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• A systematic SMDDS design strategy is developed based on flexibility analysis.
• Appropriate design can be identified by computing the flexibility index of each candidate.
• An energy utilization ratio is introduced to facilitate proper decision making.
• The usefulness of temporal flexibility analysis is demonstrated with case studies.
• Both unit sizes and system structure can be properly determined.
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A realistic solar driven membrane distillation desalination system (SMDDS) is expected to be fully functional in
the presence of uncertain sunlight radiation and fluctuating freshwater demand. Since these time-variant
disturbances and their cumulative effects can often be accommodated with a collection of properly-sized buffer
units embedded in a suitable system configuration, a systematic SMDDS design strategy is thus developed in the
present study on the basis of a novel quantitative measure. Specifically, a generic mathematical programming
model is formulated for computing the temporal flexibility index of any given system. By assessing the opera-
tionalflexibilities of alternative candidates, themost appropriate design can be identified accordingly. The results
obtained in case studies show that the proposed approach is convenient and effective for addressing various
operational issues in SMDDS design.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Due to the alarming effects of global warming and a growing world
population, there is an ever-increasing demand on water resources
everywhere. In recent years, considerable effort has been devoted to
the development of an efficient and sustainable desalination technolo-
gy. Among all alternatives that utilize membrane distillation, the air
gap membrane distillation (AGMD) is widely considered as a promising
candidate since the energy consumed per unit of water generated by
this method is the lowest [1–3]. Many researchers have already
constructed rigorous mathematical models to simulate and analyze
the underlying transport phenomena so as to identify the key variables
affecting the water flux in an AGMD module [2,4–6]. In particular, Ben
Bacha et al. [2] and Chang et al. [6,7] have built models of all units
embedded in a solar driven membrane distillation desalination system
(SMDDS), i.e., (1) the solar absorber, (2) the thermal storage tank,
(3) the counter-flow shell-and-tube heat exchanger, (4) the AGMD
modules, and (5) the distillate tank, and then discussed various opera-
tional and control issues accordingly. A typical process flow diagram
3; fax: +886 6 234 4496.
ang).
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of SMDDS can be found in Fig. 1. Gálvez et al. [8] meanwhile designed
a 50 m3/day desalination setup with an innovative solar-powered
membrane, and Guillen-Burrieza et al. [9] also assembled a solar driven
AGMD pilot. These two studies were performed with the common goal
of minimizing energy consumption per unit of distillate produced.
Although successful applications of the solar-driven AGMD modules
were reported, it should be noted that the aforementioned works
focused only upon thermal efficiency while the important issues
concerning operational flexibility have never been addressed.

In fact, dealing with uncertainties is one of the practical issues that
must be addressed in designing and operating any production process.
A realistic SMDDS design is expected to be fully functional in the
presence of uncertain sunlight radiation and fluctuating freshwater
demand. Traditionally, the ability of a system to maintain feasible oper-
ation despite unexpected disturbances is referred to as its operational
flexibility. Various approaches have been proposed to determine a quan-
titative performance measure so as to facilitate flexibility analysis
[10–26]. The original flexibility index (FIs) was first defined by Swaney
and Grossmann [14,15] which is to be used as an unambiguous gauge
of the feasible region in the uncertain parameter space. Specifically,
the value of FIs is associated with the maximum allowable deviations
of the uncertain parameters from their nominal values, by which feasi-
ble operation can be assured with proper manipulation of the control
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Fig. 1. Configuration I.
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Fig. 2. Configuration II.
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variables. These authors also showed that, under certain convexity as-
sumptions, critical points that limit feasibility and/or flexibility must
lie on the vertices of the uncertain parameter space [15]. Grossmann
and Floudas [18] later exploited the fact that the active constraints are re-
sponsible for limiting the flexibility of a design and developed a mixed
integer nonlinear programming (MINLP) model accordingly. Similar
flexibility analysis was also carried out in a series of subsequent studies
to produce resilient grassroots and revamp designs [27,28]. Since the
steady-state material-and-energy balances are used as the equality con-
straints in the aforementioned MINLP models [14,15,18,19,21,23,25],
the traditional steady-state flexibility index should be regarded as a
performance indicator of the continuous processes [29–33]. On the
other hand, as indicated by Dimitriadis and Pistikopoulos [34], the oper-
ational flexibility of a dynamic system should be evaluated differently. By
adopting a system of differential algebraic equations (DAEs) as the
model constraints, they developed amathematical programming formu-
lation for computing the dynamic flexibility index (FId). Clearly this prac-
tice is more rigorous than that based on the steady-state model since,
even for a continuous process, the operational flexibility cannot be
adequately characterizedwithout accounting for the transient dynamics.

