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ABSTRACT

Central site utility of process industries can produce steam at different levels and the excess
steam can be used to produce the desalinated water simultaneously. This paper presents the
potential of total site process integration and exergoeconomic optimization to find optimal
coupling between central site utility system and multi stage flash (MSF) desalination. In the
first step, total site analysis has been applied to better understand the integration between
site utility and MSF desalination. In this regard, the total site sink/source profiles and Site
Utility Grand Composite Curves have been demonstrated to find best scenario for integra-
tion. Also, an accurate targeting procedure has been used. In the second step, exergoeconom-
ic optimization has been applied to find optimum MSF desalination integrated with central
utility. A case study is used to illustrate the usefulness of the proposed procedure to find
optimum integrated MSF/site utility plant.

Keywords: Site utility; Total site; MSF desalination; Integration; Exergoeconomic; Optimization

1. Introduction

Freshwater and energy are two inseparable and
essential commodities for sustaining human life on
earth. Rapid population growth and industrialization,
especially in developing countries in the recent past,
have placed pressing demands for both fresh water
and energy. Typically, desalination processes are
powered by energy derived from combustion of fossil
fuels which contribute to acid rain and climate change

*Corresponding author.

by releasing greenhouse gasses as well as several
other harmful emissions [1]. Large dual-purpose
plants are built to reduce the cost of electricity
production and freshwater. Up to 30% of desalination
cost is due to the energy requirement for the produc-
tion of freshwater [2,3]. Combining desalination
technologies with available heat sources is beneficial
and can improve the economics of the combined
processes.

Moreover, a central site utility is considered as a
unit that consumes energy greatly. The main objective
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of the site utility is to produce the steam, which must
satisfy the energy requirements of the site, mainly
electricity, steam, mechanical power, and cooling
water.

The design and optimization of site utility systems
is one of the most challenging topics in process indus-
tries, as the complexity of equipment networks and
choice of operating conditions present significant
challenges to optimize utility systems in practice. The
simulation and optimization of the utility systems
require an accurate estimation of the cogeneration
potential for the total site analysis as it aids the evalua-
tion of performance and profitability of the energy
systems [4]. Cogeneration targeting in utility systems
is used to determine fuel consumption, shaft power
production, and cooling requirements before the actual
design of the utility systems [5]. To estimate cogenera-
tion potential of the site utility system, its overall
picture has to be represented in form of the site utility
grand composite curve (SUGCC) [6] starting with
construction of the total site profiles (TSP) [7,8].

Furthermore, thermoeconomic analyses in thermal
system design are always focused on the economic
objective. However, knowledge of only the economic
minimum may not be sufficient in the decision-making
process since solutions with higher thermodynamic
efficiency, in spite of small increases in total costs, may
result in much more interesting designs due to the
changes in energy market prices or in energy policies.

In the field of thermoeconomics, design optimiza-
tion aims at minimizing the total levelized cost of the
system products, which implicitly includes thermody-
namic information in the fuel cost rate through the fuel
exergy flow rate. Various methodologies have been
suggested in the literature as the ways for pursuing
this objective based on different approaches [9-19].

The pervious researches about desalination system
[1-3,9-28] focused on the dual purpose power desali-
nation plants make use of thermal energy from power
plants in the form of low-pressure steam to provide
heat input to desalinations. In this paper, we focus on
low grade heat of steam network of process plant to
integrate with multi stage flash (MSF) desalination
plant.

This paper suggested a way to perform multi-objec-
tive optimization in order to find solutions that simul-
taneously satisfy exergetic and economic objectives.
This corresponded to a search for the set of Pareto
optimal solutions with respect to the two competing
objectives. Former research has focused on total site
analysis or exergoeconomic optimization separately. In
this paper, the integrated approach was developed for
coupling MSF desalination with low grade heat of
central site utility. In this regard, the cogeneration
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targeting method was used for estimation of fuel
consumption, steam, power, and desalinated water
production that is proposed by Khoshgoftar Manesh
et al. [10].

The goal of this work was to find optimum
coupling of MSF desalination plant with central site
utility through total site analysis, an accurate cogenera-
tion targeting, and exergoeconomic optimization.

