þ

The perpendicular and parallel components of reflec-
tion are defined by Eq. (6) and can be used to find the
total reflectivity of the water layer in Eq. (7).

rk ¼ tan2ðhout � hinÞ
tan2ðhout þ hinÞ ð6aÞ

r? ¼ sin2ðhout � hinÞ
sin2ðhout þ hinÞ

ð6bÞ

ð1� qwÞ ¼
1

2

1� r?
1þ r?

þ 1� rk
1þ rk

� �
ð7Þ

where qw is fraction of beam light reflected from the
surface of the water, and rk and r? are the parallel
and perpendicular components of reflectance, respec-
tively. The loss due to absorptivity of the water layer
is slightly more complicated. The glass glazings have
a relatively constant extinction coefficient in the visi-
ble and near infrared where most solar radiation
occurs. The extinction coefficient is related to the
amount of radiant energy that gets absorbed per unit
thickness and is a function of wavelength as described
by Eq. (8):

aðkÞ ¼ 1� exp
�KextðkÞd
cosðhoutÞ

� �
ð8Þ

For water, the extinction coefficient varies in the range
of solar radiation wavelengths [11]. Fig. 4 shows the
transmissivity of water calculated from the extinction
coefficient [11] using Eqs. (7) and (8) compared to
borosilicate glass, which is a common glazing material
in solar collectors [12].
However, most solar energy that passes through the
atmosphere occurs at wavelengths below 1,500 nm. To
simplify the model to use one extinction coefficient for
the water layer, a power-weighted average is used.

While the extinction coefficient is not related to
power linearly, the absorptivity due to the extinction
coefficient (Eq. (8)), or the total power attenuated at a
specific wavelength, is the absorptivity multiplied by
the input power. The power-averaged absorptivity
(Eq. (9)) is used directly in the model instead of calcu-
lating it from a single extinction coefficient (as can be
done for a glass glazing panel using Eq. (8)).

aw ¼
Z 1

0

aðkÞIrðkÞdk
Z 1

0

IrðkÞdk
�

ð9Þ

where Ir is the irradiance in W/m2 nm. The irradiance
can be approximated by using Planck’s law of emis-
sion from a black body in a vacuum [11], where the
sun is approximated as a black body radiating at
5,762K [1].

Ir;blðkÞ ¼
2hplc2o
n2
airk

5
exp

hpl
co

nairkbkT

� �
� 1

� ��1

ð10Þ

Fig. 4. Transmissivity of solar collector glass compared to
water in the visible and near infrared spectrum.
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This then allows us to find the total transmissivity of
the water layer. Using Eq. (4) the transmissivity of the
full stack can be obtained and combined with
the solar absorptivity of the membrane to obtain the
transmission–absorption product. While the transmis-
sion–absorption product is a function of the reflectiv-
ity of absorber, the vast majority of opaque absorber
materials are minimally reflective and obey the rule
described in Eq. (11) [1].

ðsaÞ ¼ 1:01sstackaa ð11Þ

3.2. Heat loss from top of the module

As with any solar collector, the heated surface is
exposed to the environment in order to collect solar
energy. This results in a certain heat loss along the
length. The heat loss through a cover system has been
described in detail [1] as well as in previous work by
the authors [13].

The loss through the top is a combination of heat
transfer from the feedwater through the cover system
and to the environment. Heat transfer modes are
shown in Fig. 5.

The loss model further approximates the glass cov-
ers as opaque to thermal radiation from low tempera-
ture sources, and all energy received from radiation is
absorbed and re-radiated at the temperature of the
cover. Since the thermal radiation from the top cover
sees the sky, it is lost to a sky temperature of 4˚C, and
the convective loss is to an ambient air temperature of
25˚C. These conditions are typical of a desert environ-
ment on a clear day [14]. Typically, sky temperature is
relatively unimportant for calculating collector perfor-
mance [1]. However, this may become important as
the module can run near 90˚C and the radiative loss
becomes a higher percentage to the total loss to the
environment. Convective loss is determined by known
correlations for forced convection over a flat plate [15]
and an ambient wind speed of 4m/s. To minimize
loss to ambient air, the characteristic length of flow
over the collector can be kept small by spacers that
break up the wind along the length.

4. Cycle configurations and energy efficiency

A uniformly solar heated MD system can be used
in different cycle configurations. The simplest configu-
ration is the module itself, which accepts cool saline
water at the coolant inlet, and produces fresh water
and brine reject at an elevated temperature. Fig. 6
shows this configuration.

Energy efficiency was tested by modeling the com-
plete cycle. Lessons on optimal module designs from
previous work [10] were applied to the baseline
design for modeling the current system. Table 2
shows baseline operating conditions.

Under these conditions, pressure drop in the flow
direction is between 3.5 and 4 atm. For comparison,
the liquid entry pressure of a moderately hydrophobic
membrane with a contact angle of 120˚ and a pore
diameter of 200 nm is around 6.6 atm, allowing the
membrane to withstand such hydraulic pressures even
if it contains pores that are larger than the mean pore
diameter.

The measure of energy efficiency for this device
will be the GOR. It is the ratio of the amount of heat
needed to evaporate the product water to the actual
heat input for the cycle. As this device relies on solar
energy, the GOR can be calculated in two ways: The
heat input can be taken to be the incident solar radia-
tion, thereby accounting for all the losses in the solar
collection step, which for systems that use external

Fig. 5. Loss modes through the solar collecting surface of
the module.

