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Received: 18 November 2015 / Accepted: 11 May 2016

� Springer-Verlag Berlin Heidelberg 2016

Abstract Although the costs of desalination have declined,

traditional desalination systems still need large amounts of

energy. Recent advances in direct contact membrane distilla-

tion can take advantage of low-quality renewable heat to

desalinate brackish water, seawater, or wastewater. In this

work, the performance of a direct contact membrane distilla-

tion (DCMD) system driven by salt-gradient solar ponds was

investigated. Amathematical model that couples both systems

was constructed and validated with experimental data avail-

able in the scientific literature. Using the validated model, the

performance of this coupled system in different geographical

locations and under different operational conditions was

studied. Our results show that even when this coupled system

can be used tomeet the future needs of energy andwater use in

a sustainableway, it is suitable for locations between 40�Nand

40�S that are near the ocean as these zones have enough solar

radiation, and availability of excess water and salts to operate

the coupled system. The maximum freshwater flow rates that

can be obtained are on the order of 3.0 L d-1 per m2 of solar

pond (12.1 m3 d-1 acre-1), but the expected freshwater pro-

duction values are more likely to be on the order of 2.5 L d-1

per m2 of solar pond (10.1 m3 d-1 acre-1) when the system

operateswith imperfections. The coupled systemhas a thermal

energy consumption of 880 ± 60 kWh per m3 of distillate,

which is in the range of other membrane distillation systems.

Different operational conditions were evaluated. The most

important operating parameters that influence the freshwater

production rates are the partial pressure of air entrapped in the

membrane pores and the overall thermal efficiency of the

coupled system. This work provides a guide for geographical

zone selection and operation of a membrane distillation pro-

duction system driven by solar ponds that can helpmitigate the

stress on the water-energy nexus.

Keywords Sustainable water production � Thermal

desalination � Renewable energy � Solar ponds

Introduction

Water and energy are intrinsically linked and are crucial

for sustainable development (Gilron 2014; Emec et al.

2015). With enough energy, water may be harvested from

aquifers, treated for potable reuse, or desalinated from

brackish and seawater supplies (Suárez et al. 2014a). Even

though the costs of desalination have declined, traditional

desalination systems still need large amounts of energy

(Shannon et al. 2008; Nasr and Sewilam 2015). If this

energy comes from fossil fuels, water is not going to be

produced in a sustainable way. Desalination driven by

renewable energy is an attractive solution to tackle this

water-energy nexus because it has lower environmental

impacts and lower greenhouse gas emissions (Li et al.

2013). Even more, new temperature-driven membrane

techniques can produce freshwater at a competitive cost,

being very effective in desalting brackish water, seawater,
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or even brines (Karagiannis and Soldatos 2008; Hicken-

bottom and Cath 2014).

Low-temperature membrane distillation driven by ther-

mal solar energy is a promising approach to desalination

(Mathioulakis et al. 2007; Ranjan and Kaushik 2014). This

approach is well suited to arid regions, where there is a

fresh water shortage, a salt water surplus, and high avail-

ability of solar energy (Seckler et al. 1999; Suárez et al.

2014b, 2015). A renewable heat source for membrane

distillation systems is a solar pond, which is a water body

that collects and stores solar radiation as thermal energy

(Rabl and Nielsen 1975; Ruskowitz et al. 2014). A tradi-

tional solar pond consists of three layers (Fig. 1): the upper

convective zone, the non-convective zone, and the lower

convective zone. The upper convective zone is located in

the uppermost section of the solar pond and has the least

saline water within the water body. The non-convective

zone consists of an increasing saline solution with

increasing depth. This zone is located below the upper

convective zone. The salinity gradient present in the non-

convective zone suppresses global circulation within the

pond while still allowing solar radiation to reach the lower

convective zone. The lower convective zone is located

below the non-convective zone, being the most saline

layer. As the lower convective zone collects solar radiation

and rises in temperature, the high salinity solution remains

trapped below the non-convective zone due to its density.

This density gradient allows the lower convective zone to

collect and store solar energy for long periods of time

(Suárez et al. 2010a). In previous investigations, tempera-

tures higher than 80 �C have been observed in the lower

convective zone (Leblanc et al. 2011).

The thermal energy stored in the solar pond can be

utilized for low-thermal energy applications such as ther-

mal desalination by direct contact membrane distillation

(DCMD) (Suárez et al. 2010b, 2015). DCMD is a config-

uration of membrane distillation where a warm feed solu-

tion and a cool distillate solution are in direct contact with

both sides of a hydrophobic membrane (Fig. 1) (Hicken-

bottom and Cath 2014). The driving force is the vapor

pressure gradient that is induced across the membrane from

contact of the warmer and cooler streams. The simplicity of

DCMD, needing only a membrane module, low-grade heat,

and low-pressure pumps, makes it suitable to be coupled

with a solar pond for solar-powered thermal desalination.

As an example, Fig. 1 presents a schematic representation
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Fig. 1 Schematic representation of a membrane distillation system powered by a solar pond. Seawater can be used as feed solution. Seawater

can also be used as a heat sink to maintain a low temperature in the permeate side of the membrane system
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of a DCMD module connected to a solar pond for fresh-

water production. In this example, the feed solution is

taken from the ocean and warmed in a heat exchanger

connected to the solar pond. Then, the feed solution passes

through the feed side of the membrane distillation system.

A portion of the concentrate is directed towards the lower

convective zone of the solar pond to maintain the salt

gradient and the remainder is returned to the ocean for

disposal. In the distillate side, the distillate solution is

recirculated in a closed loop and the distilled water is

recovered as the freshwater produced. Also, the distillate

solution is kept at a relatively low temperature by using the

ocean as the heat sink. To maintain the relatively low

temperature in the distillate solution, a heat exchanger

connected to the ocean could be used. In the system shown

in Fig. 1, an external heat exchanger was selected to extract

the energy from the solar pond because it requires less

maintenance than a heat exchanger installed inside the

lower convective zone, which is a highly corrosive envi-

ronment (Leblanc et al. 2011; González et al. 2016).

