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A solar heated membrane distillation desalination system is constructed of solar collectors and mem-
brane distillation devices for increasing pure water productivity. This technically and economically fea-
sible system is designed to use indirect solar heat to drive membrane distillation processes to overcome
the unstable supply of solar radiation from sunrise to sunset. The solar heated membrane distillation
desalination system in the present study consisted of hot water storage devices, heat exchangers, air
gap membrane distillation units, and solar collectors. Aspen Custom Molder (ACM) software was used
to model and simulate each unit and establish the cost function of a desalination plant. From Design
degree of freedom (DOF) analysis, ten design parameters were investigated to obtain the minimum total
annual cost (TAC) with fixed pure water production rate. For a given solar energy density profile of typical
summer weather, the minimal TAC per 1 m3 pure water production can be found at 500 W/m2 by varying
the solar energy intensity. Therefore, we proposed two modes for controlling the optimal design condi-
tion of the desalination plant; day and night. In order to widen the operability range of the plant, the sen-
sitivity analysis was used to retrofit the original design point to lower the effluent temperature from the
solar collector by increasing the hot water recycled stream. The simulation results show that the pure
water production can be maintained at a very stable level whether in sunny or cloudy weather.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Due to global warming effects and a growing world population,
the demand on water resources has been redistributed. Scientists
have paid much attention to an efficient and environmentally
friendly way to generate desalinated water. Desalination can be
taken as a candidate method to meet part of the world’s redistrib-
uted water and increasing fresh water needs due to the abundance
of seawater. Desalination technologies are used worldwide and can
produce potable water, and zero carbon emission, but they waste
energy [1–5]. Commercial desalination plants can be classified into
several types: First one is phase change/thermal technology, i.e.,
multi-stage flash. Second one is membrane separation, i.e., reverse
osmosis (RO) [6]. Other types include vapor compression (VC) [7,8]
and electrodialysis (ED). In order to overcome the drawbacks of
existing commercial technologies which are; huge power supply
and a lot of energy waste, combining renewable solar energy and
membrane distillation for desalination systems has become a pop-
ular technology in recent years [3,9–18].

Solar heated membrane distillations are categorized into four
types: Direct contact membrane distillation (DCMD), air gap mem-
brane distillation (AGMD), sweeping gas membrane distillation
ll rights reserved.
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(SGMD), and vacuum membrane distillation (VMD). Air gap mem-
brane distillations [19–21] have the lowest energy consumption
per unit distillate water generation of these membrane distillation
modules. Many researchers have used mathematical models to
simulate and understand the mass and heat transfer phenomena
of the AGMD module to find the key design and operating variables
for increasing water permitted flux [12,21–23]. Chang et al. [12,24]
and Ben Bacha et al. [21] built mathematical models of all units and
discussed the operation and control issues of the solar driven
AGMD desalination plant. Gálvez et al. [25] designed a 50 m3/day
capacity water production from seawater desalination by innova-
tive solar-powered membrane. Guillen-Burrieza et al. [26] built a
pilot system for solar AGMD desalination. These two articles are
based on minimizing the specific energy consumption per unit dis-
tillate water flowrate to evaluate the system operating perfor-
mance. Song et al. [27] constructed a small pilot plant of
membrane distillation desalination system and operated success-
fully on a daily basis for 3 months. Most of their work focuses on
how to operate the system with high thermal efficiency without
taking the plant capital cost into consideration. But total cost of
plants should include the capital and energy cost. The time-varying
system for unpredictable solar radiation intensity made the
analysis of the total plant cost difficult. In this work, the minimum
plant cost with a totally controllable control structure design is
discussed.

http://dx.doi.org/10.1016/j.apenergy.2012.03.003
mailto:yihhang@mail.tku.edu.tw
http://dx.doi.org/10.1016/j.apenergy.2012.03.003
http://www.sciencedirect.com/science/journal/03062619
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Nomenclature

