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ABSTRACT

A previously validated model for direct contact membrane distillation (DCMD) was used to analyze
the performance of a process for desalinating geothermal saline water. The water recovery rate for
a single DCMD unit is extremely low. Using several MD units arranged in series and array patterns
increases pure water production. Another advantage of the cascade structure is that most of the geo-
thermal energy associated with brackish water is utilized. The number of units that can be used in a
series pattern is determined by the temperature difference between the exit brine and inlet permeate
streams of an MD unit. The number of stages that can be used in an array pattern is determined by
the temperature difference between the exit permeate and brine streams through out the stage. Sim-
ulations indicated that 51% water recovery can be achieved when 40 MD units are used in an array
pattern. The analysis revealed al6% increase in water recovery when the feed salinity is reduced
from 3.7% to 0.2%. In addition, the gained output ratio can reach a value of 9 when the entire exit per-
meate stream is recycled to the MD unit as a feed stream at the expense of additional waste of heat.
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1. Introduction

The Kingdom of Saudi Arabia is an arid country with
annual renewable water resources of 95 m? per capita, sub-
stantially below the 1000 m?® per capita benchmark commonly
used to denote water scarcity. Currently, more than half of
the potable water needs of Saudi Arabia are satisfied through
large, expensive investments in desalination plants equipped
with either thermal- or membrane-based reverse osmosis
(RO) units. Additional potable water supply is provided by
brackish ground water that commonly undergoes cooling,
filtration, and finally, purification in RO units. The increas-
ing operating cost of traditional thermal and RO desalina-
tion processes are driving search for new and less expensive
technologies. Membrane distillation (MD) is a relatively new
technology that can be used for water desalination. This study
was a part of a research project that analyzes the technical fea-
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sibility of using the heat of high-temperature local brackish
ground water as a source of energy for the MD process.

MD is a relatively new and rapidly increasing mem-
brane technology that can be used for desalination. Cur-
rently, numerous major cities in the kingdom, including
its capital,Riyadh, are supplied with a satisfactory propor-
tion of brackish water by desalination using traditional RO
units. Water is cooled to approximately 30°C before being
introduced to RO units. The heat of the ground water sup-
ply can serve as a source of energy for the MD process.

This membrane process has promising applications in
the fields of water desalination and/or purification as well
as in the treatment of wastewater. The following four con-
figurations are commonly used and investigated [1-2]:

Direct contact membrane distillation (DCMD),
Vacuum membrane distillation(VMD),
Sweeping gas membrane distillation, and

Air gap membrane distillation (AGMD).
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The DCMD configuration is the most common and
is used in various applications. Phattaranawik and Jira-
ratananon [3] reported that the DCMD configuration is easy
to set up, has low energy consumption,and produces a high
flux of water permeate. In addition, it seems to be partic-
ularly suitable for applications involving water separation
[3]. The main benefits of the MD process are its simplicity
and the small temperature gradients necessary for its oper-
ation. Moreover, because the process operates at the lig-
uid—vapor equilibrium, total rejection of macro molecular
ions and other nonvolatile components can be achieved [4].
This high rejection rate and the high quality of the purified
water observed are almost independent of the feed water
salinity. Safavi and Mohammadi [4] analyzed desalination
using the VMD of high-salinity water with concentrations
ranging from 100 to 300 g/L. In addition, MD systems are
simpler than those used in RO plants and are particularly
suitable for remote areas. One of the major advantages of
the MD process is that the feed water can be heated using
any inexpensive energy source (i.e., solar, geothermal, or
waste energy using diesel engines or cogeneration plants).
The utilization of such low-grade energy sources makes the
MD process a promising separation technique. In particu-
lar, the use of solar energy to drive MD units has been stud-
ied by several authors [5-8]. Compared with solar energy,
geothermal energy is not widely used to drive desalination
units, even though both are considered low-grade energies.
Geothermal sources of high temperature (>150°C) are often
used for power generation; however, medium-temperature
(100-150°C) and low-temperature (< 100°C) geothermal
resources are suitable for direct use, including heating and
thermal desalination. Thus, desalination can be achieved
using geothermal energy by adopting different methods.
Multi-flash distillation (MSF) can be coupled with medi-
um-temperature geothermal energy. An RO unit can also be
driven using a geothermal power plant.