Many investigations have studied desalination powered

by solar energy (Banat et al. 2002;Koschikowski et al. 2009).

For further details, the reader is referred to the work of

Khayet (2013) who provide a review of solar desalination by

membrane distillation. However, few studies have investi-

gated desalination powered by solar ponds. The pioneering

work at the El Paso solar pond demonstrated that desalina-

tion driven by solar ponds on a large scale is feasible and

competitive with other desalination techniques (Solis 1999;

Lu et al. 2001, 2004). At the El Paso solar pond, an air-gap

membrane distillation unit treated a maximum flow of

*0.16 9 10-3 m3 d-1 per m2 of solar pond (0.6 m3 d-1 -

acre-1) (Solis 1999). Nonetheless, most of the recent studies

where solar ponds provide heat for thermal desalination are

theoretical investigations (Suárez et al. 2010b; Saleh et al.

2011;Mericq et al. 2011). A few recent experimental studies

have confirmed that desalination driven by solar ponds is an

attractive solution to provide freshwater in a sustainable way

(Suárez et al. 2015; Nakoa et al. 2015). Suárez et al. (2015)

carried out laboratory experiments were a small-scale solar

pond delivered heat to a DCMD system (these experiments

are described with more detail below). They achieved

1.2 9 10-3 m3 d-1 per m2 of solar pond (4.7 m3 d-1 -

acre-1). The results of Suárez et al. (2015) are supported by

the recent findings of Nakoa et al. (2015), who investigated

sustainable water production using a DCMD flat sheet

module (0.1 m2) coupled to a 4.2-m-diameter, 1.85-m-deep

solar pond located at the RMIT Bundoora east campus

(Australia). Nakoa et al. (2015) reported an experimental

water production of 1.2 9 10-3 m3 d-1 perm2 of solar pond

(4.9 m3 d-1 acre-1) when using a 1.3 % of saline water as

feed solution, and when operating the DCMD module in the

laminar regime (Re *500–2500).

The aim of this work is to perform a worldwide

assessment of the potential of this system based on pre-

vious experimental information and on mathematical

modeling. Using the experimental data from Suárez et al.

(2015), a heat and mass transfer model was validated and

used to assess a DCMD system powered by a salt-gra-

dient solar pond. The assessment was carried out around

the world and allowed finding potential locations for this

system. Also, this evaluation permitted understanding the

main operating parameters that influence the performance

of this system. The structure of this paper is as follows:

first, we present the heat and mass transfer model used to

evaluate the performance of DCMD powered by solar

ponds. Then, we describe the experiments used to validate

the constructed model. Later, we describe how the

worldwide assessment was carried out. Then, the results

and discussion are presented and finally the main con-

clusions are highlighted.

Materials and methods

To predict the freshwater production and heat used in the

DCMD unit, when a solar pond is used to deliver heat to

this thermal desalination system, a heat and mass transfer

model was developed. This model was validated using the

solar-pond thermal desalination experiment presented by

Suárez et al. (2015). The model consisted in a numerical

model for the DCMD system that was coupled to a math-

ematical model for a solar pond. These models were

combined using the first law of thermodynamics and are

explained below.

Heat and mass transfer model of a DCMD system

Assuming that the pores of the membrane surface are at

liquid–vapor equilibrium, the water flux, J, across the

membrane can be expressed as (Suárez et al. 2010b):

J ¼ Cm p0 Tfmð Þ 1� v Sfmð Þð Þn Tfm; Sfmð Þ � p0 Tdmð Þ
� �

; ð1Þ

where Cm is the distillation coefficient of the membrane;

T is the temperature; p0(T) is the vapor pressure of the pure

substance at a temperature T; v Sð Þ is the mole fraction of

the solute at a concentration S; and nðT ; SÞ is the activity

coefficient at a temperature T and at a solute concentration

S (Curcio and Drioli 2005). The subscripts ‘‘fm’’ and ‘‘dm’’

represent the feed and distillate sides of the membrane

surface, respectively. Because the vapor transport across

the membrane typically occurs by a combined effect of

Knudsen and molecular diffusion mechanisms, the distil-

lation coefficient can be estimated as (Martinez and

Rodriguez-Maroto 2006):
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Cm ¼ /
sd

M

RT

1

DK

þ pa

PDwa

� ��1

; ð2Þ

where /, s, and d are the porosity, tortuosity, and mem-

brane thickness, respectively; M is the molecular weight of

water; R is the universal gas constant; DK is the Knudsen

diffusion coefficient; Dwa is the diffusion coefficient of

water vapor in air; pa is the partial pressure of air entrapped

in the pores; and P is the total pressure within the pores.

The Knudsen diffusion coefficient, DK, can be determined

by:

DK ¼ 2

3
r
8

p
RT

M

� �1=2
; ð3Þ

where r (m) is the mean pore radius. The value of PDwa is

given by:

PDwa ¼ 4:46 � 10�6T2:334; ð4Þ

where the average temperature in the pores was used

(Suárez et al. 2010b).

To estimate the water flux through the membrane, the

solute concentration, Sfm, and the temperatures at the sur-

faces of the membrane, Tfm and Tdm, must be determined.

Using the film theory and assuming 100 % solute rejection

by the membrane, Sfm can be determined by (Yun et al.

2006):

Sfm ¼ Sf exp
J

qfK

� �
; ð5Þ

where Sf is the solute concentration in the bulk feed, gT ¼
0:9 is the density of the feed solution, and K is a film mass

transfer coefficient.