2. System description

A typical chemical plant usually consists of several
chemical production processes, which consume heat
and power to make products in order to obtain maxi-
mum profit (Fig. 1). The heat and power are supplied
by a site utility system. The site utility system
consumes fuel in boilers, supplies the necessary steam
to chemical processes via several steam mains, and
produces power via steam turbines. The processes
may also generate steam at various levels. The steam
generated by processes can be supplied to the steam
mains, and eventually consumed in other processes.

The design procedure for evaluation of integration
of desalination technologies with an existing site
utility system is shown in Fig. 1. The characteristics of
site utility, such as available heat load at temperatures
for use in desalination, are obtained from total site
analysis [8,9]. Computer code is used to obtain the
performance indicators, for example, GOR and exer-
goeconomic parameters, for desalination technology.

The performance indicators from computer code
are fed to the total site to determine the energy
savings and electricity demand obtained by heat
upgrade options. Integration of desalination system
affects cooling utility and electricity demand. This
demand change is evaluated from total site and grand
utility composite curves.

3. Modeling
3.1. MSF desalination

Fig. 2 demonstrates the MSF desalination plant.
The plant includes evaporators in heat recovery
section and deaerator and brine heater in heat rejec-
tion section. Some of cooling sea water joins intake
seawater and some of it enters the deaerator. The
intake seawater enters to heat rejection section after
adding cooling seawater. The cooling seawater is the
output of heat rejection section.

Brine recycle from last effect of heat rejection
section enters the condenser tubes’ heat recovery
section. The output of condenser tubes enters to brine
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Fig. 1. Schematic of coupling of an MSF plant and site utility.
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Fig. 2. Schematic of thermal vapor compression desalination (MSF).

heater and is heated by heating steam. The tempera-
ture of feed brine at the first stage of heat recovery
section is called top brine temperature.

For evaluation of thermal performance and heat
transfer area of system, the models developed by
Alasfour et al. [14], Shakib et al. [15], and Bin Amer
[16] have been applied. The mass and energy balances
and the heat transfer equations for evaporators, jet
ejectors, and end condensers have been developed.
These model equations can be simulated to determine
the values of GOR.

The following assumptions are considered for
desalination system:

¢ Vapor formed in each effect is free of salt.

* Thermal loss from desalination to environmental is
negligible.

¢ Final reject salinity is assumed 70,000 ppm.

® Heat transfer area of evaporators 2 to N is the
same.

¢ Initially, it was supposed that the temperature
difference of all effects is the same where T,
and Ty are first and last effect temperature,
respectively.

Mass and salinity balance equations for all the
effects, the condenser, and the distillate tank are given
by Egs. (1)-(5), as shown in Table 1. Also, the exergy
balance equations given by Egs. (6)—(10) are presented
in Table 1. Heat transfer area, heat transfer coefficient,
and logarithmic mean temperature difference
equations can be obtained by using Egs. (11)-(17) as
shown in Table 2. The temperature profile equations
to determine the saturated vapor temperature, vapor
condensation temperature, brine temperature, and
nonequilibrium allowance are presented in Table 3.
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Table 1
Mass and energy balance and exergy equations
Equations Descriptions
W, = % Mass balance equation between recycled stream and steam 1
p>< o
Wy = Wi xCpx(Ta—Ts) Mass balance equation between recycled stream and desalinated 2
fave stream
W, = (‘;Vd " Mass balance equation between desalinated stream and brine
b A f
Wr = Wy, + Wy Mass balance equation between desalinated stream and brine and
feed
GOR = % Gain Output Ratio definition 5
eche = —Np X R x To[(x % Inxy) + (x5 x Inx,)]  chemical exergy 6
ephy = Cp(T — To) — T x [(Cp x 1n(Tlo)) physical exergy 7
_ (Putps) Density of mixture 8
pm*Nm((me)) Y
€fuel = Epump + Esteaminput T Ebrineinput the exergy of fuel input definition 9
€product = Edesalinated the exergy of product output definition 10
Table 2
Heat transfer area, heat transfer coefficient, and logarithmic mean temperature difference equations
Equations Descriptions
ML
A = T Heat transfer area of effect 1 11
A= % Heat transfer area of effects 2 to n 12
At =Y A Total heat transfer area of effects 13
A. — (On+Dy)ly Heat transfer area of condenser 14
¢ = "U.LMID;
U, = 1.9695 + 1.2057 x 1072 x T,8.5989 x 107> x Tp +2.5651 x 1077 x T} overall heat transfer coefficients in the 15
evaporator [13]
Ue = 1.7194 +3.2063 x 1073 x Ty +1.5971 x 1075 x T4 — 1.9918 x 107 x T, overall heat transfer coefficients in the 16
condenser [13]
Logarithmic mean temperature 17