In the aforementioned dynamic flexibility analysis, the nominal
values of uncertain parameters and the anticipated positive and nega-
tive deviations in these parameters were assumed to be available at
every instance over the entire time horizon of operation life. The corre-
sponding flexibility index can be uniquely determined on the basis of a
dynamic system model and also such a priori information. However,
while the unexpected fluctuations in some process parameters may
render an ill-designed system inoperable at certain instances, their
cumulative effects can also result in serious consequences. The latter
scenario is completely ignored in the traditional dynamic flexibility
analysis, but it is in fact a more probable event in SMDDS operations.
This is because, in the former case, the immediate impacts of instanta-
neous disturbances in solar irradiation and freshwater demand can
usually be absorbed by the thermal storage tank and/or the distillate
tank. In a previous study, Adi and Chang [35] developed a generic
mathematical program to compute temporal flexibility index (FIt) for
quantifying the system's ability to buffer the accumulated changes in
process parameters. This index should be regarded as a useful criterion
for identifying realistic SMDDS designs. Specifically, all units in Config-
uration I (see Fig. 1) can be properly sized to achieve a target FIt. Notice
that various structural issues can also be addressed. For example, sever-
al alternative thermal storage schemes can be evaluated on the basis of
temporal flexibility analysis. The stripped-down version of SMDDS
design in Fig. 2 (Configuration II) can certainly be analyzed and com-
pared with Configuration I, while installation of an extra thermal
storage tank (say, on an additional bypass from solar absorber to heat
exchanger and/or vice versa) can also be considered.

The rest of the paper is organized as follows. The mathematical
models of SMDDS units are first presented in the next section. Next,
in Section 3, the novel concept of temporal flexibility is outlined and
a generic programming formulation (for computing FIt) is also given.
A series of extensive case studies have been performed to validate the
proposed design approach in this work. The optimization and simula-
tion results on the two configurations in Figs. 1 and 2 are thoroughly
analyzed and discussed in Section 4. Finally, conclusions are drawn in
Section 5.

2. Mathematical models of SMDDS units

The aforementioned SMDDS units, i.e., the solar absorber, the ther-
mal storage tank, the counter-flow shell-and-tube heat exchanger, the
AGMD modules, and the distillate tank, are interconnected in a typical
system to form two separate processing routes for seawater desalina-
tion and solar energy conversion respectively. For implementation con-
venience, the available unit models [6] have been simplified and these
modified versions are outlined below.

• Solar absorber

The solar absorber in a SMDDSdesign is used to convert solar energy
to heat. The following assumptions are adopted in formulating itsmath-
ematical model: (1) the fluid velocities in all absorber tubes are the
same; (2) the fluid temperature should be kept below boiling point;
(3) there is no water loss; and (4) heat loss is negligible. The corre-
sponding transient energy balance can be written as

dT f ;SAout

dt
¼ −LSA

mf ;SA

Mf ;SA

T f ;SAout
−T f ;SAin

LSA
þ ASAI tð Þ
Mf ;SACp

L
f

ð1Þ

T f ;SAout
≤ Tmax

f ;SAout
ð2Þ

where,T f ;SAin
andT f ;SAout

denote the inlet and outlet temperatures (°C) of
the solar absorber respectively;Tmax

f ;SAout
is themaximum allowable outlet

temperature (°C); Mf,SA denotes the total mass of operating fluid in the
solar absorber (kg); mf,SA denotes the overall mass flow rate of operat-
ing fluid in solar absorber (kg/h); LSA is the length of an absorber tube
(m); ASA is the exposed area of a solar absorber (m2); CpfL is the heat
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capacity of operating fluid (J/kg °C); and I(t) is the solar irradiation rate
per unit area (W/m2).

• Thermal storage tank

By assuming that (1) the fluid inside the thermal storage tank iswell
mixed, (2) the inlet and outlet flow rates are identical, and (3) the heat
capacity of operating fluid is independent of temperature, the energy
balance around thermal storage tank can be expressed as

Mf ;ST
dT f ;STout

dt
¼ rf ;STmf ;STL T f ;STin−T f ;STout

� �
ð3Þ

rf ;ST ¼ mf ;ST

mf ;STL
ð4Þ

where, T f ;STin and T f ;STout denote the inlet and outlet temperatures (°C)
respectively; Mf,ST represents the total mass of operating fluid in the
thermal storage tank (kg); mf,STL is the total mass flow rate driven by
the pump in the thermal loop (kg/h); and mf,ST is the throughput of
thermal storage tank (kg/h) which equals rf,STmf,STL.

In Configuration I, the solar absorber is connected to the thermal
loop only during daytime operation. In other words,

mf ;SA ¼ mf ;STL if I tð Þ > 0 daytimeð Þ
0 if I tð Þ ¼ 0 nighttimeð Þ :

�
ð5Þ

As a result, the flow ratio defined in Eq. (4) can be treated as an
adjustable control variable in daytime operation, i.e., 0 ≤ rf,ST(t) ≤ 1,
while rf,ST(=1) is kept unchanged during nighttime.