Yari [9] conducted an exergy analysis of various types
of geothermal processes. Exergy destruction rates were
used to quantify the performance of each studied plant.
Bourouni et al. [10] conducted an experimental and theo-
retical study on a geothermal desalination unit in southern
Tunisia. The process was based on the humidification and
dehumidification of air. Furthermore, Mohamed and El
Minshawy [11] studied a geothermal energy-driven humid-
ification—-dehumidification process for water desalination.
The authors developed both an experimental setup and a
computer code for model validation. Mahmoudi et al. [12]
examined the potential application of a geothermal ener-
gy-driven desalination unit for brackish water and studied
its feasibility in arid regions. The authors concluded that
desalination of brackish water represents a highly promis-
ing field for geothermal energy with the energy output of
geothermal energy resources being generally stable. More-
over, Kalogirou [13], in his review on the use of geother-
mal energy in desalination, reported that the temperature
of the ground below certain levels is relatively invariable
throughout the seasons. Eltawil et al. [14] concluded that
the continuity and predictability of the supply are the main
benefits of geothermal energy. Particularly, thermal energy
need not be stored. Bouguecha and Dhahbi [15] experimen-
tally studied the effect of feed conditions on the unit per-
formance achieved using a fluidized bed crystallizer and

AGMD driven by geothermal energy. AGMD exhibited a
low recovery fraction compared with RO, suggesting that
the use of MD with geothermal energy should be further
studied.

Several studies have proposed and analyzed various
arrangements and configurations for improving perfor-
mance, including the incorporation of a heat recovery
device into the MD system [16,17] and the use of a multi-
stage (or multi-effect) concept [17-18]. The multistage con-
cept is well known and commonly used in multiple effect
distillation and multistage flash technologies. Applying this
concept increases the recovery ratio and reduces the specific
energy consumption of the process.

Regarding geothermal energy in Saudi Arabia, several
studies have identified thermal springs in the kingdom.
Moreover, surface water occurrences were discovered. Al
Dayel [19] reported that the temperatures range from 70 to
100°C. Rehman and Shash [20] reported several hot springs
with the deep temperature ranging from 50 to 120°C.
Hanan and Taleb [21] noted that despite the availability of
several geothermal locations in Saudi Arabia, there are cur-
rently no serious projects on utilizing geothermal energy for
desalination. In addition to these thermal springs, brackish
ground water constitutes a critical source of potable water
in the kingdom. Riyadh receives about half of its water from
five plants designed to treat brackish water. The plants pro-
duce potable water with TDS of less than 500 mg/L from
more than 30 wells where the salinity is between 1250 and
1750 mg/L. Each well is approximately 1300 m deep with
a flow rate of approximately 200 m*/h and a temperature
in the range of 60-70°C [22]. Brackish raw water is treated
by pumping it first to cooling towers for lowering the feed
temperature to approximately 30°C. The cooled water is
softened, clarified, and subsequently conveyed to sand fil-
ters before being fed to RO units. Alsuhaibani and Hepbasli
[23] evaluated (on the basis of the specific exergy index [24]
values) the geothermal resources in the Gizan and Al-Lith
regions as low-quality resources, as classified by Lee [25].

Most previous studies have reported a limited water
recovery rate for a single MD unit. In the present study,
we examine a method for improving the recovery ratio by
using multistage MD units. Ground water of character-
istics similar to those of brackish water in Riyadh city is
used in this study. For such waters, we know that suitable
membranes for the MD process are available in the market.
Moreover, a cascade configuration can facilitate the opti-
mal utilization of geothermal energy instead of recycling
or utilizing geothermal energy as a waste heat. Particularly,
we assess the feasibility of using the heat of the high-tem-
perature brackish water from wells as a source of energy to
drive the MD process. Different operating conditions and
MD unit arrangements for maximizing water recovery are
investigated. The analysis is based on a theoretical model
developed by Nakoa et al. [26].

2. Model of the DCMD unit

The mechanism of pure water production in a DCMD
unit can be explained using the diagram shown in Fig. 1.
The unit has a membrane, a thin hydrophobic layer that
allows vapor molecules but not liquid water to pass
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through its pores. Cold and hot water streams flow on
either side of the membrane. The hot water stream is usu-
ally saline water or wastewater with a bulk temperature
T. On the other side, the cold water stream flows with a
bulk temperature T,. The vapor pressure difference gen-
erated because of the temperature difference between hot
and cold membrane surfaces (T, and Tmp, respectively)
forces water on the hot side to vaporize. The vapor dif-
fuses through the membrane pores and condenses on the
cold permeate side. The condensate can be collected as
highly pure water. One of the main challenges of using an
MD unit is that the difference between the temperatures
on either side of the membrane (T~ T, ) is lower than
its corresponding bulk value (T,- TPS because of the resis-
tance to heat transfer by convection and conduction. Anal-
ogously, the difference in the salinity on either side of the
membrane is lower than the difference in the bulk streams
of hot and cold water. These phenomena are known as
temperature and concentration polarization, respectively.
Hence, the driving force for mass transfer decreases,
degrading the efficiency of water production.