To determine Tfm and Tdm, a heat transfer analysis in

steady-state yields:

qf ¼ qm ¼ qd; ð6Þ

where qf and qd are the convective heat transfer in the feed

and distillate sides, respectively, and qm is the heat trans-

ferred across the membrane. These heat fluxes are given by

(Suárez et al. 2010b):

qf ¼ hf Tf � Tfmð Þ ð7Þ
qd ¼ hd Tdm � Tdð Þ ð8Þ
qm ¼ qcm þ qvm ¼ hc þ hvð ÞDTm ð9Þ
hc ¼ km=d ð10Þ
hv ¼ JHv Tð Þ=DTm; ð11Þ

where hf and hd are the heat transfer coefficients in the feed

and distillate sides, respectively; hc is the heat transfer

coefficient for conduction across the membrane; and hv is

the heat transfer coefficient for the vapor flow across the

membrane; Tf and Td are the bulk temperatures in the feed

and distillate streams, respectively; qcm is the conductive

heat flux through the membrane; qvm is the enthalpy heat

flux through the membrane; km is the effective thermal

conductivity of the membrane; Hv is the latent heat of

vaporization at a temperature T; and DTm = Tfm – Tdm.

The heat transfer coefficients in the feed and distillate

sides, as well as the mass transfer coefficient can be esti-

mated using empirical correlations for different flow

regimes. For laminar flow, the following correlations were

used (Phattaranawik et al. 2003):

hf;d ¼ Nuf;d
kf;d

dh
¼ 1:86 Ref;dPrf;d

dh

L

� �1=3
" #

kf;d

dh
ð12Þ

K ¼ Shf
Df

dh
¼ 1:86 RefPrf

dh

L

� �1=3
" #

Df

dh
; ð13Þ

where Nu, Sh, Sc, Re, and Pr are the Nusselt, Sherwood,

Schmidt, Reynolds, and Prandtl numbers, respectively; Dh

and L are the hydraulic diameter and length of the channels

in the membrane module, respectively; Df is the diffusion

coefficient of the solute; and k is the thermal conductivity

of the liquid streams, respectively. The subscripts ‘‘f’’ and

‘‘d’’ represent the feed and distillate sides, respectively. For

turbulent flow, the following heat and mass transfer coef-

ficients were utilized (Phattaranawik et al. 2003):

hf;d ¼ Nuf;d
kf;d

dh
¼ 0:023 1þ 6Dh

L

� �
Re0:8f;dPr

1=3
f;d

kf;d

dh
ð14Þ

K ¼ Shf
Df

dh
¼ 0:023 1þ 6Dh

L

� �
Re0:8f Sc

1=3
f

Df

dh
: ð15Þ

The heat transfer correlations presented above were

chosen as they resulted in the lowest discrepancies (ap-

proximately 9 %) between experimental and calculated

overall heat transfer coefficients (Phattaranawik et al.

2003). Using the resistance-electrical analogy, Tfm and Tdm
can be determined using the following equations (Suárez

et al. 2010b):

Tfm ¼ Tf �
Tf � Tdð Þh�1

f

h�1
f þ h�1

d þ hc þ hvð Þ�1
ð16Þ

Tdm ¼ Td þ
Tf � Tdð Þh�1

p

h�1
f þ h�1

d þ hc þ hvð Þ�1
: ð17Þ

This heat and mass transfer model for DCMD allowed

estimation of the water production and the heat used in the

membrane module when the distillation system is powered

by a solar pond (as described in the ‘‘Coupling DCMD

with solar ponds: water production, energy requirements,

and model validation’’ section).
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Thermal model of a solar pond

Aone-dimensional steady-state thermalmodelwas developed

to estimate the energy that can be collected in the solar pond.

The model assumes that: (a) the solar pond has a stable con-

figuration; (b) the interfaces between the internal zones of the

pond are stationary; (c) the convective zones are completely

mixed; (d) the thermal properties of the pond’s fluid are

constant; (e) all the energy that reaches the lower convective

zone is absorbed here; and (f) the walls of the solar pond are

insulated. The non-convective zonewas represented using the

energy equation and considering that conduction and internal

heat generation are the main heat transfer mechanisms:

d2T

dz2
¼ � 1

k
q000 zð Þ; ð18Þ

where T is the temperature, z is the depth in the solar pond,

and q000 zð Þ is the internal heat generation due to solar

radiation absorption. The internal heat generation can be

estimated using the shortwave radiation heat flux proposed

by Rabl and Nielsen (1975).

The thermal profile within the non-convective zone can

be found by integrating Eq. (18) and using the tempera-

tures of the upper and lower convective zones, TU and TL,

respectively, as boundary conditions (Suárez et al. 2010b):

T zð Þ ¼ TL þ
zL � z

zL � zU

� �
F zUð Þ � TL � TUð Þ½ �

þ z� zU

zL � zU

� �
F zLð Þ � F zð Þ ð19Þ

F zð Þ ¼ q00 0ð Þ
k

X4

i¼1

Si

li
exp �kizf g; ð20Þ

where zU is the depth of the interface between the upper

convective and non-convective zones; zL is the depth of the

interface between the non-convective and lower convective

zones; q00 0ð Þ is the shortwave radiation that penetrates the

air–water interface; Si is the fraction of energy contained in

the ith bandwidth; and ki is the composite attenuation

coefficient of the ith bandwidth (Rabl and Nielsen 1975).

The temperature in the upper convective zone can be

estimated using an energy balance over the solar pond:

q~00 0ð Þ þ q~00
s þ q~00

USE ¼ 0; ð21Þ

where q00USE is the useful heat that can be extracted from the

lower convective zone of the pond, and q00s is the heat flux

across the surface of the pond. The temperature in the

lower convective zone can be estimated using an energy

balance in this zone:

q~00 zLð Þ þ q~00
C zLð Þ þ q~00

USE ¼ 0; ð22Þ

where q00 zLð Þ is the solar energy absorbed in the lower

convective zone, and q00C zLð Þ is the conductive heat loss

across the non-convective and lower convective zones

interface, estimated using Fourier’s Law.

Coupling DCMD with solar ponds: water

production, energy requirements, and model

validation

The previous models were coupled to evaluate the perfor-

mance of DCMD driven by solar ponds in terms of the

useful heat collected in the solar pond, the energy required

for distilling water, and the overall freshwater production

rates. In this section, we describe how these models are

coupled.