Finally, in the case if the thermal storage tank is not utilized,
i.e., Configuration II, there is really no need to distinguish the operation
modes and thus one can simply fix mf,SA = mf,STL and rf,ST = 0.

• Heat exchanger

The hot fluid used in the counter-flow heat exchanger comes from
the thermal storage tank and/or solar absorber, while the cold fluid is
the sea water. The dynamics in this unit are ignored and a steady-
state energy balance is used to model the heat-exchange process. It is
also assumed that there is no heat loss. Thus, the unit model of heat
exchanger can be written as

mf ;MD T f ;HX;CLout−T f ;HX;CLin

� �
¼ mf ;HX;HL T f ;HX;HLin−T f ;HX;HLout

� �
ð6Þ

where, mf,HX,HL is the mass flow rate of hot fluid (kg/h); T f ;HX;HLin and
T f ;HX;HLout respectively denote the inlet and outlet temperatures of hot
fluid (°C); mf,MD is the mass flow rate of sea water in membrane distil-
lation loop (kg/h); and T f ;HX;CLin and T f ;HX;CLout respectively denote the
inlet and outlet temperatures of the cold fluid (°C). Note that the mass
flow rate of hot fluid is essentially the same as that in the thermal
loops in both Configurations I and II, i.e.

mf ;HX;HL ¼ mf ;STL: ð7Þ

An energy balance around the valve V-2 yields

T f ;HX;HLin ¼ 1−rf ;ST
� �

T f ;SAout
þ rf ;STT f ;STout : ð8Þ

Again, this equation is also valid in the above two structures. Finally,
let us consider the outlet temperature of hot fluid. Since, in Configura-
tion I, the hot fluid leaving heat exchanger is recycled back to the
solar absorber in the daytime operation and to the thermal storage
tank during nighttime, the following constraints should be imposed

T f ;HX;HLout ¼
T f ;SAin

if I tð Þ > 0 daytimeð Þ
T f ;STin if I tð Þ ¼ 0 nighttimeð Þ :

�
ð9Þ
On the other hand, since Configuration II is not equipped with a
thermal storage tank, only the first constraint in Eq. (9) can be used
in the corresponding model.

• AGMD module

To enhance computation efficiency, only a simplified model is
adopted in this study for charactering the AGMD unit. It is assumed
that the mass flux of distillate across membrane is a function of the
rate of energy input. Specifically, this flux in a standard module can
be expressed as

Nmem ¼
mf ;MDCp

L
f
T f ;HX;CLout−T f ;HX;CLin

� �
STEC·AMD·nAGMD

ð10Þ

where, Nmem denotes the distillate flux (kg/m2 h); AMD is the fixed
membrane area of a standard AGMD module (m2); nAGMD is the
total number of standard modules; and STEC is the specific thermal
energy consumption constant (kJ/kg), which can be considered as
the ratio between energy supplied by the heat exchanger and mass
of the distillate produced [36,37].

Strictly speaking, the mass flux through AGMD membrane should
be driven primarily by the vapor pressure differential. However, this
flux is assumed here to be roughly proportional to the temperature
difference for the purpose of simplifying calculation. Since Eq. (10)
is used essentially as an empirical relation in this case, it should be
only valid within a finite range of the sea water flow rate. Conse-
quently,mf,MD is treated in this work as an adjustable control variable
which is allowed to vary ±10% from its nominal value.

0:9mN
f ;MD ≤mf ;MD ≤ 1:1mN

f ;MD ð11Þ

Finally, note that the sea water entering AGMDmodule should not
be allowed to exceed a specified upper bound so as to avoid damaging
the membrane, i.e.

T f ;HX;CLout≤ Tmax
f ;HX;CLout ð12Þ

where, Tmax
f ;HX;CLout is the upper bound of a cold stream temperature at

the outlet of a heat exchanger (°C).