Fig. 6. A basic desalination cycle using the AGMD
module.
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solar collectors is captured by the collector efficiency.
The heat input can be taken to be the energy provided
to the fluid, which excludes the collection inefficiency
and heat loss from the device. Both versions of GOR
can be defined in terms of the problem parameters in
Eq. (12):

GOR1 ¼
_mphfg
IA

ð12aÞ

GOR2 ¼
_mphfg

ðS� qlossÞA ð12bÞ

One sun represents 850W/m2, the daily mean radia-
tion for summer in a desert climate. The system was
modeled at a variety of percentages at that amount.
When the heat input was taken to be the incident
solar irradiation, GOR for this system was on the
order of 1, which is in line with existing solar desali-
nation technologies. When the heat input was taken
to be the heat absorbed by the fluid, the GOR can
approach three, which is competitive with commer-
cial MD systems [16]. In this cycle, the feed side
membrane temperature varies a great deal and goes
quite low, as the coolant inlet is fixed at the cold
seawater temperature. As a result, the potential for
evaporation is reduced and high concentration ratios
are required to achieve good performance as shown
in Fig. 9. If the temperature of the membrane was
higher and more even over the length, the potential
for evaporation would be higher and performance
improves for the same solar heat input. This is
accomplished by using a recovery heat exchanger, as
shown in Fig. 7.

The temperature over the module length is not
necessarily more flat, but higher overall, as shown in
Fig. 8. Most of the heat recovery in the system is done
in the heat exchanger. This however, comes at the cost
of additional losses, as the hotter feed fluid is exposed
to the environment.

Fig. 9 shows how the energy efficiency of this sys-
tem varies with heat input. Overall, the system with
regeneration performs better for a given amount of
energy input, especially when the heat input to the
fluid is used as a basis for GOR (GOR2). This has the
distinct advantage of eliminating the need for concen-
trating collectors and performing better during low

Fig. 7. The AGMD desalination unit with recovery heat
exchanger at the bottom of the cycle.

Table 2
Baseline properties of solar heated AGMD module

Module geometry Membrane

Effective length, L 145m Membrane distillation coefficient, B 16� 10�7 kg/s m2 Pa

Width, w 0.7m Porosity 0.8

Channel depth, dch 4mm Thickness 200 lm
Air gap, dgap 1mm Conductivity 1.2W/mK

Operational parameters Solar collection

Mass flow, _mf ; _mc 1 kg/s Irradiation, I 850W/m2

Seawater temperature, TSW,in 20˚C Concentration ratio 1

Glazing separation 30mm

Glazing thickness 1.5mm

Glazing emissivity 0.8

(sa) Product 0.65
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solar insolation periods, such as dawn and dusk. Since
losses make up a greater fraction of the heat input,
and are not linearly related to temperature, the differ-
ence between the two definitions of GOR becomes
more apparent. For the highest insolation at one sun,
this corresponds to a 28% efficient solar collector.

5. Conclusions

A novel MD system using direct radiant heating of
the membrane has been described. This device is
promising in improving solar powered desalination in
a simple, effective single or two-piece device. It has
the advantages of integrating solar collection into a

single device, and delivering heat directly to the
source of evaporation, reducing temperature polariza-
tion, and increasing vapor flux. A simple liquid–liquid
heat exchanger can be added to improve performance,
allowing the device to function well during low inso-
lation periods. This device has the potential to achieve
performance that exceeds both that of existing solar
stills and that of more complex solar powered MD
systems.
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Symbols

A –– surface area, m2

c0 –– speed of light, m/s

dA –– differential area, m2

dz –– differential module length, m

h –– specific enthalpy, J/kg

hfg –– latent heat of vaporization, J/kg

hpl –– Planck’s constant, J s

ht –– heat transfer coefficient, W/m2 K

I –– irradiation, W/m2

Ir –– irradiance, W/m2 nm

Jm –– vapor flux through the membrane, kg/m2 s

kb –– Boltzmann’s constant, J/K

Kext –– glazing extinction coefficient, 1/m

_m –– mass flow rate, kg/s

n –– index of refraction

�q –– loss average heat loss across the device, W/m2

qm –– heat flux through the membrane, W/m2 K

r –– reflectance

S –– solar radiation flux absorbed by the membrane,
W/m2

Ut –– overall heat loss coefficient, W/m2 K

Greek symbols

(sa) –– transmission–absorption product

k –– wavelength, nm

a –– absorptivity

q –– reflectivity

h –– beam angle, rad

s –– transmissivity

Subscripts

k –– beam component parallel to surface

\ –– beam component perpendicular to surface

a –– absorber

Fig. 8. Temperature profile of the feed side of the
membrane along the collector length with and without
recovery at an insolation of one sun.

Fig. 9. GOR as a function of degree of solar concentration
with and without regeneration.
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air –– air

b –– bulk flow

bl –– blackbody

c1 –– inner cover

c2 –– outer cover

conv –– convective heat transfer

f –– feed

gl –– glazing material

in –– in

m –– membrane

out –– out

rad –– radiative heat transfer

stack –– glazing stack
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