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• An optimization approach to the design of multi-effect distillation and membrane distillation.
• Brine management is integrated.
• A superstructure-based optimization formulation is developed.
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The objective of this paper is to introduce an optimization approach to the design of an integrated system of
multi-effect distillation (MED) and membrane distillation (MD). Brine from the MED system is further treated
in theMD network to enhance the recovery of fresh water and to reduce brine disposal. The desalination system
is thermally integratedwith an industrial facility to use excess process heat to reduce the cooling load for the in-
dustrial process and to decrease the heating load for the desalination system. A superstructure-based optimiza-
tion formulation is developed and solved to determine the key design and operating variables. A case study is
solved to illustrate the usefulness of the proposed approach.
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1. Introduction

Shortage of water resources poses a major threat to large segments
of the population especially in the Middle East, Asia, and Africa. Desali-
nation plants represent a key element in addressing fresh-water scarci-
ty. According to the International Desalination Association, there are
about 18,000 desalination plants around the world provide
90 million m3/day to more than 300 million people [30]. Desalination
process can be categorized into three major classes: thermal, mem-
brane, and chemical technologies. Examples of thermal desalination in-
clude multi-effect distillation (MED) and multi-stage flash (MSF).
Membrane desalination such as reverse osmosis (RO) uses amembrane
to separatewater from salts in a pressurized system. Chemical desalina-
tion such as ion exchange employs chemical species. At present, most of
the desalination plants employ thermal or membrane technologies. For

details on the principles of operation anddesignof desalination technol-
ogies, the reader is referred to literature in this area (e.g., [13,15,16,18,
22,23,43]). Desalination plants dispose concentrated brine which can
lead to major negative physicochemical and ecological impacts on the
environment [47]. Several techniques have been proposed for handling
the brine by reducing its volume through evaporation and extracting
the salts through crystallization (e.g., [2,9,32,39,45]).

Membrane distillation “MD” is an emerging desalination technology
that offers several advantages such as modularity, almost complete re-
jection of inorganic salts, and relatively low feed-preheating tempera-
ture (e.g., [12,28,36,37]). It is also particularly attractive in handling
brine and further concentrating it to produce secondary distilled
water and a concentrated brine that can be rejected or evaporated to
salt (e.g., [1,44]). Other advantages of MD include its modular nature,
high recovery when brine recirculation is used, low levels of biofouling,
and ability to use low-quality heat. There are variousmethods for induc-
ing the permeation and for collecting the permeate. These methods in-
clude direct contact membrane distillation (DCMD), sweep gas
membrane distillation (SGMD), vacuum membrane distillation, and
air gap membrane distillation (AGMD). Review studies, theoretical
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models, and experimental results for the various MD methods can be
found in literature (e.g., [5,35,36]). Recent advances in materials engi-
neering have led to high-performancemembranes that can be operated
for extended periods while maintaining relatively high fluxes. For in-
stance, polyethylenemembranes have been reported to provide a distil-

late flux of approximately 120 kg
m2 h for a feed solution containing

3.5 wt% of NaCl at 353 K [55]. The operating cost of MD systems can
be significantly reduced when it is coupled with industrial facilities
that offer excess process heat (e.g., [19,23,26]).

In addition to the experimental and modeling studies for individual
desalination technologies, there is a research need for system design
and optimizationmethodologies that enable cost-effective the synthesis
of network configurations, optimization of design and operating param-
eters, integration of multiple desalination methods, reconciliation of
various objectives (e.g., economic, environmental, energy), and cou-
pling with adjacent facilities (e.g., industrial plants). Process synthesis
techniques have been employed in the design of reverse osmosis net-
works (e.g., [38,53,56]) by creating a superstructure that embeds nu-
merous network configurations and extracting the optimal solution
using mixed-integer nonlinear programming (MINLP) formulations.
The solution to the MINLP programs provides detailed information on
the number, type, size, and arrangement of the units and the values of
the design and operating specifications. El-Dessouky et al. [14] synthe-
sized and assessed several configurations of MSF systems and used dif-
ferent criteria (e.g., fixed and operating costs, water recovery, and
thermal performance) and sensitivity analysis to screen the alternatives.
El-Halwagi [15] developed a shortcut optimization approach for the de-
sign of MSF networks by using “average conditions” and implicitly in-
cluding the unit sizing and performance equations in the optimization
model. Tanvir and Mujtaba [52] used MINLP models to synthesize and
optimize MSF systems. Gabriel et al. [24] used linearization techniques
to achieve global solutions of the linearized models for the design of
MED networks. Process synthesis techniques have also been applied to
desalination systems involving more than one type of technology with
the objective of using “hybridization” to exploit the synergism in perfor-
mance and energy needs. Elsayed et al. [20] proposed the use of warm
lime softening prior to MD for the treatment of saline wastewater
from heavy oil production. Wang and Chung [54] proposed an indi-
rect-contact freeze desalination system coupled with MD. El-Zanati
and El-Khatib [21] analyzed the use of MD systems integrated with
nanofiltration and reverse osmosis. Gryta et al. [27] reported on the
use of a hybrid ultrafiltration/MD network for the treatment of oily
wastewater. Skiborowski et al. [50] proposed a superstructure-based
approach for the design of RO-MED hybrid systems. Marcovecchio et
al. [41] and Helal et al. [29] developed an algorithmic approach for the
design of RO-MSF desalination systems.