The thermal model of the solar pond was used to

determine the useful heat (q00USE) that can be extracted from

the pond. The useful heat depends on the meteorological

conditions of the geographical location where the system is

installed, on the desired operating temperature of the lower

convective zone (TL), and on the operating conditions of

the external heat exchanger (Fig. 1). Since any system will

have heat losses through it, only a fraction of the useful

heat extracted from the pond will be used to drive the

distillation system. To use all the remainder energy in the

DCMD module in an efficient way, the required membrane

surface area, ADCMD, can be found through an energy

balance (Suárez et al. 2010b):

ASPq
00
USE

� 	
gT ¼ ADCMDqm; ð23Þ

where ASP is the surface area of the solar pond, and gT is

the overall thermal efficiency of the coupled system, which

takes into account the heat losses that can occur in any

component of the system, such as in pipes, storage reser-

voirs, or in the membrane module, among others. The

water flow produced in the thermal desalination module,

QW, is:

QW ¼ J ADCMD

qd
¼ J

qd

ASPq
00
USE

� 	
gT

qm
; ð24Þ

where qd is the density of the distillate. Note that the bulk

temperatures in the feed and distillate streams of the

membrane module (Tf and Td, respectively) are required to

estimate the heat transferred across the membrane (qm), as

described in the ‘‘Heat and mass transfer model of a

DCMD system’’ section. Therefore, the thermal behavior

of the heat exchangers must be included. In this work, we

used the concept of effectiveness (e) to describe the thermal

dynamics of the heat exchanger connected to the solar

pond. Therefore, the outlet temperature of the cold side of

the heat exchanger (Tf, which also corresponds to the bulk

temperature of the feed side in the membrane module) can

be estimated using the following equation (González et al.

2016):
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Tf ¼ TCi þ e
min CC;CHð Þ

CC

TL � TCið Þ; ð25Þ

where TCi is the inlet cold stream temperature, i.e., the

temperature of the water to be desalinated, and CH and CC

are the capacity rates of the hot and cold streams of the heat

exchanger. Note that TL corresponds to the inlet hot stream

temperature, which is equal to the temperature in the lower

convective zone of the pond. For simplicity, we considered

that the raw water source (or the water to be distilled) acts

as a large heat sink, and thus, it can be used to effectively

cool the distillate stream of the membrane. As a conse-

quence, the distillate stream of the membrane will have the

same temperature than the raw water. The inlet cold stream

temperature (TCi) of the heat exchanger connected to the

solar pond will also have the same temperature (see Fig. 1).

To validate the mathematical model that describes the

performance of DCMD driven by solar ponds, we utilized

the experimental data of Suárez et al. (2015), which

investigated DCMD driven by a laboratory-scale solar

pond. The description of this pond is well documented in

the scientific literature (Suárez et al. 2010c, 2014b); thus,

here we only describe the details relevant to the experi-

ments where the extracted energy was used to drive ther-

mal desalination.

The laboratory-scale solar pond of Suárez et al. (2015)

had a depth of *1.0 m, a surface area of *2.0 m2, and a

total volume of *1.5 m3. The pond had three high-inten-

sity discharge lamps (Super Grow 1000 W, Hydrofarm

Inc., Petaluma, CA) that were installed over the solar pond

to mimic sunlight. A vertical high-resolution distributed

temperature sensing (DTS) system was used to measure

continuously, both in time and space, the thermal dynamics

within the solar pond with spatial and temporal resolutions

of *0.01 m and 5 min, respectively, and a thermal reso-

lution of *0.04 �C (Suárez et al. 2011). Heat was

extracted from the solar pond at *0.5 m depth by recir-

culation of brine through an external heat exchanger. The

heat exchanger warmed the feed solution of a DCMD test

unit (described below). The heat content within the solar

pond, G, was used to determine the amount of heat

extracted from the pond, q00USE:

q00USE ¼ dG

dt
¼ d

dt

Z

z

Cp zð Þq zð ÞT zð Þdz

2

4

3

5; ð26Þ

where T is temperature, z is depth within the pond, and Cp

and q are the specific heat capacity and density of the fluid,

respectively, which are a function of the salinity and the

temperature of the fluid within the pond.

The DCMD module used by Suárez et al. (2015) had 40

capillaries of 1.8 and 2.8 mm inner and outer diameter,

respectively, an active length of 460 mm, and a free flow

area of 1 cm2 (MD 020 CP 2N, Microdyn, Wiesbaden,

Germany). The membrane material was polypropylene

(PP) with an inside surface area of 0.1 m2, an average pore

size of 0.2 lm, a porosity of 70 %, a tortuosity of 1.43, and

an average effective thermal conductivity of

0.046 W m-1 �C-1 (Phattaranawik et al. 2003; Al-Obai-

dani et al. 2008).

In the experiments of Suárez et al. (2015), the lights

over the pond were turned on 24 h per day. The desalina-

tion experiment began when thermal quasi-steady-state

conditions were reached within the solar pond. Heat was

extracted and delivered to the feed solution by means of the

external heat exchanger. Freshwater was utilized as the

feed solution in the DCMD module. The feed solution was

continuously pumped from a feed reservoir through the

heat exchanger, across the membrane module, and back to

the feed reservoir (see Fig. 1 of Suárez et al. 2015).

Deionized water was utilized as the distillate solution and

was recirculated in the distillate loop in the same way as in

the feed loop. The distillate solution was cooled to a

desired temperature of *24 �C with a heat exchanger

connected to a water chiller (ISOTEMP 1023S, Fisher

Scientific, Pittsburg, PA). A filtration flask was utilized as

the distillate reservoir and permitted overflow of excess

distillate water, which was used to determine the experi-

mental water flux across the membrane by weighing the

overflow with an analytical balance (PGL 8001, Nova-

Tech International, Houston, TX). Other variables, such as

electrical conductivity (EC) and temperature, were mea-

sured in different locations of the DCMD test unit. Pressure

within the desalination module was not measured since it

operated at approximately 0.9 atm. Complete details about

this experiment can be found in the work of Suárez et al.

(2015).