• Distillate tank

The distillate tank is used as the buffer for the fluctuating water
demand. The corresponding model can be written as

ρL
fADT

dhDT
dt

¼ mf ;DTin−mf ;DTout ð13Þ

where, ρfL is the distillate density (kg/m3); ADT is the cross-sectional
area of distillate tank (m2); hDT is the height of liquid in distillate
tank (m); mf ;DTin and mf ;DTout denote the inlet and outlet flow rates
respectively (kg/h). Note that the inlet flow is produced by the
AGMD unit, i.e.

mf ;DTin ¼ nAGMDNmemAMD: ð14Þ

Finally, it is obvious that the liquid height in the distillate tank
should be maintained within a specified range, i.e.

hDT;low ≤ hDT ≤ hDT;high ð15Þ

where, hDT,low and hDT,high respectively denote the given lower and
upper bounds (m).
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3. Temporal flexibility analysis

To facilitate clear explanation of the novel concept of temporal
flexibility, let us briefly review the conventional formulations for
steady-state flexibility analysis [14,15]. For illustration convenience,
the following label sets should be first defined:

I ¼ i i is the label of an equality constraintj gf ð16Þ

J ¼ j j is the label of an inequality constraintj g:f ð17Þ

The general design model of a steady-state system can be expressed
accordingly as

f i d; z;x; θð Þ ¼ 0; ∀i∈I ð18Þ

gj d; z;x; θð Þ≤ 0; ∀j∈J ð19Þ

where, fi is the ith equality constraint in the designmodel (e.g., themass
or energy balance equation for a processing unit); gj is the jth inequality
constraint (e.g., a capacity limit); d represents a vector which contains
the design variables corresponding to the structure and equipment
sizes of the plant; z denotes a vector which contains the control vari-
ables that can be adjusted during operation, e.g., flows and utility
loads; x is a vector which contains the state variables that define the
system, e.g., concentrations, temperatures and pressures; θ denotes
the vector which contains the uncertain parameters, e.g., inlet condi-
tions and reaction rate constants [38].

Given a nominal parameter value θN and the corresponding
expected deviations in the positive and negative directions (Δθ+

and Δθ−), the uncertain parameters can be constrained accordingly
as

θN−δΔθ−≤ θ≤ θN þ δΔθþ ð20Þ

where, δ is a positive scalar variable to be determined with the flexibil-
ity analysis. In the original formulation, the flexibility index represents
the largest deviation that the design can accommodatewhile remaining
feasible, i.e., satisfying Eqs. (18) and (19). For a fixed design with con-
stant d, this steady-state flexibility index can be determined by solving
the following model:

FIs ¼ max δ ð21Þ

subject to the constraints in Eqs. (18), (20) and those presented below

max
θ

min
z

max
j

gj d; z;x; θð Þ≤ 0: ð22Þ

It should be noted that FIs ≥ 1 indicates that the flexibility target is
reached for the corresponding steady-state operations.

Dimitriadis and Pistikopoulos [34] replaced the equality con-
straints in Eq. (18) with a system of differential-algebraic equations,
i.e.

f i d; z tð Þ;x tð Þ; _x tð Þ; θ tð Þð Þ ¼ 0 ð23Þ

where, t∈ 0;H½ �; i∈I; and x 0ð Þ ¼ x0. Thus, the dynamic flexibility
index can be computed with the following model:

FId ¼ max δ ð24Þ

subject to Eq. (23) and

max
θ tð Þ

min
z tð Þ

max
j;t

gj d; z tð Þ;x tð Þ; θ tð Þ; tð Þ≤ 0 ð25Þ

θN tð Þ−δΔθ− tð Þ≤ θ tð Þ≤ θN tð Þ þ δΔθþ tð Þ: ð26Þ
Note that time is introduced in this model as an independent vari-
able since it is necessary to characterize the system dynamics. Notice
also that the scope of dynamic flexibility analysis must cover the entire
operation horizon [0,H] and the variations in the parameters θ(t) are
bounded at every instance according to Eq. (26). These requirements
on uncertain parameters may be too restrictive for practical applica-
tions, since a system can be still feasible even under the condition that
the “short-term” disturbances exceed the given limits temporarily.

To facilitate the temporal flexibility analysis, let us assume that the
variations in uncertain parameters are possible within a finite time in-
terval [t0,t1] ⊂ [0,H]. The cumulative effects of short-term disturbances
can be assessed by integrating Eq. (26), i.e.

−δ∫t1

t0
Δθ τð Þ−dτ≤∫t1

t0
θ τð Þ−θ τð ÞN

� �
dτ≤ δ∫t1

t0
Δθ τð Þþdτ: ð27Þ

Since the anticipated largest possible deviations in uncertain
parameters should be regarded as given information, the expected
net positive and negative cumulated deviations over interval [t0,t1],

i.e., ∫
t1

t0
Δθ τð Þ−dτ and ∫

t1

t0
Δθ τð Þþdτ, can also be computed in advance.