An MD process involves simultaneous heat and mass
transfer operations. Several previous studies have involved
modeling heat and mass processes in MD to identify mass
and heat fluxes and consequently, water recovery [26-31].
Rather than developing or modifying these MD models, we
used the model developed by Nakoa et al. [26] to study the
performance of cascaded MD units. This model type uses
heat and mass balances on the feed side, cold side, and
membrane of the system. It has been widely used in pre-
vious studies [27,31]. Appropriate correlations for heat and
mass transfer coefficients were used.

The mass flux (J) of vapor transfer through pores is
given by
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Fig. 1. Boundary layer for a typical DCMD.

In Eq. (1), P, and P, are the partial pressures of water
vapor estimated at the membrane surface temperatures T
and T, , respectively. The partial pressure can be calculatec{
using the Antoine equation. C  is the MD coefficient calcu-
lated from three correlations depending on the type of mass
transfer regime:

Knudson flow mechanism:
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Molecular diffusion mechanism:
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These different regimes depend on the wall collision

theory of water molecules, and each regime dominates at

a specific range of values for the mean free path of a water

molecule. According to the design parameters used in [26],

the Knudsen flow mechanism was found to be suitable and

was adopted for the present study. The heat transfer process
occurs in three steps:
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¢ Convection from the feed bulk to the vapor-liquid inter-
face at the membrane surface:

q; =h(T; =T,) 5)

e Convection from the vapor-liquid interface at the mem-
brane surface to the permeate side:

9, = hn(Tmﬂ - Tp) (6)

where 71, and 11 denote the heat transfer coefficients on the
feed an(i cold stream sides, respectively.

Evaporation and conduction through the micro-porous
membrane:

qm = ]Hv + hm(Tmf - Tmp) (7)

where H_is the water latent heat, where as 1 is the conduc-
tive heat transfer coefficient and is equal to k /3, where k
and & denote the membrane thermal conductivity and its
thickness, respectively.

The total heat flux across the membrane is expressed as
follows:

q,=U(T;~T,) ®)

The overall heat transfer coefficient is given by
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Under steady-state operation, the heat transfer in the
three individual parts of the system reaches equilibrium:

A = =14y (10)
Considering the macroscopic scale of the MD unit
(Fig. 2), the heat balance around the permeate side is given
by [32]:
UA(T, -T,)=Q,pc,(T, —T, ) (11)
where Q , C , and p denote the volume flow rate, specific
heat at a constant pressure, and density of the permeate,
respectively. Similarly, assuming a constant density and
heat capacity,the mass and heat balance around the feed
side is given by
(12)

UA(Tf - Tp) = QfPCp(Tbout —Ts)- Qwpe, (Tfm —T)

Qr-Q,=Q, (13)

The definitions of various variables, the numerical val-
ues of physical and design parameters, and additional sup-
porting correlations are provided in [26]. Values of some
key parameters of the MD unit are listed in Table 1. Egs.
(1)-(9) were solved iteratively until Eq. (10) was satisfied,
revealing the mass flux, temperatures on both sides of the
membrane, and pure water production. Later, Eqs. (11)-
(13) were solved to determine the outlet brine temperature
and flow rate (T,  and Q, respectively) and the permeate
exit temperature (T ) (Fig. 2). The calculated variables
were used as feed conditions for the subsequent MD unit.
New feed conditions and Egs. (1)-(9) were solved again
for the subsequent MD unit. This procedure was repeated
for each MD unit in a given configuration. This procedure
was adopted because it is useful for analyzing multiple MD
units in series and array patterns. In addition, key thresh-
old values were required to determine the number of fea-
sible units and stages to be used in these patterns; this is
described in subsequent sections.

3. Results and discussion

The DCMD model was simulated using the operating
conditions described by Nakao et al. [26]. The model was
validated for four major variables, namely temperatures
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Fig. 2. Typical DCMD unit.