ASC surface area of the solar collector (m2)
AMD membrane area (m2)
AHX-1 heat transfer area of the heat exchange (m2)
B absorption coefficient (0.8)
CB purchased cost of major unit ($)
Cp purchased cost ($)
CP heat capacity (J/kg K)
Cpc heat capacity of the absorbed plate (460 J/kg K)
Cpf heat capacity of the fluid in the absorbed plate (4180 J/

kg K)
D distillate water flowrate (kg/h)
Dh hydraulic diameter (m)
F volumetric flowrate (m3/h)
FL coefficient of the pipe length (1)
FM material cost factor (–)
Fp pressure cost factor (–)
FT pump type factor (–)
H pump head (m)
h heat convention coefficient (W/m2 K)
hvap heat of vaporization (J/kmol)
I solar radiation intensity (W/m2)
k heat conductivity coefficient (J/s m2 K)
L length of unit (m)
LMD/WMD aspect ratio of the membrane (–)
LSC/WSC aspect ratio of the solar collector (–)
Mc weight of the absorbed plate (kg)
Mcl mass of fluid in the cold side (kg)
Mhl mass of fluid in the hot side (kg)
Mf mass of fluid in the fluid channel of the absorbed plate

(kg)
MS mass of the storage tank (kg)
Mw mass of fluid in the storage tank (kg)
mw molecular weight (18.015 kg/kmol)
mcl mass flowrate in the cold side of the heat exchanger (kg/s)
mf mass flowrate in the absorbed plate (kg/s)
mf h the entrance mass flowrate from heat exchanger to stor-

age tank (kg/s)
mfs the entrance mass flowrate from absorbed plate to stor-

age tank (kg/s)
mhl mass flowrate in the hot side of the heat exchanger (kg/s)
N molar flux (kmol/m2 s)
P pressure (Pa)
Plnair pressure of log mean temperature

Pr Prandtl number (–)
Q heat flux (kJ/m2s)
R gas constant (8314.3 Pa m3/kmol K)
Re reynolds number (–)
S equipment size coefficient(–)
T temperature (K)
T_a ambient temperature (25 �C)
Tc the temperature of the absorbed plate (�C)
T_{cl} the cold side temperature of the heat exchanger (�C)
T_f the temperature of the fluid in the absorbed plate (�C)
Tgm1 interface of membrane and hot fluid (�C)
Tgm2 interface of membrane and air gap (�C)
Thl the hot side temperature of the heat exchanger (�C)
Tm1 interface of condensate water and metal wall (�C)
Tm2 interface of metal and cold fluid (�C)
Tw the temperature of the storage tank (�C)
U overall heat transfer coefficient (280 W/m2 K)
V velocity (m/s)
W width of unit (m)

Italic
d thickness (m)
l viscosity (kg/m s)
q density (kg/m3)
X stands for optimization variables

Subscript
ag air gap layer
cl cold fluid
conl condensate fluid
D design of freedom
D-1 storage tank 1
f the interface between condensate and air gap layer
gm internal layer of the membrane
hl hot fluid
HX-1 heat exchanger
MD membrane
m metal layer
No. stream no.
R recyclewater flowrate
SC solar collector
sea seawater flowrate
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We have addressed and solved the design and control frame-
work problems of solar driven AGMD desalination systems. In
Section 2, we built the mathematical model of each unit of the
desalination process. In Section 3, the ‘‘pseudo steady-state meth-
od’’ was used to determine the optimal steady-state TAC design
and operating points for different solar radiation intensities. In
Section 4, sensitivity analysis was used to determine the control-
pairing of the desalination plant. In Section 5, the control structure
was built and was used to test the control performance under
different solar radiation scenarios.
2. Solar driven air gap membrane distillation desalination
systems

2.1. Process description

A solar heated membrane distillation desalination system can
be constructed of solar collectors and membrane distillation
devices for increasing pure water productivity. This technically
and economically feasible system can be designed to use indirect
solar heat to drive membrane distillation processes to overcome
the unstable supply of solar radiation from sunrise to sunset. The
solar heated membrane distillation desalination system in the
present study consists of two parts. One is cold seawater cycle
path; the other is hot water recycled path. The process flow dia-
gram is shown in Fig. 1. The seawater (Stream1) is pumped into
the cold side of AGMD (Air gap membrane distillation). The AGMD
module consists of hot water flow channel, cold water flow chan-
nel, a hydrophobic porous membrane and an air gas layer which
is located between the membrane and cold seawater flow channel.
The membrane is made of Polytetrafluoro Ethylene (PTFE) and the
properties of the membrane are shown in Table 1. The effluent of
the cold seawater (Stream 2) flows into the shell side of the heat
exchanger (HX-1) and is heated by the hot recycled water in the
tube side. The heat exchange effluent stream (Stream 3) from the
shell side flows into the hot flow channel of the AGMD unit. Be-
cause of the hydrophobic property of the porous membrane, water
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Fig. 1. Process flow diagram of solar heated membrane distillation desalination systems.