Worldwide assessment of DCMD powered by solar

ponds

To assess water production rates and energy requirements

of DCMD powered by solar ponds, we used a solar pond

that had the interface of the upper convective and non-

convective zones fixed at 0.2 m depth and the interface of

the non-convective and lower convective zones at 1.5 m

(Lu et al. 2004; Suárez et al. 2010b). The meteorological

data from the Research Data Archive at the National Center

for Atmospheric Research, Computational and Information

Systems Laboratory (Department of Civil and Environ-

mental Engineering/Princeton University 2006) were used

to determine the heat fluxes across the surface of the solar

pond and the useful heat that can be extracted from the

pond in different geographical locations around the world.

The worldwide meteorological database consisted in

shortwave and longwave radiation, wind speed, air
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temperature, and specific humidity (at a spatial resolution

of 1� latitude 9 1� longitude).
To perform the worldwide assessment, the operation of

the DCMD is also required. DCMD typically operates at a

feed side temperature of 40 �C and a distillate temperature

of 20 �C, and feed and distillate channel velocities of

2 m s-1 (Cath et al. 2004; Martinetti et al. 2009). Hence,

for the worldwide assessment we operated the DCMD

module of this system under these conditions. It was

assumed that the coupled system did not have energetic

inefficiencies, i.e., gT ¼ e ¼ 1. This analysis allowed

determination of locations with potential for the use of this

technology. These locations were further analyzed under

more realistic conditions, i.e., with gT and e\1. This

detailed analysis also allowed a better understanding of

how the different factors affect the performance of the

DCMD system driven by solar ponds.

Results and discussion

Validation of the coupled model

In the desalination experiments of Suárez et al. (2015), a

time period where the system showed steady-state con-

ditions was selected to validate the coupled model (recall

that the models are based on steady-state conditions).

During this time period, an average of 230 W (efficiency

of 48 %) was extracted from the solar pond (Fig. 2a), and

a water flux of 1.08 ± 0.01 L h-1 per m2 of membrane

was obtained in the DCMD module. As shown in Fig. 2b,

the experimental and modeled water fluxes agree fairly

well, with errors smaller than 6 %. These results confirm

that the parameters used in the DCMD model allow a

good representation of the desalination process, and also

confirm that the vapor transport occurs by a combined

effect of Knudsen and molecular diffusion mechanisms. It

is interesting to note that during the desalination experi-

ment performed by Suárez et al. (2015), an average water

production of 0.97 ± 0.09 L h-1 per m2 of membrane

was observed during the entire experiment. This average

water production rate is equivalent to

1.16 9 10-3 m3 d-1 per m2 of solar pond. These results

are supported by the recent findings of Nakoa et al.

(2015), who investigated sustainable water production

using a DCMD flat sheet module (0.1 m2) coupled to a

4.2-m-diameter, 1.85-m-deep solar pond located at the

RMIT Bundoora east campus (Australia). Nakoa et al.

(2015) reported an experimental water production of

1.2 9 10-3 m3 d-1 per m2 of solar pond when using a

1.3 % of saline water as feed solution, and when oper-

ating the DCMD module in the laminar regime (Re

*500–2500).

Suárez et al. (2015) also carried out an energy balance in

the solar pond-powered desalination system to determine

the energy used in each component of the system. That

analysis revealed that the system’s overall thermal effi-

ciency was gT & 68 %, and that half of the heat that

crossed the membrane was effectively used to transport

water across the membrane (the enthalpy flow) and the

remainder was lost by conduction through the membrane

(for details of this energy balance see Table 2 of Suárez

et al. 2015). Hence, only 35 % of the useful heat from the

solar pond was effectively used to distill water. These

results points out the need to improve the efficiency

throughout the experimental system, highlighting areas of

future research for both the energy and water production

aspects of this coupled system.
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Fig. 2 a Temporal evolution of the heat content inside the solar

pond. The inset shows a zoom during the first 2.5 h of the desalination

experiment. b Water flux and temperatures in the thermal desalination

experiment when steady-state conditions were observed (Suárez et al.

2015)
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Worldwide assessment of DCMD powered by solar

ponds

As described before, the theoretical model developed in

this investigation was used to assess the potential of this

system worldwide. The experimental results were utilized

to determine the parameters of the desalination system and

the parameters related to how heat is delivered from the

solar pond to the membrane module. Recall that for this

evaluation, it was assumed that the distillate side of the

membrane was at 20 �C, and that the solar pond delivers all
the useful heat that can be collected when the lower con-

vective zone is kept at 40 �C. Figure 3 presents the

assessment of this system worldwide, showing the spatial

distribution of the useful heat that can be extracted from

the solar pond, and the corresponding water production

values and the corresponding DCMD membrane area.

Recall that this analysis assumes a solar pond with the

interface of the non-convective and lower convective zones

located at 1.5 m depth. It should be pointed out that the

location of this interface can be optimized to maximize the

useful heat, e.g., see Suárez et al. (2010b), but this is out of

the scope of this work.

According to Fig. 3, the best settings for solar pond

development are located between 40�N and 40�S, with

large values of useful heat in Africa, India, the Tibet, the

Middle East, Australia, the west coast of the United States,

Mexico, and Chile. It also should be pointed out that many

tropical areas that exhibit large values of useful heat may

not be appropriate for solar pond development due to more

extreme environmental conditions, e.g., due to monsoons.

Other important constrain for successful solar pond

development is that the site has to meet the following

criteria (Hull et al. 1989): (1) availability of solar radiation;

(2) availability of salts to maintain the salinity gradient;

and (3) excess water to replenish for the evaporation losses.