Table 1
Key design parameters of MD unit used

Porosity, e 0.85
Membrane thickness, d 45%x10°m
Pore size, d 0.22 x 10°m
Hydraulic diameter, d, 4 mm
Effective surface area, A 0.0572 m?
Hot stream flow rate 21/m
Cold permeate flow rate 31/m
340 315
1
P /
330 > 310
¥ ¥
320 305 /
= =LA
310 f) 300
v
300 295
40 50 60 70 80 40 50 60 70 80
feed side temperature °C feed side temperature °C
X 104
2 8000
/ . '
~ 1.5 7 ~ 6000
S &
Al o
0.5 4000 L=
0 2000
40 50 60 70 80 40 50 60 70 80

feed side temperature °C feed side temperature °C
Fig. 3. Validation of the temperature and pressure at the mem-
brane surface, circle: experiment, square: model.

and vapor pressures on the hot and cold sides of the mem-
brane (Fig. 3), using the data provided by Nakao et al. [26].
Moreover, other critical variables, such as the heat transfer
coefficient and mass transfer coefficient, were in agreement
with the values reported by Nakao et al. [26]. The calculated
mass flux of the pure water produced is depicted in Fig. 4.
The theoretical mass flux in this study matches that reported
by Nakao et al. [26] exactly. A mismatch between the model
and experimental mass flux values was also observed by
Nakao et al. for water salinity of the same magnitude. This
discrepancy can be attributed to parametric errors, such as
the uncertainty associated with the mass transfer coeffi-
cient and/or structural error, whereas lumped parameters
were assumed in developing the model. Specifically, the
temperature distribution was assumed to be homogenous
along both the feed and permeate sides of the membrane.
In reality, the temperature on both sides changes along the
length of the membrane. However, further model prediction
accuracy was not sought in this study. The validated model
was used to analyze the DCMD performance in different
configurations to maximize the water production, particu-
larly the yield in terms of the ratio of pure water produced
to brackish water fed into the system. In all of the following
configurations, the water volumetric feed rate is fixed at 2
L/m and the associated temperature is 70°C to resemble the
condition at local aquifers. Furthermore, the salt concentra-
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tion is fixed at 3.7% (37,000 ppm), and the inlet temperature
of the cold stream is fixed at 20°C.

3.1. Configuration 1: DCMD units in series in one vessel

The pure water production in a single DCMD unit is
low (Fig. 4). For a single DCMD unit, the water recovery
reaches a maximum value of 7%. In addition, the brine exit
temperature is approximately 60°C. Thus, the overall water
production can be increased by constructing several DCMD
units connected in series (Fig. 5). These units are generally
arranged in a single vessel. This configuration enables uti-
lizing most of the geothermal energy inherent in brackish
water before the concentrated brine is dumped into the
atmosphere. Conceptually, this is analogous to the typical
practice adopted in RO desalination plants. RO plants use
pressurized feed water. To conserve energy in this pro-
cess, energy recovery devices are typically used to recover
energy from the concentrate stream and transfer it back into
the feed flow [33]. The number of DCMD units that can be
appended to the system depends on the difference between
the brine exit temperature and cold stream inlet tempera-
ture. For a series pattern, the following threshold is used:

T, -T, >3(K) (14)
10 T T T
—&— model /
9 H —¢— Experiment
—&— Nakoa et al. model

Mass Flux (kg/mz/h)
[}

. pd
e
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40 45 50 55 60 65 70 75 80

feed side temperature °C

Fig. 4. Experimental and theoretical mass flux at 3.7% feed
salinity.

A sufficient difference between T, ,and T, is neces-
sary to activate an additional MD unit in series. This differ-
ence enables the development a sufficient driving force for
vaporizing the saline water. However, the condition in Eq.
(14) cannot be exceeded, because it is physically unstable
and leads to infeasible numerical solutions.

The simulation results based on the threshold in Eq.
(14) are illustrated in Fig. 6. The results were obtained at
a volumetric flow rate of 3 L/m for the cold stream. The
maximum achievable number of stages is eight and the
individual mass flux as a ratio of the feed decreases with
the number of stages because of a decrease in the thermal
potential (Fig. 6). However, the accumulated water pro-
duction increases, with overall production tripling. Fig. 6
illustrates the stage-to-stage variation in the cold and hot
stream temperatures (i.e., permeate and brine). The differ-
ence between T, and T becomes narrower with the addition
of a DCMD unit until the difference becomes small to the
extent that adding another unit is infeasible.