Table 1
The physical properties of the PTFE porous membrane [12,17].

Membrane area m2 10.00
Aspect ratio (L/W) – 20.37
Membrane thickness mm 0.14
Porosity – 0.77
Pore size lm 0.2
Tortuosity – 1.90
Thermal conductivity (W/m-k) 0.173

Table 2
Modeling equations for each unit of the desalination system.

Solar collector (SC)
Energy balance equation for

Absorbing metal plate: @Tc
@t ¼

ASC U
Mc Cpc

BIðtÞ
U þ TaðtÞ � Tc

� �
� ASC h

Mc Cpc
ðTc � Tf Þ (E-1)

Heated fluid: @Tf

@t ¼ �L mf

Mf

@Tf

@x þ
ASC h

Mf Cpf
ðTc � Tf Þ (E-2)

Storage tank (D-1)

Material balance equation: @Ms
@t ¼ mf 4 �mf 3 (E-3)

Energy balance equation: @Tw
@t ¼

mfsðTS1�TwÞþmf 4ðTS4�TwÞ
Mw

(E-4)

Heat exchanger (HX-1)
Energy balance equation for

Hot fluid (shell side): dThl
dt ¼ L mhl

Mhl

@Thl
@x

� �
� AHX�1 U

Mhl Cphl
ðThl � TclÞ (E-5)

Cold fluid (tube side): dTcl
dt ¼

mcl
Mcl

@Tcl
@x

� �
þ AHX�1U

Mcl Cpcl
ðThl � TclÞ (E-6)
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can only be transferred through the pore of the membrane in vapor
form. The driving force of the water vapor flux is determined by the
temperature difference between both sides of the membrane.
When water vapor passes though the membrane and the air gap
layer, it will condense on the wall surface of the cold seawater flow
channel. The distillate water (D) effluent stream (Stream 5) from
the AGMD module is collected and delivered to a storage tank.

The purpose of the hot water recycled path is to use solar en-
ergy to preheat the cold seawater. The recycled water (Stream 9)
is pumped into the solar collector (SC). The recycled water adsorbs
solar energy in the solar collector which increases its temperature.
The effluent stream (Stream 6) from the solar collector is heated by
the electrical heater (H-1) to reach the desired temperature (T8).
The hot recycled water (Stream 8) flows into the HX-1 and pro-
vides the energy to heat the cold seawater (Stream 3).

The design purpose of the storage tank (D-1) is to store the ex-
cess energy from the sun. When the level of the radiation energy
from the sun changes, the bypass flowrate from T-1 is adjusted
by V-1 and delivered to D-1. The D-1 tank is designed with an over-
flow system whereby the inlet and outlet flowrates are the same.
The initial temperature of D-1 is 50 �C. The temperature of D-1 in-
creases when more radiation energy is provided to the solar
collector.
2.2. Modeling

2.2.1. Solar collector
The purpose of the solar collector is to collect energy from the

sun and reduce the energy demand from the auxiliary heater.
Chang et al. [12] built a mathematical model to describe the solar
collector. The model assumptions are as follows: (1) The fluid
velocity in each absorbed tube is the same, (2) to avoid the phase
change occurring in each absorbed tube, the operating temperature
of the fluid should be kept below 95 �C, (3) this unit uses the adi-
abatic operation, (4) no water loss from the unit. The energy bal-
ance equation for the absorbing metal plate and water are listed
in Table 2 (Eqs. E-1 and E-2).

2.2.2. Storage tank
In order to overcome the unstable supply of solar radiation from

sunrise to sunset, the excess energy supply to the system can be
absorbed by D-1 and raise its temperature. The model assumptions
are as follows: (1) This unit uses the adiabatic operation, (2) no
phase change occurs in the storage tank, (3) uniform mix in the
storage tank. The mass and energy balance equations are listed
in Table 2 (Eqs. (E-3) and (E-4)).

2.2.3. Heat exchanger
In order to transfer the energy from the hot recycled water to

the cold seawater, a countercurrent shell and tube heat exchanger
is used. The model assumptions are as follows: (1) This unit uses
the adiabatic operation, (2) no phase change occurs in the heat ex-
changer, (3) heat capacities of water in the cold and hot side of the
heat exchanger are assumed to be constant. The energy balance
equations for the hot and cold side of the heat exchanger are listed
in Table 2 (Eqs. (E-5) and (E-6)).