In the results presented in Fig. 3, the first criterion was

taken into account; however, the second and third criteria

do not depend on meteorological conditions. Thus, the best

settings for solar pond development will be narrower than
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Fig. 3 Worldwide assessment of DCMD powered by solar ponds

(gT ¼ 0:9 and e ¼ 0:9): useful heat (W m-2), water produced (L d-1

per m2 of solar pond), and area of the distillation membrane (values in

parenthesis—expressed as a percentage of the solar pond surface

area). Five locations with large potential for DCMD driven by solar

ponds are depicted
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those presented in Fig. 3. Note also that any location near

the ocean simultaneously will meet the second and third

criteria because seawater can provide the excess of salts

needed to maintain the salinity gradient in the non-con-

vective zone, and it can also be used to replenish for the

evaporation losses, as the upper convective zone can per-

form well with seawater salinity levels (Hull et al. 1989). In

zones that do not have direct access to ocean water, such as

in inland desert areas, for successful solar pond operation,

additional water and salts can be obtained from brackish

water or brines. In many desert areas, brackish water or

brines can be obtained from groundwater or from salt lakes

(Nie et al. 2011; Vásquez et al. 2013). For a successful

operation in inland locations, the DCMD/solar pond cou-

pled system must be combined to an evaporation pond, in a

similar way as that shown by Nakoa et al. (2015), to reduce

the environmental footprint of the coupled system (i.e., the

evaporation pond is used to discharge the concentrated

brine).

The spatial distribution of the water produced when

DCMD is powered by a solar pond follows the same dis-

tribution than that of useful heat that can be extracted from

the solar pond. The average worldwide water production of

this system is *0.9 L d-1 per m2 of solar pond

(*3.6 m3 d-1 acre-1), with a standard deviation of

*0.8 L d-1 per m2 of solar pond. This water production

considers all the geographical locations within the six

continents, i.e., including the Antarctic continent and

Arctic zones, and excludes all the geographical locations

that are within the oceans, as shown in Fig. 3. The largest

water production values are on the order of 3 L d-1 per m2

of solar pond (12.1 m3 d-1 acre-1), and can be obtained

with DCMD membrane areas on the order of 0.5 % of the

solar pond surface area. It is interesting to note that the

surface area of the solar pond has to be on the order of

100–1000 times the surface area of the DCMD membrane;

otherwise, this system would have to operate intermit-

tently, with an increase in the investment costs (Suárez

et al. 2015).

Figure 4 presents a cumulative frequency analysis of the

water produced in the DCMD system powered by solar

ponds in the geographical locations depicted in Fig. 3. In

more than *50 % of the geographical locations (between

90�N and 90�S), the water production values are less than

*0.5 L d-1 m2 of solar pond (2.0 m3 d-1 acre-1). These

locations correspond to geographical zones located beyond

40�N and 40�S, with low radiative levels. Approximately

20 % of the geographical locations yield water production

rates between 1.0 and 2.0 L d-1 m2 of solar pond, and

another 20 % of the land could produce between 2.0 and

3.0 L d-1 m2 of solar pond.When narrowing these results to

the geographical locations between 40�N and 40�S, the

average (±standard deviation) water production increases to

*1.9 ± 0.4 L d-1 per m2 of solar pond (7.7 ± 1.6 m3 -

d-1 acre-1), with *50 % of these geographical locations

producing *2.0 L d-1 per m2 of solar pond (8.1 m3 d-1 -

acre-1). Therefore, geographical locations near the ocean

and between 40�N and 40�S are ideal for solar pond devel-

opment because they have enough solar radiation, and

availability of excess water and salts to operate this system.

Figures 3 and 4 provide a guide for geographical zone

selection of a membrane distillation water production

system driven by solar ponds that can help mitigate the

stress on the water-energy nexus. We selected five sites to

study in more details the performance of this system. These

sites are Los Angeles, CA (USA), Jeddah (Saudi Arabia),

Copiapó (Chile), Darwin (Australia), and Cape Town

(South Africa), and were selected because they have large

solar irradiance and also access to the ocean (these sites are

depicted Fig. 3). Thus, seawater can be used as the raw

water to be desalinated. The meteorological data between

1948 and 2008 were used to determine the percentile 50th

and 90th of these data, and both of these percentiles were

used to evaluate the performance of the coupled system.

Table 1 presents a comparison of the performance of

DCMD driven by solar ponds for each one of these sites.

For these locations, the mean seawater temperature (http://

www.ospo.noaa.gov/Products/ocean/sst.html) was chosen

as the temperature of the cold stream of the heat exchanger

connected to the solar pond. This temperature was also

used as the temperature of the distillate solution (as shown

in Fig. 1). In addition, we analyzed the performance of the

system when the lower convective zone temperature was

20 and 40 �C higher than that of the mean seawater tem-

perature, for gT ¼ 0:9 and e ¼ 0:9. According to Date et al.

(2013), for any meaningful use of the solar pond useful

heat, a minimum temperature of 20 �C between the lower

convective zone and the temperature of the cold stream

heat exchanger must be present. Table 1 shows that Darwin

(Australia) is the place where the largest water production

is achieved. It is interesting to note that when the lower

convective zone temperature is 20 �C higher than the mean

seawater temperature, the freshwater flows (QW) are

slightly larger than those obtained when the lower con-

vective zone temperature is fixed at 40 �C higher than the

mean seawater temperature. Nonetheless, lower tempera-

tures result in larger membrane areas. For instance, in

Darwin (Australia) using the 90th percentile of the mete-

orological data, when TL = 49.1 �C, Tf = 47.1 �C, and

Td = 29.1 �C (equal to the mean seawater temperature),

the water flow is 1.929 L d-1 per m2 of solar pond

(7.8 m3 d-1 acre-1). This water flow is obtained when the

water flux across the membrane is 35.4 kg m-2 h-1 and

the membrane area is 2.269 9 10-3 m2 per m2 of solar

pond. In this case, the energy used to drive desalination is

30.1 W m-2 with 84 % of the energy in the membrane
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used effectively to drive thermal desalination. Also, the