To ensure operational safety, these net upper and lower bounds are
adopted in this work to limit the accumulated effects at any time.
For clarity, let us simplify notation as follows:

ΔΘ− ¼ ∫t1

t0
Δθ τð Þ−dτ

ΔΘþ ¼ ∫t1

t0
Δθ τð Þþdτ

ð28Þ

Θ tð Þ ¼ ∫t

t0
θ τð Þ−θ τð ÞN

� �
dτ ð29Þ

Eq. (27) can be modified accordingly as

−δΔΘ− ≤ Θ tð Þ≤ δΔΘþ
: ð30Þ

Furthermore, since the time interval [t0,t1] itself may also be uncer-
tain, Eq. (29) can be rewritten as:

d
dt

Θ tð Þ ¼ θ tð Þ−θN tð Þ ð31Þ

where, Θ(0) = 0 and t ∈ [0,H]. Eqs. (23), (25), (28), (30) and (31) can
then be used as the constraints of a mathematical programming model
to determine the temporal flexibility index FIt by maximizing the scalar
variable δ [35]. The required calculation procedure is presented sche-
matically in Fig. 3.

4. Case studies

The case studies presented below are used mainly to demonstrate
the important role of temporal flexibility index in SMDDS design. In
all examples considered in this section, the specifications of a standard
AGMDmodule are assumed to be the same as those given in Banat et al.
[36]. In particular, everymodule is equippedwith a hydrophobic porous
membrane, a hot and a cold water flow channel, and an air layer be-
tween the membrane and the cold seawater channel. The membrane
is made of polytetrafluoroethylene (PTFE) having an effective area of
10 m2 per module. The flow channels are fabricated by spiral winding
the membrane and condenser foils. The effluent of cold seawater
flows into the shell side of a heat exchanger and then into the hot
flow channel of an AGMD unit. Because of the hydrophobic nature of
porous membrane, only water vapor can be transferred through the
membrane pore and this flux is driven primarily by the partial pressure
difference across the membrane [36]. The transported water vapor is
condensed on the wall surface of cold seawater flow channel and then
collected in a distillate tank for domestic consumption.
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Fig. 3. Computation procedure for a temporal flexibility index.
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From Figs. 1 and 2, it can be clearly observed that the AGMD desali-
nation unit is driven by the thermal energy carried in the operatingfluid
(which is water in the present case studies). In the daytime operation,
the heat generated by the solar absorber can be consumed entirely in
either Configuration I or II if the irradiation level is low. In the case of
strong sunlight, a portion of the absorbed energy can be kept in the
thermal storage tank of Configuration I and then used later to enable
an extended period of desalination operation after sunset. Since Config-
uration II is not equipped with any thermal storage facility, it is there-
fore necessary to utilize a relatively small absorber so as to ensure
complete consumption of solar energy in daytime operation and satisfy
the freshwater demand during the night with a large enough distillate
tank.

The solar irradiation rate I(t) is regarded as a time-variant uncertain
parameter in the temporal flexibility analysis. Its nominal profile IN(t),
which is similar to that suggested by Chang et al. [7], and the expected
upper and lower bounds are all depicted in Fig. 4. Note that the
expected positive and negative deviations at any time are both set at
10% of the nominal level. The water demand rate mf ;DTout tð Þ is another
uncertain parameter considered in the case studies. Its nominal value
is set at 18 kg/h × wdf(t), where wdf(t) is the ratio between the
demand rate at time t and a reference value, i.e., 18 kg/h. The expected
deviations inmf ;DTout are also selected to be 10% of its nominal value. The
nominal level of wdf(t) and also the corresponding upper and lower
limits are sketched in Fig. 5. It is assumed that the time-dependent
household water consumption rate can be closely characterized by the
nominal profile ofwdf(t). Finally, it should be noted that, if more realis-
tic solar irradiation profile andwater demandprofile are available in the
future, they can be easily incorporated in the proposed flexibility anal-
ysis so as to acquire better designs.

Before solving the proposed mathematical programs, all model
parameters must be properly selected. Based on Eqs. (10) and (14),
the production rate of each AGMD module at T f ;HX;CLout = 74 °C is
estimated to be 16.54 kg/h [36] (assuming that the feed temperature
is T f ;HX;CLin = 25 °C). The nominal mass flow rate of sea water in
membrane distillation loop mf,MD

N is set to be 1125 kg/h per AGMD
module according to Banat et al. [36]. Also, a maximum daily demand
of 750.42 kg/day can be computed according to Fig. 5. By adopting an
average online period of 12 h/day, the approximate number of paral-

lel AGMD modules can be calculated: nAGMD ¼ 750:42
16:54� 12

¼ 3:78≈4,

thus the total membrane area is 40 m2. In the solar absorber, the
total mass of operating fluid per unit area, i.e., Mf,SA/ASA, is set to be
15 kg/m2 [6]. The flow rate in solar thermal loop (mf,STL) is chosen
to be 36,000 kg/h, which is 8 times the total nominal flow rate of
sea water in the membrane distillation loop (mf,MD

N = 1125 × 4 =
4500 kg/h). This value is selected to ensure quick temperature
response in the desalination loop. The volume of distillate tank in
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Table 1
Model parameters and variables.