2.2.4. Air gap membrane distillation (AGMD)
There are three concurrent phases in the unit. In order to de-

scribe the unit behavior, we need to record the mass and energy
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modeling equations for individual parts of the AGMD unit. Avloni-
tis et al. [10] built a mathematical model to describe the AGMD
unit. The model assumptions are as follows: (1) The phase change
occurs on the interface between the hot fluid and the membrane,
(2) complete mixture of the fluid in the cross-section of the fluid
channels, (3) film theory is used to describe the correlation formula
of the mass and heat transfer coefficient, (4) water can only be
transferred through the pore of the membrane in vapor form, (5)
Table 3
Modeling equations of the AGMD unit.

Hot fluid

Material balance equation: dmf ;hl

dx ¼ �NgmW (E-7)

Energy balance equation:
@Thl
@x ¼

mf ;hl

Mhl

@Thl
@x �

ðhhlþNgmCp;hlÞLW
Mhl Cp;hl

ðThl � Tgm1Þ
(E-8)

where Ngm ¼ kgm

RðTgm1þTgm2Þ=2 ðPgm1 � PagÞ

Membrane
Energy balance equation: Qhl ¼ Qgm þ Ngmhvap;gm1 (E-9)
where, Qhl ¼ ðhþ NgmCp;hlÞðThl � Tgm1Þ;

Qgm ¼ ðhþ NgmCp;gmÞðTgm1 � Tgm2Þ

Air gap
Material balance equation: Ngm ¼ Nag (E-10)
Energy balance equation: Qgm ¼ Qag (E-11)

where Nag ¼ kag Pconl
RPln air ðTgm2þTf Þ=2 ðPag � Pf ;

Qag ¼ ðhþ NagCp;agÞðTgm2 � Tf Þ

Condensing liquid

Material balance equation: dmf ;conl

dx ¼ NagW (E-12)

Energy balance equation: Qag þ Ngmhvap;f ¼ Qconl (E-13)
where Qconl ¼ ðhþ NagCp;conlÞðTf � Tm1Þ

Metal layer
Energy balance equation: Qconl ¼ Qm (E-14)
where Qm ¼ hðTm1 � Tm2Þ

Cool liquid

Energy balance equation: @Tcl
@x ¼

mf ;cl

Mcl

@Tcl
@x þ

hclLW
Mhl Cp;hl

ðTm2 � TclÞ (E-15)

where

P � exp 72:55� 7206:7
T � 7:1385 ln T þ 4:04� 106T

� �

h ¼ 0:065RePrk
Dh

; Dh ¼ 2d; Re ¼ qvDh
l ; Pr ¼ lCp

kmw ; V ¼ mf

qWL

l ¼ 0:001ð0:9�0:266125�T
233 Þð�1=0:2661Þ; hvap

¼ 5:2053� 107 1� T
672:3

� �0:31990:212ð T
672:3Þþ0:258ð T

672:3Þ
2

Note: All the physical properties of gases and liquids can be found in Reid et al. [28].

Table 4
Number of variables and equations for each unit of the desalination system.

Variables

Flows Solar collector F
Storage tank m
Heat exchanger m
MD m

Temperature Solar collector T
Storage tank T
Heat exchanger T
MD T

Holdup Solar collector d
MD d

Total number variables = 14 + 2 NSC + 2NHX + 9 NMD

Equati

Flows Storag
Heat e
MD

Temperature Solar c
Storag
Heat e
MD

Total number equations = 4 + 2 NSC + 2NHX + 9 NMD
no pressure drop occurs when vapors transfer through the pore,
(6) this unit uses the adiabatic operation. The energy balance equa-
tions for this unit are listed in Table 3 [28].

3. Optimization

Normally, minimal total annual cost is a typical method for
finding the optimal size of each piece of equipment for a system.
Because of the fluctuating solar radiation, there is no steady-state
operating condition for solar desalination systems. This is also a
key problem in designing desalination plants. Here, we propose a
‘‘Pseudo steady-state method’’ to overcome these issues. This
method is described as follows.

3.1. Design: degree of freedom analysis (DOF)

In order to determine the size of each piece of equipment, Luy-
ben [29] proposed a method to investigate design degree of free-
dom for a plant. It is shown in the following equation:

ND ¼ Nvariables � Nequations ð1Þ

The symbol (ND) equates to the number of variables minus the
number of equations. ND is used to determine the unknown vari-
ables which can be used to size an individual unit. The degree of
freedom analysis for solar driven AGMD desalination systems is
shown in Table 4. The total number of variables and equations are
(14 + 2 NSC + 2NHX + 9 NMD) and (4 + 2 NSC + 2NHX + 9 NMD), respec-
tively. The design DOF can be calculated and the value is 10.