Energy source and quantity are critical factors in the selection and
design of desalination systems. Semiat [49] reported that the cost of en-
ergy is normally around 30–44% of the cost of desalinated water. The
thermodynamic limit for minimum energy consumption in seawater
desalination is 0.78 kWh/m3 at 0% recovery and 1.2 kWh/m3 at 50% re-
covery [18]. Actual systems consume several folds of the minimum. For
instance, MED typically uses 4.0–7.0 kW h/m3 of thermal energy [25]
and 2.0–2.5 kW h/m3 of electrical energy for pumping [4]. The extent
of greenhouse gas (GHG) emissions associated with a desalination sys-
tem can be significant depending on the type of energy used in the sys-
tem and the extent of energy efficiency [46]. Several approaches have
been proposed to reduce the cost, energy consumption, and GHG emis-
sions. These include the use of energy-recovery devices, enhancement
of heat transfer and energy efficiency, incorporation of renewable ener-
gy sources, and integration of desalination with power plants [8,25]. In
practice, many desalination systems. Almulla et al. [6] analyzed the eco-
nomic and operability benefits from the integration of MSF, MED, and
RO desalination with power plants and showed that significant im-
provements can accrue as a result of such integration.

The objective of this work is to develop an optimization framework
for integration MED and MD for desalination of seawater and brine
along with the thermal coupling of the MED-MD network with excess
process heat from industrial facilities. Specifically, this work introduces
the following contributions that are quite distinct from the aforemen-
tioned literature:

• Simultaneous process synthesis and optimization of theMED andMD
networks with the determination of the optimal desalination tasks,
unit sizes, design and operating conditions, and cost.

• Heat integration of MED and MDwith adjacent industrial plants. This
is a more complex task than the convention thermal coupling of a de-
salination system with a power plant where the source of heat of the
steam leaving the turbine is singularwithwell-defined characteristics.
In comparison, an industrial process has various hot and cold streams
at different qualities and with different heat tasks. There is also the
need to consider intra-process heat integration in addition to inter-
process (desalination-industrial plant) thermal coupling.

• An optimization formulation that systematically extracts the optimal
design from the numerous alternatives while considering all system
components and variables of interest. The optimization variables in-
clude the sizing and configuration of the MED and MD networks, the
extent of heat integration with industrial facilities, and the design
and operating variables such as the top brine temperature (TBT) for
MED and the feed-preheating temperature for MD. This is much
more efficient than the conventional approach of develop a model
for the process and conductingmultiple what-if scenarios to compare
a limited number of options.

2. Problem statement

Given is an industrial facility with a number of hot and cold streams.
The heat duty and supply and target temperatures for each stream are
known. The facility requires a certain flowrate of desalinated water,
DTotal. Two desalination technologies: MED and MD are to be used to
provide the necessary flowrate of desalinated water from seawater. It
is desired to develop an optimization approach that determines the op-
timal configuration of the desalination system and the integration be-
tween the two technologies as well as the thermal coupling between
the industrial facility and the desalination system. Fig. 1 is a schematic
representation of the problem.

The optimization variables include:

• Excess heat transferred from the industrial facility to the desalination
system

• Flowrate of seawater fed to the desalination system
• Distillate flowrate from the MED effects and from the MD network
• Number and size of MED effects

Fig. 1. Schematic representation of the problem statement.
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