Symbol Definition Value Classification

Tmax
f ;SAout

Maximum allowable outlet
temperature of the solar absorber

100 °C d

Mf,SA Total mass of the operating fluid in
the solar absorber

– d

LSA Length of the absorber tube – d
ASA Exposed area in the solar absorber – d
Cpf

L Heat capacity of the operating fluid 4200 J/kg °C d
Mf,ST Total mass of the operating fluid in

the thermal storage tank
10,000 kg d

mf,STL Mass flow rate in the thermal loop 36,000 kg/h d
T f ;HX;CLin Cold fluid inlet temperature of the

heat exchanger
25 °C d

AMD Membrane area of a standard AGMD
module

10 m2 [36] d

nAGMD Total number of standard AGMD
modules

– d

STEC Specific thermal energy consumption 14,000 kJ/kg [36] d
Tmax
f ;HX;CLout Maximum cold fluid outlet

temperature of the heat exchanger
90 °C d

ρfL Distillate density 1000 kg/m3 d
ADT Cross-sectional area of the distillate tank 0.35 m2 d
hDT,low Lower bound of the liquid height in

the distillate tank
0 m d

hDT,high Upper bound of the liquid height in
the distillate tank

2.14 m d

ϕutil Energy utilization ratio To be selected d
I(t)max Maximum solar irradiation rate per unit

area
1320 W/m2 d

mf,MD
max Maximum mass flow rate in the

membrane distillation loop
1237.5 kg/h d

Tmin
f ;HX;CLin Minimum cold fluid inlet temperature

of the heat exchanger
25 °C d

T f ;SAin
Inlet temperature of the solar
absorber

– x

T f ;SAout
Outlet temperature of the solar absorber – x

mf,SA Mass flow rate of the operating fluid
in the solar absorber

– x

T f ;STin Inlet temperature of the thermal storage
tank

– x

T f ;STout Outlet temperature of the thermal
storage tank

– x

mf,ST Throughput of the thermal storage tank – x
rf,ST Flow ratio for the thermal storage tank – x
mf,HX,HL Mass flow rate of the hot fluid in the

heat exchanger
– x

T f ;HX;HLin Hot fluid inlet temperature of the
heat exchanger

– x

T f ;HX;HLout Hot fluid outlet temperature of the
heat exchanger

– x

Tf,HX,
CLout

Cold fluid outlet temperature of the
heat exchanger

– x

hDT Liquid height in the distillate tank – x
mf ;DTin Inlet flow rate of the distillate tank – x
Nmem Distillate flux through the AGMD

membrane
– x

mf,MD Mass flow rate in the membrane
distillation loop

4500 kg/h
(nominal)

z

I Solar irradiation rate per unit area – θ
mf ;DTout Outlet flow rate of the distillate tank − θ
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each configuration is assumed to be 0.75 m3 (ADT = 0.35 m2; hDT,
low = 0 m; hDT,high = 2.14 m), while a 10 m3 thermal storage tank
(Mf,ST = 10,000 kg) is utilized in Configuration I. Finally, it is
assumed that the heat capacity of operating fluid Cpf

L is held constant
at 4200 J/kg °C and its density ρfL is also assumed to be constant at
1000 kg/m3.

As mentioned previously, the solar absorber should be sized
according to the AGMD capacity. To facilitate proper decision, the as-
ymptotic energy utilization ratio between these two units should be
first considered:

ϕutil ¼
maximum supply rate of solar energy

maximum consumption rate of thermal energy

¼ ASAI tð Þmax

mmax
f ;MDCp

L
f Tmax

f ;HX;CLout
−Tmin

f ;HX;CLin

� � :
ð32Þ

Obviously, the energy collected by the solar absorber can
be fully utilized by the AGMD module if ϕutil ≤ 1. Otherwise,
there should be a need to store the excess heat. From Fig. 4, it
can be observed that I(t)max = 1320 W/m2. On the basis of
Eq. (11), one could deduce mf,MD

max = 1.1mf,MD
N = 1237.5 kg/h.

Also, from the model description given in Section 2, it is reason-

able to assume that Tmax
f ;HX;CLout = 90 °C and Tmin

f ;HX;CLin = 25 °C. Note
that only a simple calculation is needed for sizing the solar absorb-
er according to a given ϕutil For example, the absorber area for

ϕutil = 1 should be ASA ¼ 1237:5� 4200� 90−25ð Þ
1320� 3600

= 71.09 m2. For

the sake of completeness, all model parameters and variables used in
the case studies are also listed in Table 1.