There are 10 DOFs which need to be determined by users. The
variables that we chose are dMD, AMD, LMD/WMD, dSC, ASC, LSC/WSC, Tsea,
Ta, Fsea, FR. The variables are listed below:

(1) The aspect ratio (LSC/WSC) of the solar collector is set at 14
due to its optimal efficiency [30].

(2) The water flow channel thickness in the solar collector (dSC)
is set at 1 cm due to the manufacturing limitation [31].

(3) The aspect ratio (LMD/WMD) of the AGMD is set at 20 due to
the manufacturing limitation [10].

(4) The flow channel thickness of the AGMD (dMD) unit is set at
0.77 cm due to the manufacturing limitation [10].

(5) Feed temperature of the seawater (Tsea) is set at 25 �C.
(6) Ambient temperature (Ta) is set at 25 �C.
(7) Seawater flowrate (Fsea).
R 1
f3 1
hl, mcl 2
hl,N, mconl,N, Fsea 2 NMD + 1

c,N, Tf,N, Ta 2NSC + 1
w 1
hl,N, Tcl,N 2NHX

hl,N, Tgm1,N, Tgm2,N, Tf,N, Tm1,N, Tm2,N, Tcl,N, Tsea 7NMD + 1
SC, ASC, LSC/WSC 3
MD, AMD, L MD/W MD 3

on

e tank 1
xchanger 2

2NMD

ollector 2NSC

e tank 1
xchanger 2NHX

7NMD
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(8) Recycled water flowrate (FR).
(9) The absorbed area of the solar collector (ASC).

(10) The area of AGMD (AMD).

There are four DOFs which need to be determined in our system,
and they are Fsea, FR, ASC, AMD. These variables can be seen as the
optimization variables which can be determined from the values
of optimal operation. We will discuss the problem in a later section.
Table 5
Cost function of each unit [32,33].

Capital cost of centrifugal pumps ($USD)
S = Q(H)0.5

CB = exp(9.7171 � 0.6019[ln(S)] + 0.0519[(S)]2

CP = FTFMCB

Capital cost of shell and tube heat exchangers ($USD)
CB = exp{11.0545 � 0.9228[ln(A)] + 0.09861[ln(A)]2}
FM = a+(A/100)b

Fp = 0.09803 + 0.018(P/100) + 0.0017(P/100)2

FL = 1
Cp = Fp FM FLCB

Capital cost of electrical heaters ($USD)
Cp = 157.2 + 47.316Q � 0.0507Q2

Capital cost of porous membranes ($USD)
Cp = 36Am

Capital cost of solar collector ($USD)
Cp = 50ASC

Utility cost
Electricity cost: 0.06 ($USD/kWh)

Table 6
Optimal size of each piece of equipment for the desalination plant.

Optimal results Unit Value Literature [11] Times

Fsea kg/h 29841.5 1000–1250 23.87
FR kg/h 14058.4 2400 5.86
AMD m2 1628.1 40 40.70
ASC m2 1722.2 72 23.92
AHX m2 64.4 5 12.89
D kg/h 2000.0 52 38.46

Fig. 2. Optimal TAC vs. sol
3.2. Objective function

For a given solar radiation intensity, the objective function of
the desalination plant is to minimize the total annual cost (TAC).
The capital and operational costs of each piece of equipment are
shown in Table 5 [32,33]. Here, the capital cost of the storage tank
(D-1) is negligible in comparison with other units. In order to avoid
the phase change occurring the temperature constraint of the solar
collector effluent stream (T6) is set at 95 �C. The product specifica-
tion (Distillate water flowrate (D)) is set at 2000 kg/h. The mathe-
matical formulation of the problem can be written as:

Minimize
x2X

ðTACÞ

X ¼ fFsea; FR;ASC ;AMDg
Subject to

T6 < 95�C
D ¼ 2000kg=h

ð2Þ

where X stands for optimization variables.
The mathematical model of each unit is built on an Aspen Cus-

tom Molder (ACM) platform. Feasible Path Successive Quadratic
Programming Optimization (FEASOPT) is used to solve the optimi-
zation problem which is presented in Eq. (2).
3.3. Optimal results