An increase in the feed temperature or flow rate
improves the performance of a DCMD unit. Because the
feed temperature was maintained constant owing to the
available resources, we alternatively analyzed the effect
of varying the coolant flow rate as a ratio of the hot feed.
Fig. 7 shows the effect of the coolant volumetric flow rate
on the mass flux of the accumulated pure water. The maxi-
mum yield occurs when the two flow rate values are equal
(coolant flow rate of approximately 2 L/m), indicating that
the optimal performance of a DCMD unit can be achieved
when the flow rates of the coolant and feed are equal. The
unit performance deteriorates dramatically at low coolant
flow rates. Similarly, the maximum allowable number of
stages decreases sharply when the flow ratio is slower than
0.75. At small Q grades, a large amount of heat is gained by
the coolant, leadmg to a rapid increase in T . Therefore, the
thermal driving force for subsequent stages substantially
decreases. This situation diminishes heat transfer operation,
leading to the requirement of fewer stages. In practice, low
permeate flow rates should be avoided to prevent overheat-
ing of the permeate and infeasible desalination operation.
Fig. 7 illustrates the thermal behavior of a DCMD unit at
various Q values. At low QP values, the difference between
the feed inlet temperature and permeate outlet tempera-
ture remains low and almost constant, indicating that T,
approaches high values in the prox1m1ty of T. Therefore,
using a larger number of stages is impossible. By contrast,
the difference between the brine outlet temperature and
permeate inlet temperature increases atlow Q values, indi-
cating that the decreased heat loss overall stages at the feed
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Fig. 5. DCMD units in series using counter current flow scheme.
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side lowers the amount of evaporation, resulting in a low
yield of pure water. At high Q values the outlet permeate
temperature deviates from T, allowing for room to include
additional DCMD stages. However, this is limited because
of the decreasing thermal driving force at the other end
(T,.~ T,.)- The decreasmg value of T, _indicates that
a leolrge amount of heat is transferred from the feed side to
the permeate side overall stages, indicating evaporation of
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Fig. 6. DCMD performance using configuration in Fig. 5 at Q,
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Fig. 7. Variation of pure water yield with coolant flow rate.

a higher amount of water and confirming a higher water
yield at considerable Q values.

3.2. Configuration 2: DCMD units in series with recycling

Fig. 6 shows that the exit temperature of the cold stream
approaches a high value, indicating that some geothermal
energy is used to produce the pure water through evapora-
tion and the rest is transferred to the cold stream. The per-
meate stream is commonly recycled to the feed stream to use
the potential energy of the recycle stream. Configuration 2
is shown in Fig. 8. To maintain the same operating condi-
tions, the recycle stream is heated to a temperature identical
to that of the feed. The pure water production rate remains
the same; however, the yield increases, because the makeup
feed is reduced by an amount equal to that of the recycled
feed. The drawback of this configuration is the requirement
of additional energy, which can be fulfilled using waste
heat. An energy analysis of configuration 2 is provided in
Table 4 and is discussed later in comparison with the other
configurations.

3.3. Configuration 3: DCMD units in an array pattern

Another approach for consuming the energy associated
with the permeate outlet flow is to connect another DCMD
vessel in series (Fig. 9). In this configuration, the hot perme-
ate exiting the first vessel enters the second vessel as a feed
for the second cycle, and the cooled brine outlet of the first
vessel enters the second vessel as a cold stream (permeate).
A bank of DCMD units consists of several parallel vessels,
with each vessel consisting of several DCMD units.

For the array pattern, the following threshold is used:

T, -T, >3(K)

Pout (15)

The difference between T, ~and T, ~must be suffi-
ciently large to activate the next cycle o( a chain of MD
units connected in series (Fig. 9). The number of DCMD
units present in each vessel is limited by the difference
between the temperature of the exit brine and that of the
inlet permeate of the final MD unit in the same vessel.
Conversely, the number of parallel vessels is limited by
the difference between the temperature of the exit perme-
ate of the first MD unit and that of the exit brine of the
final MD unit in the same vessel. Each set of vessels in
this configuration is called a cycle. A common and single
feed with a unique value is used in all configurations for a
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Fig. 8. Configuration 2, consecutive stages with a recycle.
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fair comparison. The maximum feed flow that a vessel or
bank can manage is limited by the diameter of the associ-
ated MD unit. For higher feed flow rates, multiple parallel
sets of banks or vessels with multiple independent feeds
can be used. Fig. 10 depicts the simulation results for this
configuration obtained using a Q value of 2 L/m and the
thresholds given by Egs.(14) and (15).