remainder energy (16 %) was lost through conduction

across the membrane. In the same location for the 90th

percentile, when TL = 69.1 �C, Tf = 65.1 �C and

Td = 29.1 �C, the water flow is 1.784 L d-1 per m2 of

solar pond (7.2 m3 d-1 acre-1), the water flux across the

membrane is 103.78 kg m-2 h-1 and the membrane area is

0.716 9 10-3 m2 per m2 of solar pond, which is*32 % of

the area of the DCMD module for the previous case. The

ratio between qvm and qm, i.e., the fraction of the energy that

is effectively used to distill water in the membrane module,

is 90 %. Note also that the locations that show a better

performance, i.e., Darwin (Australia) and Jeddah (Saudi

Arabia), also have higher mean seawater temperature and

useful heat. Table 1 also shows the thermal energy con-

sumption of this system. When the temperature in the

lower convective zone is 20 �C higher than the mean

seawater temperature, the thermal energy consumption is

on the order of 920 kWh per m3 of distillate, with values

ranging between 850 and 980 kWh m-3, and a standard

deviation of 60 kWh m-3 among the five locations under

study. On the other hand, when the lower convective zone

temperature is 40 �C higher than that of the seawater, the

thermal energy consumption is on the order of

840 kWh m-3, with a minimum thermal consumption of

800 kWh m-3 (achieved in Darwin, Australia) and a

maximum thermal consumption of 870 kWh m-3

(achieved in Los Angeles, California, USA). In this case,

the standard deviation among the sites is 30 kWh m-3.

These values are within the range of thermal consumption

values reported for membrane distillation, which range

between 120 and 1700 kWh m-3 (Camacho et al. 2013),

and are slightly larger than those obtained in the MEDE-

SOL project (Blanco Gálvez et al. 2009), where a solar-

powered air-gap membrane distillation system had a ther-

mal consumption of 810 kWh m-3 (Camacho et al. 2013).

The effect of different operational parameters on the

performance of this system was also investigated. Figure 5

shows how the performance of the system is affected by the

velocity in the membrane channels (Fig. 5a, b), by the feed

solution salinity (Fig. 5c, d), and by the partial pressure of

air entrapped in the membrane pores (Fig. 5e, f). As the

velocity in the membrane channels increases, the heat flux

across the membrane also increases, mostly due to an

increase in the water flux across the membrane. However,

to close the energy balance in the system, smaller mem-

brane areas are needed as the velocity in the channels

increase. The net result of this balance is that the fresh-

water flow that is produced do not change significantly,

although the capital expenditure will be smaller and the

energy required for pumping the solutions within the sys-

tem will increase (to overcome the frictional and singular

head losses). Thus, higher pumping costs must be weighed

against higher membrane cost. The effect of increasing the

feed solution salinity (Sf) and the partial pressure of air

entrapped in the membrane pores (pa) are opposite to the

effect of increasing the velocity in the membrane channels.

As Sf and pa increase, the heat flux across the membrane

decreases significantly, especially when the pa increases.

The net result of an increase in Sf and pa is a reduction in

the freshwater produced. The results presented in Fig. 5

suggest that the membrane distillation module should be

operated under the vacuum configuration. Safavi and

Mohammadi (2009) reported the lowest operating pressure

for a membrane distillation module (*4 kPa) but care

must be taken when operating at these vacuum levels

because there is a greater risk of wetting the membrane

pores (Solis 1999; Drioli et al. 2015).
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ó
(C
h
il
e)

5
0
th

1
3
.3

1
6
.9

5
6
.9

5
2
.9

5
9
.0

6
5
.4
6

0
.9
4
5

1
.4
8
5

5
6
.2

(9
.5

?
0
.7
)

8
3
.1

8
6
0

9
0
th

1
1
.2

5
1
.3

0
.8
2
3

1
.2
9
3

8
6
0

D
ar
w
in

(A
u
st
ra
li
a)

5
0
th

2
7
.6

2
9
.1

6
9
.1

6
5
.1

7
4
.5

1
0
3
.7
8

0
.8
0
7

2
.0
1
0

8
3
.1

(7
4
.6

?
8
.5
)

8
9
.7

8
0
0

9
0
th

2
6
.2

6
6
.1

0
.7
1
6

1
.7
8
4

8
0
0

C
ap
e
T
o
w
n
(S
o
u
th

A
fr
ic
a)

5
0
th

1
7
.0

1
6
.6

5
6
.6

5
2
.6

6
8
.6

6
4
.7
4

1
.1
0
9

1
.7
2
3

5
5
.7

(4
6
.1

?
9
.5
)

8
2
.9

8
6
0

9
0
th

1
6
.0

6
3
.1

1
.0
2
1

1
.5
8
6

8
6
0

V
el
o
ci
ty

in
th
e
fe
ed

si
d
e
=

v
el
o
ci
ty

in
th
e
d
is
ti
ll
at
e
si
d
e
=

2
.0

m
s-

1
;
S
f
=

3
.5

%
;
p
a
=

8
6
k
P
a;
s
¼

1
:4
3
;
k m

=
0
.0
4
6
W

m
-
1
�C

-
1
;
g T

¼
0
:9
;
e
¼

0
:9
.
S
ee

th
e
te
x
t
fo
r
th
e
d
efi
n
it
io
n
o
f
ea
ch

v
ar
ia
b
le

a
A
D
C
M
D
an
d
Q
W

ar
e
m
em

b
ra
n
e
ar
ea

an
d
fr
es
h
w
at
er

p
ro
d
u
ct
io
n
ra
te
s
p
er

m
2
o
f
so
la
r
p
o
n
d

Tackling the water-energy nexus: an assessment of membrane distillation driven by salt…

123



Figure 6 shows the impact of the heat exchanger

effectiveness (e) and of the overall thermal efficiency (gT )
on the useful heat that can be collected from the pond

(q00USE), on the membrane feed temperature (Tf), on the heat

flux across the membrane (q00m), on the freshwater flow

(QW), and on the membrane area (ADCMD). As shown in
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Fig. 5 a Influence of the velocity in the membrane channels (v) on

the heat flux across the membrane (q00m) and on the useful heat that can

be collected from the pond (q00USE). b Influence of the velocity in the

membrane channels on the freshwater produced (QW) and on the

membrane area (ADCMD). c Effect of the salinity of the feed solution

(Sf) on the heat flux across the membrane and on the useful heat that

can be collected from the pond. d Effect of the salinity of the feed

solution on the freshwater produced and on the membrane area.