For a given solar radiation intensity (i.e., I = 500 W/m2), we can
solve the Eq. (2) and determine the optimal equipment size (which
is shown in Table 6) in order to minimize TAC of the desalination
plant. The optimal TAC for scanning the solar radiation intensity
from 100 to 1000 W/m2 is shown in Fig. 2. From Fig. 2, the auxiliary
electrical heater is not needed when the solar radiation intensity is
higher than 500 W/m2. The solar radiation intensity in the range of
500–1000 W/m2 fits the design purpose for the fully solar driven
AGMD desalination system. For a typical solar radiation curve, this
ar radiation intensity.
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Fig. 3. Optimal operating conditions of solar heated membrane distillation desalination systems.
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higher radiation intensity occurs over a short time span. Consider-
ing the longer operating time, we chose a solar radiation intensity
of 500 W/m2 as our design basis without auxiliary electrical heater.
The dot points shown in Fig. 2 are the optimal design and operating
conditions of the desalination plant and are used in the same way
in the succeeding figures. The optimal values of all equipment sizes
and stream information of the desalination plant are shown in Ta-
ble 6 and Fig. 3, respectively. The optimal heat exchanger size (AHX)
and hot recycled water flowrate (FR) are 64.4 m2 and 14058.4 kg/h,
respectively. Based on the same distillate water flowrate, the rela-
tive values of AHX and FR are much smaller than in the published
design by Banat and Jwaied [11]. The results are shown in Table
6. The reason is that the material for the tube side of the heat ex-
changer (HX-1) which fills with seawater is titanium which is
much more expensive. In order to reduce the capital cost of heat
exchanger, the higher temperature of the hot inlet flow is needed
to reduce the heat transfer area of HX-1.
4. Sensitivity analysis

After determining the optimal design point of this plant, the
next step is to build the control structure for the solar desalination
system. The sensitivity analysis is a useful tool to analyze the con-
trol pairing for each control loop before constructing the control
structure. The control purpose of the plant is to maintain the distil-
late water flowrate even though the solar radiation intensity var-
ies. The distillate water vapor permeability of the AGMD unit is
driven by the temperature difference between the hot and cold
side of the membrane. The inlet temperature of the recycled water
(T8) is chosen as our controlled variable. The most interesting thing
is to select the manipulated variable for our process. The sensitivity
analysis is shown in a later section.
4.1. Seawater flowrate (FR)

An increased seawater flowrate (FR) from our optimal design
point will cause a decrease in the inlet temperature of the hot sea-
water with a fixed heat exchange area (HX-1). It will also cause the
reduction of the distillate water flowrate (D). On the other hand, a
decreased seawater flowrate will cause the reduction of the distil-
late water flowrate. The simulation result is shown in Fig. 4A. The
result shows that the seawater flowrate change will cause a de-
creased distillate water flowrate and is not suitable as a manipu-
lated variable.
4.2. Recycled water flowrate (FR)

The recycled water is used as a medium to absorb the solar en-
ergy via the solar collector and transfers the heat to cold seawater
via the heat exchanger (HX-1). An increased recycled water flow-
rate will cause an increase in the inlet temperature of the hot sea-
water with a fixed heat exchange area (HX-1). It will also cause the
raising of the distillate water flowrate. Conversely, a decreased
recycled water flowrate will cause the phase change of the recycled
water stream due to an increased effluent temperature of the solar
collector. The simulation result is shown in Fig. 4B. The result
shows that the recycled water flowrate change will cause an inop-
erable situation and is not suitable as a manipulated variable.
4.3. Inlet flowrate of the hot storage tank

In order to maintain the distillate water flowrate, it’s preferable
to maintain the inlet temperature and flowrate of the hot seawater
even if the solar radiation intensity changes. Chang et al. [12] pro-
posed a control scheme which used inlet flowrate of the hot stor-
age tank as a manipulated variable. The liquid level of the
storage tank was always kept constant and the inlet and outlet
flowrate was the same due to overflow design.