Under the given operating conditions, the simula-
tions indicated that a maximum of three cycles can be
managed, with each cycle having an obviously decreas-
ing number of maximum allowable MD units. The first
cycle has the highest water production. The yield in each
cycle is based on its own fresh feed. The overall yield
shown in the same diagram is based on the amount of
original feed (brackish water fed into the first cycle).The
accumulated water production increases with a repeated
set of cycles. Up to 35% of water recovery is achieved,
as Fig. 10 illustrates. The thermal behavior of the cas-
cade system is also depicted in Fig. 10. The discrepancy
between the permeate outlet temperature and brine
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Fig. 9. Configuration 3; Cascade of parallel vessels.
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Fig. 10. Configuration 3 behavior at Q =2 L/m.

outlet temperature is the driving force for a subsequent
cycle. The driving force increases after the first cycle of
water production, but decreases subsequently with the
addition of MD units until it converges to a minor value
insufficient to power any additional cycle. At this stage,
most of the potential thermal energy is utilized.

We also investigated the sensitivity of configuration 3
to variation in the flow rate of the cold stream. The simula-
tions were repeated at Q =1 L/m and 3 L/m. The outcome
of the analysis is shown in Fig. 11a. Operating at Qp =2L/m,
which is equal to the brackish water feed rate, yields the
optimal water recovery ratio. Fig. 11a shows the optimal
performance of configuration 1 for comparison purposes.
The superiority of the parallel arrangement over a sim-
ple series arrangement was confirmed even at the lowest
permeate feed rate. However, the total number of DCMD
units used in the configurations varies. Typically, the capital
investment and operational cost are directly proportional to
the number of MD elements involved. Therefore, the per-
formance of the configurations per capita was compared by
dividing the water yield by the total number of MD units.
The comparison is illustrated in Fig. 11b. The situation is
reversed when the array pattern performance at the low-
est permeate feed has the lowest cost of production. More-
over, configuration 2 out performs the other configurations
according to the production cost because it requires the
lowest number of MD units.

In configuration 3 (Fig. 10), the brine exiting the first
cycle enters the following cycle as a cold permeate stream.
Although the brine outlet is cooled, it does not reach the
temperature of the original cold stream fed into the first
cycle. Thus, the efficiency of the subsequent cycles degrades
rapidly. Using afresh cold stream at each cycle is necessary
(Fig. 12). Repeating the simulation with Qp =2 L/m and
T = 20°C for each cycle improved the performance (Fig.
15). The global recovery approaches 51%, which is equiv-
alent to a 45% increase compared with the value achieved
using a common feed for the cold stream. However, this
improvement occurs at the expense of requiring a higher
number of MD units (40 MD units) than for setting up a
common feed. Moreover, the modified setup consumes a
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Fig. 12. Configuration 3; Cascade of parallel vessels with inde-
pendent coolant feed.

higher amount of water as a coolant stream. In this config-
uration, a fixed cold permeate stream is used in each cycle,
enabling the threshold given by Eq. (15) to be fulfilled by
increasing the number of cycles. Increasing the number of
cycles is a crucial factor for increased water production.
Table 2 summarizes the analysis results regarding the
recovery ratio and total required number of MD units for
all configurations.

The aforementioned tests were conducted at a salinity of
3.7%, which is suitable for seawater. The salinity of brackish
water from geothermal sources is substantially lower. Thus,
to assess the effect of water salinity on the performance of
MD units, the simulations were repeated using three salt
concentrations. The results are listed in Table 3. The pro-
cess performance for all configurations improves with a
decrease in the salinity, thus coinciding with the results
reported by Nakoa et al. [26]. This finding confirms the suit-
ability of MD technology for desalinating geothermal water
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Fig. 13. Configuration 3 behavior with independent coolant feed
for each cycle with Qp =2L/m.