e Influence of the partial pressure of air entrapped in the membrane

pores (pa) on the heat flux across the membrane and on the useful heat

that can be collected from the pond. f Effect of the partial pressure of
air entrapped in the membrane pores and on the freshwater produced

and on the membrane area. The lower and upper boundaries of q00USE,
QW and ADCMD were calculated with the percentile 50th and 90th of

the meteorological data observed in Darwin (Australia)
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Fig. 6a, as the heat exchanger effectiveness increases both

the membrane feed side temperature and the heat flux

across the membrane increase, and the useful heat remains

constant as it depends on the meteorological conditions and

on the temperature of the lower convective zone. Note that

as the membrane feed side temperature increases, the heat

flux across the membrane also increases because of a larger

water flux (latent flux) across the membrane and also due to

larger conductive heat losses. To satisfy the first law of

thermodynamics, the increase in the heat flux across the

membrane has to be accompanied with a reduction in the

membrane area (Fig. 6b). Therefore, the final freshwater

production remains relatively constant with a slight

increase as the heat exchanger effectiveness increases. This

increase in the heat exchanger effectiveness would be

reflected on capital expenditures more than in revenue due

to freshwater production. Also, as explained by Suárez

et al. (2010b) and according to the heat capacities of sea-

water and of the lower convective zone fluid, the heat

exchanger effectiveness most likely will be*90 %. On the

other hand, when the overall thermal efficiency increases

(Fig. 6c), the membrane feed side temperature and the heat

flux across the membrane remains constant. Nonetheless,

the useful heat collected from the pond increases. To

effectively use the additional energy collected from the

pond, the membrane area has to increase (Fig. 6d).

Therefore, the freshwater flow increases in *33 % when

the overall thermal efficiency goes from 75 to 100 %. As

described before, the laboratory-scale solar pond con-

structed by Suárez et al. (2015) has an overall thermal

efficiency of *68 %. Nonetheless, as that pond had many

energetic inefficiencies (see Suárez et al. 2014b, 2015), it is

expected that outdoor large-scale solar pond would have

overall thermal efficiencies larger than 80 %. Note that an

additional capital expenditure related to enhance the

overall thermal efficiency will also result in more revenues

due to freshwater production (as opposed to the previous

situation).
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Fig. 6 a Effect of the heat exchanger effectiveness on the useful heat

that can be collected from the pond, on the feed temperature (Tf) and

on the heat flux across the membrane. b Effect of the heat exchanger

effectiveness on the freshwater produced (QW) and on the membrane

area (ADCMD). c Effect of the overal thermal efficiency on the useful

heat that can be collected from the pond, on the feed temperature and

on the heat flux across the membrane. d Effect of the overal thermal

efficiency on the freshwater produced and on the membrane area. The

lower and upper boundaries of the useful heat that can be collected

from the pond, the freshwater produced and the membrane area were

calculated with the percentile 50th and 90th of the meteorological

data observed in Darwin (Australia)
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Other energy requirements for DCMD driven by solar

ponds are the pumping energy to circulate the fluids

throughout the system and the energy needed to reduce the

partial pressure of air entrapped in the membrane pores.

According to Suárez et al. (2010b), as DCMD operates

near atmospheric pressure, the pumps only need to over-

come frictional and singular head losses, which are on the

order of 1 % or less of the useful energy collected in the

solar pond. On the other hand, as described by Cabassud

and Wirth (2003), the energy needed to create a vacuum of

less than 5 kPa in an MD system is on the order of 1 kWh

per m3 of freshwater produced, which is less than 0.1 % of

the solar pond useful energy (Suárez et al. 2010b).

Therefore, these additional energetic requirements are

negligible compared to the energy that can be extracted

from the solar pond.

Conclusions

Water and energy are fundamentally linked and are crucial

for sustainable development. Desalination has been one

solution for water production but still requires large

amounts of energy. Nonetheless, desalination driven by

solar energy is an attractive solution to tackle this water-

energy nexus. In this work, the performance of a DCMD

system driven by solar ponds was investigated. With this

aim, a mathematical model was constructed and validated

using experimental data available in the scientific

literature.

The worldwide spatial distribution of useful heat in the

solar pond and water produced in the membrane distillation

module were assessed using global meteorological data, the

results obtained from the experiments, and the heat and

mass transfer model developed to study this coupled sys-

tem. This assessment allows determining the best settings

for solar pond operation. It was found that zones near the

ocean between 40�N and 40�S are ideal locations for solar

pond development because they have enough solar radia-

tion, and availability of excess water and salts to operate

this system. For inland zones with excess water and salts,

this coupled system must be combined with evaporation

ponds to reduce its environmental footprint.

The maximum water production values that can be

obtained are on the order of 3.0 L d-1 per m2 of solar pond

(12.1 m3 d-1 acre-1), but the expected water production

values are more likely to be on the order of 2.5 L d-1 per

m2 of solar pond (10.1 m3 d-1 acre-1) when the system

operates with inefficiencies. The coupled system has a

thermal energy consumption of 880 ± 60 kWh per m3 of

distillate, which is within the range of other membrane

distillation systems powered by solar energy. Given the

thermal energy consumption of this system, a careful sizing

of the membrane area, in terms of the dimensions of the

solar pond, has to be conducted. Our results show that the

membrane area has to be 1000 times smaller than the area

of the solar pond to achieve continuous and, thus, sus-

tainable operation.

The effect of operational conditions, such as the velocity in

the membrane channels, the partial pressure of air entrapped

in the membrane pores, and the feed solution salinity, on the

performance of the system was evaluated. The most impor-

tant operating parameters that influence the freshwater pro-

duction rates are the partial pressure of air entrapped in the

membrane pores and the overall thermal efficiency of the

coupled system. The results of this work can be used as a

guide for geographical zone selection and operation of a

membrane distillation system driven by solar ponds that can

help mitigate the stress on the water-energy nexus.
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