The initial temperature of the storage tank (D-1) in our study is
50 �C. When the solar radiation intensity increases, the effluent
temperature of the solar collector (T6) will be increased. In order
to keep the inlet temperature of the hot seawater constant (T3),
the hot inlet flow of the storage tank (F12) is increased and mixed
with the stored cold water. The cold outlet flow of the storage tank
(T13) is mixed with the storage tank bypass flow (stream 7). It’s an
effective way to handle the inlet temperature of the recycled water
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(T8). The simulation result is shown in Fig. 4C. We chose the inlet
flowrate of the hot storage tank as our manipulated variable.
5. Control structure development

The optimal TAC design of the fully solar driven AGMD desali-
nation plant is described in Section 3. However, in a practical situ-
ation, the unpredicted solar radiation intensity is a disturbance to
our process. In order to achieve a smooth operating distillate water
flowrate (D), the control structure is needed to keep the distillate
water flowrate constant. From sensitivity analysis, which is pre-
sented in Section 4, we can determine the control pairing of inlet
temperature of the shell side of the heat exchanger (T8, controlled
variable) and the inlet flowrate of the storage tank (F12, manipu-
lated variable). In this section, we will discuss the tuning of the
control parameters and control performance testing under differ-
ent solar radiation scenarios.
5.1. Structure CS1

The two operating modes of the solar desalination plant are
established for handling day and night operation. The control
structure 1 of the plant is shown in Fig. 5A. The day and night oper-
ating modes are drawn in blue and red colors, respectively. The fol-
lowing control loops are used in CS1:

1. For day operating mode, the inlet temperature of the hot side of
the heat exchanger (T8) is controlled by manipulating the inlet
flowrate of the storage tank (F12).

2. For night operating mode, the inlet temperature of the hot side
of the heat exchanger (T8) is controlled by manipulating the
bypass flowrate of the storage tank (F16).

For day operating mode, the solar radiation energy is supplied
to heat up stream 6. When the T8 changes, the inlet flowrate of
the storage tank (F12) is changed to keep the T8 constant. When
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the operating mode of the plant changes from day to night, the
temperature difference between the absorbed plate and the fluid
in the solar collector is measured and the recycled flowrate (F11)
is adjusted to zero. The function of the low switch (LS1) is to select
the lower signal between the flowrate of stream 11 (F11) and the
temperature controller output (TC1). For night operating mode,
there is no flowrate of stream 6 (F6) which means no inlet flowrate
to the storage tank (F12). The recycled flowrate pumps into stream
14. When the T8 changes, the storage tank bypass flowrate (F16) is
changed to keep the T8 constant. The function of the low switch
(LS2) is to select the lower signal between the flowrate of stream
14 (F14) and temperature controller (TC2) output.

5.1.1. Tuning of controller parameters
Three first-order temperature measurement lags of 30 s are used

in all temperature control loops. Relay-feedback tests are used to
obtain the ultimate gain and frequency. Then the temperature PI
controllers are tuned using the Zigler–Nichols tuning rules. The pro-
portional gain and reset time of TC1 are 8.02 (%/%), 86.67 (s), respec-
tively. And 35.41 (%/%) and 87.5 (s) for TC2.

5.1.2. Simulation results
The dynamic simulation result of CS1 is shown in Fig. 6. There

are two problems with the dynamic simulation. For a given typical
summer solar radiation intensity curve, the temperature of stream
6 (T6) increases in excess of 100 �C when the solar radiation
intensity is larger than 800 W/m2. This will cause stream 6 to
vaporize. The other problem is in night operating mode. When
the system turns to night operating mode, the temperature of
the storage tank (TD-1) will be decreased due to energy transfer
to AGMD module. A decreasing energy supply from the tank will
cause a decreasing distillate water generation rate. The results
show difficulty in maintaining the distillate water flowrate by
using control structure 1.



Y.-H. Chen et al. / Applied Energy 100 (2012) 193–204 201
5.2. Structure CS2

The problems of CS1 are uncontrollable T6 and TD-1. In order to
overcome the control issues of CS1, the modification of CS1 is
shown in Fig. 5B. The day and night operating modes are drawn
in blue and red colors, respectively. The control loops are used as
in CS1. The main differences between CS1 and CS2 are: The CS2
method uses an increased recycled water flowrate compared with
the optimal design flowrate and two storage tanks instead of one.
We will discuss this in the following section.
Fig. 6. Dynamic simula

Fig. 7. Modified steady-state operatin

Fig. 8. The outlet flowrate (F15) from the sto
5.2.1. Modified optimal operating point
When the solar radiation intensity increases, the optimal design

temperature of T6 will change from 95 �C to in excess of 100 �C. It
will cause the vaporization of the stream 6. In order to prevent the
vaporizing phenomena, we need to reduce T6 without changing the
size of the desalination plant which will adversely affect the TAC.
The sensitivity analysis is used to determine the most sensitive
variable of T6 which is the recycled water flowrate. The result is
shown in Fig. 7. If the recycled water flowrate changes from
14,056 kg/h to 140,560 kg/h, the T6 will change from 95 �C to
tion result of CS1.

g point of the desalination plant.

rage tank vs. distillate water flowrate.
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88 �C. This change will increase the control operational margin of
the desalination plant.