sources. For further assessing and comparing the analyzed
configurations, two key performance indicators (KPIs) were
examined (Table 4). The first KPI was the concentration fac-
tor (C)), defined as the ratio of the salt concentration in the
final exiting brine to the initial salt concentration in the ini-
tial feed. Calculating the salt concentration of the rejected
brine is crucial because the concentrate side of the mem-
branes is the area where fouling and scaling occur. Thus,
the maximum salt content in the brine determined by the
solubility of the salt should be limited. Gebel and Yuce
[34] considered 60,000 ppm (6%) the maximum value for
the brine concentration to avoid scaling. Therefore, for a
feed salinity of 3.7%, the C is 1.62. This value is extremely
close to the highest C value of 1.64 (Table 4). Therefore, the
salinity of the brine at the outlet of the MD unit is somehow
higher than that of the feed. The risk of fouling and scaling
remains moderate at these C, values. Table 4 indicates that
the C is slightly higher for MD units in the array pattern.
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Table 2
Technical comparison of the 3 configurations

Total number of % recovery

units used

Conf. #1 and 2 8 25
Conf. #3 with 18 35
interchanging cold feed
Conf. #3 with independent 40 51
cold feed

Table 3

Effect of salinity of water recovery at Q =31/m
Salinity 3.7% 1.5% 0.2%
Conf. #1 24.9 264 27.5
Conf. #3 with interchanging 30.1 32.3 34.4
cold feed
Conf. #3 with independent ~ 42.9 47.5 50.0
cold feed

Table 4

Effect of salinity of water recovery at, 3.7% salinity
Flow rate Q,=21/m Q,=3l/m
KPI C, GOR C, GOR
Conf. #1 158 258 1606 25
Conf. #2 with 50% recycle ~ 1.58  4.05  1.606 3.42
Conf. #2 with 100% recycle 1.58 876  1.606 498
Conf. #3 with 1.64 357 162 3.15
interchanging cold feed
Conf. #3 with independent - 534 - 4.53

cold feed

The C should be higher because of the larger number of
units used. The circulating brine does not pass through all
cycles as a flashing stream. Nevertheless, it is sometimes
used as a cold permeate, specifically in the even-numbered
cycles. This KPI is not reported for configuration 3 with the
independent cold feed, because the brine stream is not cir-
culated through all cycles.

The other KPI analyzed was the gained output ratio
(GOR), defined as

GOR — mwtotulAHv
H

in

(16)

where H, is the total energy supplied to the system and

m, . is the accumulated pure water production rate. H, can

be expressed in terms of the initial feed mass flow rate mn,

and its temperature Tf as

H;, = mfcpf(Tf - Tmf) (17)
The thermal efficiency is the ratio of the heat energy

consumption for water vaporization to the total energy sup-

plied to the system through the initial fresh feed. Usually,
GOR is defined as the ratio of the fresh water produced to
the mass of saturated steam delivered to the system. In the
absence of direct use of steam as the source of energy, the
thermal efficiency is used here as alternative definition of
GOR [35]. H_is the sensible heat associated with the hot
feed in configurations 1 and 3. For configuration 2, H, is
simply the amount of heat supplied to the heat exchanger
required to heat the recycle stream (Fig. 8) to achieve the
desired temperature. The higher the value of this KPI is,
the more enhanced the process performance. The GOR
for configuration 3 is higher than that for configuration 1
because of the larger number of units involved. Configu-
ration 2 with 100% recycling exhibited the optimal thermal
performance, because H, is the smallest in this configura-
tion. The amount of heat required is small because the dif-
ference between the temperature of the hot feed, T, and the
temperature of the permeate outlet, T, is smallf (Stage 1
in Fig. 6). This finding has commonly been reported in the
literature because waste heat is sufficient to heat the recy-
cle stream. Nevertheless, geothermal energy is not properly
utilized in this case, because only the cold stream is fed into
the MD unit when 100% recycling is used. Thus, geothermal
energy should be used as a heating medium for the heat
exchanger in configuration 2. However, a fraction of geo-
thermal energy is lost because of the limited efficiency of
the heat exchanger. Except in configuration 1, the thermal
performance is superior at the lower cold permeate flow
rate. At the higher cooler feed rate(3 L/min), the amount
of heat absorbed leads to a lower T mvalue. Therefore, the
threshold defined by Eq. (15) does not apply, resulting in a
lower number of cycles. Moreover, a large amount of heat
energy is acquired from the hot stream, leading to a lower
T, ,and causing the condition imposed by Eq. (14) to dimin-
ish'in each subsequent cycle. Consequently, a lower number
of MD units is used in each sub-cycle. Overall, the amount
of energy consumed for evaporation is reduced, leading to a
smaller GOR value. The estimated values for GOR are typ-
ically within the range reported in the literature. Summers
et al. [36] reported GOR values ranging from 0.17 to greater
than 4. AGOR value greater than 4 corresponds to an MD
unit with eight stages in series. In addition, Saffarini et al.
[37] reported GOR values for various existing solar-pow-
ered MD systems ranging from 0.3 to 6.