A systematic approach is followed in this work to size the solar
absorber on the basis of Eq. (32) and a given AGMD module size. By
adopting the aforementioned thermal storage tank and a distillate
tank, the temporal flexibility indices of Configurations I and II can
be computed for different utilization ratios [35]. A summary of the
optimization results is provided in Table 2. Notice first from this
table that the flow ratio rf,ST in daytime operation is listed in every
case. It can be seen that, when ϕutil ≤ 1, the same flexibility indices
can be obtained with both configurations. This is because of the fact
that, since the absorbed solar energy is consumed almost immediate-
ly and completely, the thermal storage tank in Configuration I is not
needed at all, i.e., rf,ST = 0. On the other hand, one can see that
rf,ST = 1 if ϕutil > 1, which implies that the thermal storage tank is
fully utilized for storing the excess solar energy acquired during the
daytime operation in Configuration I. Note that, although rf,ST is
allowed to assume a real value between 0 and 1 in this situation,
this optimal operating policy is adopted mainly to avoid violating
the temperature upper bounds in Eqs. (2) and (12).

Note that the active constraint in each optimum solution, i.e., when
gj = 0 [18], is also given in Table 2. For ϕutil b 1, since the consumed
energy may not be enough to meet the demand, the distillate tank is
expected to be emptied at some instances. The optimization results of
the corresponding two cases are analyzed below.

• Let us first consider Case 1 when ϕutil = 0.79. Note that FIt = 0 in
this case, i.e., no deviations from the nominal parameters are
allowed for both configurations. This is due to the fact that the nom-
inal absorption rate of solar energy is just enough to meet the nom-
inal demand by maximizing the control variable mf,MD at all times.

• Let us next consider Case 2 when ϕutil = 0.96. Note that FIt = 1 in
this case, i.e., the expected deviations from the nominal parameters
can be exactly accomodated in both configurations. To validate this
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Fig. 7. The time profiles of hDT for both configurations in the worst-case scenario
(ϕutil = 0.96).

Table 2
Optimization results.

Configuration Case no. 1 2 3 4 5 6 7

ϕutil 0.79 0.96 1 1.16 1.28 1.39 1.58

I FIt 0 1 1.24 1.65 1.65 1 0
rf,ST (day) 0 0 0 1 1 1 1
gj = 0 hDT,low hDT,low hDT,low hDT,low hDT,high hDT,high hDT,high

II FIt 0 1 1.24 1 0 Inf Inf
rf,ST (day) 0 0 0 0 0 N/A N/A
gj = 0 hDT,low hDT,low hDT,low Tmax

f ;SAout
Tmax
f ;SAout

N/A N/A
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prediction, the worst-case scenario has been numerically simulated
with Simulink® [39]. The Simulink programwas coded according to
Eqs. (1)–(15) and also the parameter values listed in Table 1. To fa-
cilitate the simulation run, three time profiles were adopted as in-
puts, i.e., (1) the lower limit of a solar irradiation profile in Fig. 4,
(2) the upper limit of the water demand profile in Fig. 5, and
(3) the control variable mf,MD(t) obtained by solving the temporal
flexibility index model. The simulated temperature of the operating
fluid at the exit of solar absorber (i.e., T f ;SAout ) and also that of sea
water at the exit of heat exchanger (i.e., T f ;HX;CLout ) are both plotted
in Fig. 6. It can be clearly observed that, at any time during a day,
both temperatures are well below their respective upper bounds.
The corresponding water level in distillate tank can also be found
in Fig. 7. Note the tank is just emptied at the end of 24 h. This obser-
vation essentially confirms the optimization result of FIt = 1 for
both configurations. Thus, if the desired value of temporal flexibility
index is one, Configuration II should be chosen since the equipment
cost for a thermal storage facility can be saved.

In Case 3whenϕutil = 1, notice that the optimization results are still
the same for both configurations, i.e., rf,ST = 0 in daytime operations
and FIt = 1.24. If the target value of temporal flexibility index is 1,
then Configurations I and II in this case are both slightly overdesigned
since FIt > 1. However, if a higher operational flexibility is called for in
design, then there is an incentive to consider additional cases in
which the solar absorbers are larger, i.e., ϕutil > 1. The following are
the corresponding case studies.

• In Case 4 (ϕutil = 1.16), Configuration I can be made more flexible
(FIt = 1.65) by operating the thermal storage tank, i.e., rf,ST = 1.
The corresponding worst-case scenario can be simulated and the
time profiles of three critical variables, i.e., T f ;SAout , T f ;HX;CLout and
hDT, can be found in Figs. 8 and 9. On the other hand, note that
the temporalflexibility index of Configuration II equals one. This is be-
cause, since there is no thermal storage capacity, the exit temperature
of the solar absorber (T f ;SAout ) reaches its upper limit at certain in-
stance during the daytime operation which can occur when the
0

10

20

30

40

50

60

70

80

0 4 8 12 16 20 24

te
m

p
er

at
u

re
 (

o
C

)

time (hour)

Solar absorber outlet
temperature

Heat exchanger cold
fluid outlet
temperature

Fig. 6. The time profiles ofT f ;SAout andT f ;HX;CLout for both configurations in the worst-case
scenario (ϕutil = 0.96).
solar irradiation is high. The corresponding system behavior (high
solar irradiation and low water demand) can be characterized with
Figs. 10 and 11.