5.2.2. Comparison of the control structures CS1 and CS2
For day operating mode, the control scheme is completely the

same with CS1 and CS2. But in order to maintain the stable distil-
late water flowrate for night operation, the sequential arrangement
of two storage tanks is used to maintain the temperature (T8). Ini-
tially, the water is stored, and absorbs energy, in the D-1 tank.
When the operating mode turns from day to night, the hot water
is supplied from D-1 and flows into the empty tank (D-2). The
two storage tanks are used on alternate days. This control scheme
is shown in Fig. 5B. The size of the storage tanks will affect their
operating temperature during day-time operation because an in-
crease in size can provide larger energy storage capacity. Here,
the size is set at 140 m3 as a reasonable operating volume.
Fig. 9. Control result of the desalination plant for
During night operating mode, the hot water (F15) from the stor-
age tank can provide the energy to AGMD unit. F15 can be seen as
an optimization variable for maximizing the distillate water flow-
rate. The result is shown in Fig. 8. The operating time from sunset
to sunrise is around 14 h. The evacuating time of the storage tank
(D-1) can be varied between 4 and 14 h. The optimal flowrate from
the storage tank occurs at the end of the operating time; this flow-
rate and the total distillate water mass are around 1500 kg/h and
21,000 kg, respectively.

5.3. Simulation results

In the last section, we built the CS2 for the desalination plant.
The short-term and long-term solar radiation disturbances have
to be tested to understand the control performance of the proposed
control structure. In short-term disturbance test, Soubdhan et al.
: (A) sunny weather and (B) cloudy weather.
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[34] provided solar radiation intensity curves from sunrise to sun-
set for sunny and cloudy weather in summer and we used the
curves as our solar energy sources. The simulation results are
shown in Fig. 9. The distillate water flowrate during day and night
operation can be maintained at 2000 kg/h and 1100 kg/h. The total
distillate water masses during sunny and cloudy weather are 28.62
and 28.22 tons, respectively. In long-term disturbance test, Chang
[35] provided typical solar radiation intensity curves for different
seasons in Taiwan. The solar radiation intensities of spring and au-
tumn are almost identical and therefore are referenced together in
the following text. The simulation results are shown in Fig. 10. The
maximum solar radiation intensity in winter is two-thirds the va-
lue in summer. All the dynamic responses of the distillate water
flowrate can operate at a stable level during day and night operat-
ing mode. The heating times which are provided by the solar radi-
ation intensity for spring/autumn, summer, and winter from room
temperature to set point temperature of the PI controller are 5, 5,
6.1 h, respectively. The stable operating times during day and night
operation of spring and autumn are both 4.7 and 10.4 h, respec-
tively. These times in summer are 6 and 13 h and in winter are
1.8 and 22.3 h. The total distillate water masses of spring/autumn,
summer and winter are 26.32, 29.37, 15.89 tons, respectively.
6. Conclusion

In this work, Aspen Custom Molder was used to model and
simulate a solar driven desalination plant. We propose a pseudo
steady-state method to evaluate and assess the TAC of a time-
varying solar desalination plant. The design variables of the sys-
tem are AGMD membrane area, solar collector area, recycled
water flowrate, and seawater flowrate. The objective function of
the plant is to minimize the TAC by varying solar radiation inten-
sity. The optimal TAC of the fully solar driven desalination plant is
around $280,000 at 500 W/m2. The control structure was built to
maintain the distillate water flowrate. In order to obtain a wider
operating range, a modified operating condition and two storage
tanks have been utilitised (CS2). The dynamic simulation of the
control structure was completed and the result shows it can
maintain the distillate water flowrate at a stable level even dur-
ing day and night operation. Finally, daily (sunny and cloudy
weather) and long term (different seasons) solar radiation inten-
sities have been investigated. The total distillate water masses
during sunny and cloudy weather are 28.62 and 28.22 tons which
are not significantly different. But the total distillate water
masses during spring/autumn, summer and winter are 26.32,
29.37, 15.89 tons due to significant differences in solar radiation
intensity.
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