The recovery ratio values reported in previous studies,
such as Saffarini et al. [37], are very low, because the sys-
tems used were typically of a single-stage type and simple
(not compact). One of the benefits of cascading and mul-
tistage systems is an increase in the recovery ratio. The
recovery ratio values obtained in the present study reach
50%. The overall recovery ratios for two major conventional
technologies, namely MSF and SWRO, can be 10%-20% and
20%-50%, respectively [38].

It should be noted though, the multiplicity of units and
vessels may require additional pumping energy to compen-
sate for the pressure drop in order to keep each subsequent
unit operating at atmospheric pressure. In this paper, it is
assumed that an inter-stage pump is in service to main-
tain water circulation at required pressure. The unit pres-
sure drop is estimated to be around 0.2 bar [39,40] for the
given flow rate used here. Therefore, the energy associated
with pumping is relatively small compared to the energy
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associated with the hot water feed. Note that using a pres-
surized brackish water feed of 4 bar (assuming the max-
imum allowable LEP is around 4 bar [41]) and assuming
the pressure drop in a single membrane is 0.2 bar [39,40],
a maximum 20 stages in series can be handled without the
need of inter-stage pumps. This makes our results practical
because,in our findings, the maximum number of stages in
series using the same water feed is found to be 9.

4. Conclusions

A theoretical model for DCMD units developed by
Nakoa et al. [26] was applied and validated using data pub-
lished in the literature. The desalination operation was con-
ducted using brackish water with a geothermal temperature
of 70°C, which mimics conditions at local aquifers in Saudi
Arabia. The model was used to analyze the performance of
a process for maximizing the recovery by optimally utiliz-
ing the energy resources associated with the feed water. Set-
ting several MD units in series increases the overall water
recovery to 25%. The overall water recovery is limited by the
total number of MD units that can be constructed, which is
controlled by the temperature difference between the inlet
permeate and outlet brine and is influenced by the flow rate
of the cold permeate. A thermal analysis of the exit brine and
permeate temperatures demonstrated the potential for fur-
ther utilization of the inherent geothermal energy by arrang-
ing the DCMD units in an array pattern. The array pattern
shows an up to 35% increase in the yield,but requires higher
investment because a larger number of units is involved.
The maximum allowable number of cycles (rows in the array
pattern) is controlled by the temperature difference between
the exit brine and exit desalinate. The yield of this configu-
ration can be increased to 51% when fresh cold permeate is
fed into each cycle. However, the total number of MD units
involved and cold water consumption also increases. The
flow rate of the cold stream substantially affects all configu-
rations. An optimal performance was observed at equal flow
rates for the hot and cold feeds.
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Symbols
A —

k
m

ol —

m

Surface area, m?

— Knudsen mass flux coefficient, kg/

m?s-Pa

Moléculaire diffusion mass flux coeffi-

cient, kg/m?*s-Pa

— transition mass flux coefficient, kg/
m?s-Pa

— Heat capacity, j/kg K

Hydraulic and pore diameter, m

— Latent heat of vaporization, J/kg

C
m

T
QU
I

hf, hp, h, — Feed, permeate and membrane heat
transfer coefficient, W/m? K

] — Mass flux, kg/m?*h

k, — Membrane conductivity, W/m K

M — Molecular weight of water, gm/mole

P,P, — Vapor pressure at feed and permeate
membrane surface, Pa

PD — Membrane pressure multiplied by dif-
fusivity, Pa-m?/s

P, — Entrapped air pressure, Pa

.4, — Heat transfer rate at feed and permeate
sections, W/m?

Qp, Qf, Q,Q, Permeate, feed, pure water, and brine
flow rate, I/m

Q, — Opverall heat flux, W/m?

Q — Heat flow to the system, ] /s

R — Ideal gas constant, ] /mole K

T,T — Feed and permeate bulk temperature, K

T’; "f"mp — Feed and permeate membrane tem-
perature, K

ijc — Reference temperature, K

U — Operall heat transfer coefficient, W/m?*K

€ — Porosity

T — Membrane tortuosity

S — Membrane thickness, mm

p — Density kg/m?®
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