• In Case 5 (ϕutil = 1.28), the temporalflexibility index of Configuration
I can be raised to 1.65 and the active constraint is now associatedwith
the upper bound of water level in distillate tank, i.e., hDT ≤ hDT,high.
This is obviously due to the fact that the solar energy is introduced
at a rate which is much faster than the consumption rate of thermal
energy. On the other hand, note that FIt = 0 for Configuration II.
This drastic reduction of flexibility can also be attributed to the
high intake rate of solar energy. Since there is no thermal storage
tank, it is very difficult to keep the exit temperature of the solar
absorber (T f ;SAout ) below 100 °C.

• In Case 6 (ϕutil = 1.39) and Case 7 (ϕutil = 1.58), the selected
solar absorbers are larger than those used in the other cases.
Since more water is produced in Configuration I while the size of
the distillate tank remains the same in either Case 6 or 7, the
resulting flexibility index becomes much lower than that achieved
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Fig. 8. The time profiles of T f ;SAout and T f ;HX;CLout for Configuration I in the worst-case
scenario (ϕutil = 1.16).
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in Case 5. On the other hand, note that FIt = 0 for Configuration II
in Case 5. Thus, any further increase in the utilization ratio inevita-
bly renders Configuration II infeasible.

If there is a need to make the SMDDS system even more flexible
(FIt > 1.65), one can deduce from Case 5 that this goal can be reached
by relaxing the active constraint, i.e., by enlarging the thermal storage
tank (Mf,ST ≥ 10,000 kg) and also the distillate tank (hDT,high ≥
2.14 m). Finally, it should be noted that the temporal flexibility may
be further enhanced by introducing additional structural modifica-
tions, e.g., by operating more than one thermal storage tank in paral-
lel. The merits of these new configurations can be easily assessed on
the basis of the proposed temporal flexibility analysis.
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Fig. 10. The time profiles of T f ;SAout
and T f ;HX;CLout for Configuration II in the worst-case

scenario (ϕutil = 1.16).
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5. Conclusions

Asmentioned previously, the ability of a system tomaintain feasible
operation despite unexpected disturbances is referred to as its opera-
tional flexibility. A systematic SMDDS design strategy is thus developed
in this work on the basis of the temporal flexibility index. Given a
system configuration, all units can be properly sized to achieve a target
degree of flexibility. Given a fixed SMDDS design, additional enhance-
ment measures can be identified according to the active constraints
embedded in the optimum solution of the flexibility index model.
These measures for further refinements include modifications in unit
sizes and/or system structure. Finally, the optimization and simulation
results obtained in case studies show that the proposed approach is
convenient and effective for addressing various operational issues in
SMDDS design.

Nomenclature
Acronyms
AGMD Air gap membrane distillation
DAE Differential-algebraic equation
FI Flexibility index
MINLP Mixed integer nonlinear programming
PTFE Polytetrafluoroethylene
SMDDS Solar-driven membrane distillation desalination system
STEC Specific thermal energy consumption

Variables
d Vector of design variables
f Equality constraints
g Inequality constraints
h Equality constraints, height
m Mass flow rate
r Ratio
t Time
x Vector of state variables
z Vector of control variables
wdf Water demand factor
A Cross-sectional area
H Operation horizon
I Solar irradiation
L Length
M Total volumetric mass
N Mass flux
T Temperature
Cp Heat capacity
FI Flexibility index
STEC Solar thermal energy conversion constant
I Set of equality constraints
J Set of inequality constraints

Greek letters
δ Deviation due to uncertainties
Δ Expected deviations
ρ Liquid density
τ Time
θ Uncertain parameters
θ Vector of uncertain parameters
Θ Accumulated uncertainty parameters

Superscripts
+ Positive direction
− Negative direction
0 Variable at t = 0
L Liquid state
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N Nominal values
max Maximum
min Minimum

Subscripts
d Dynamic
f Fluid
i Label of equality constraint
j Label of inequality constraint
s Steady state
t Temporal
0 Variable at the beginning of interval 0
1 Variable at the end of interval 1
high High limit
in Inlet
low Low limit
out Outlet
util Utilization ratio
mem Membrane
BP By-pass
CL Cold liquid
DT Distillate tank
HL Hot liquid
HX Heat exchanger
MD Membrane distillation
SA Solar absorber
ST Storage tank
STL Solar thermal loop
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