LMTD = (T; - Tew)/ (In )

In—T¢

difference of condenser

3.3. Central site utility

Two main components in the proposed site unity
system have been considered:

3.3.1. Modeling of steam turbine

Thermodynamic model was used to estimate the
steam turbine’s isentropic efficiency as follows [29]:

Wmax
L= 1
™ W 18
Wis max ~ A
Whax = ———— (19)

B

where A and B are constants that depend on the
turbine and are functions of the saturation tempera-
ture. A and B are calculated by Eqgs. (20) and (21),
respectively.

A =g+ 1 ATy (20)
B = a, + IZ3ATsat (21)

The values of these constants are given in Table 4.

3.3.2. Modeling of boiler

The steam boilers can be modeled in two alterna-
tive ways—with a constant efficiency model or with a



M.H.K. Manesh | Desalination and Water Treatment 52 (2014) 1287-1298 1291
Table 3
Temperature profile equations
Equations Descriptions
AT = % Temperature difference of all effects (initial assumption) 18
T3 =Ts—3 Temperature of effect 1 (top brine temperature) 19
Ti+1=T;,+ AT Temperature of effects 2 to N 20
Ti=Tn+AT x N Feed seawater temperature 21
Temperature of the vapor 22
T, , =T; — BPE,;
T; = T; + NEA(T) Temperature of the vapor formed by flashing 23
BPE = Ax + Bx? + Cx° Boiling point elevation 24
A =8325x10"2+1.883 x 107*T +4.02 x 10°T?
B=-7.625x10"*+9.02 x 107°T — 5.2 x 1077T?
C=152x10"*-3x10"°T -3 x 107872
NEA,; = 0.33 (Tia=T1)*% Nonequilibrium allowance 25
. T,
Table 4
The regression coefficients used in the isentropic efficiency equation
Back pressure turbines Condensing turbines
Winax < 2000kW Winax > 2000kW Winax < 2000kW Winax > 2000kW
ag (kW) 0 0 0 -463
a, (kW/°C) 1.08 4.23 0.662 3.53
a» 1.097 1.155 1.191 1.22
a3 (‘C™ 0.00172 0.000538 0.000759 0.000148

variable efficiency model; however, in reality the
boiler efficiency varies significantly with the load.

Varbanov [30] defined a modified version of the
boiler model, formulated by Shang [31]:

QBF = Ahgen[(bBIr + 1)mstm + aBIrmstm,max]

+ RBDmstm Ahpre (22)

This model allows the from the boiler blow down
to be accounted for separately from the other losses.
The particular values of the performance coefficients
for this model, referenced by Shang [31], are 2=0.0126
and b=0.2156.

The boiler efficiency represents the fraction of the
fuel heat used to generate the useful steam:

= (23)

4. Methodology
4.1. Process integration techniques
4.1.1. Total site analysis

In this section, the proposed model was presented
in detail to target the cogeneration potential for site
utility systems. The procedure uses the SUGCC,
which represents another form of the site composite
curves [2]. The SUGCC was obtained from the site
composite curves by being represented on tempera-
ture-enthalpy axes of each steam main by its satura-
tion temperature and steam generation and usage
loads, respectively, from the source and sinks profiles
of the site composites. The differences between steam
generation and steam usage set the VHP demand or
the supply heat available at each main.

This model calculates the minimum required flow
rate from a steam generation unit and the levels of
superheat in each steam main based on the heat loads
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Fig. 3. Mass load balance for i-th steam main.

specified by SUGCC [32,33]. Fig. 3 shows a schematic
of the utility system layout. The given L steam mains
are indexed by i from the highest pressure steam
main, meaning that i is equal to 1, 2, 3, and 4 for very
high pressure (VHP), high pressure (HP), medium
pressure (MP), and low pressure (LP) steam mains,
respectively. There is an expansion zone between two
steam mains. Each zone is indexed by Z starting from
top, i.e. Z=1 is for VHP-HP, and one single steam
turbine is placed in each zone.

4.1.2. Application of targeting

To calculate the header condition and to estimate
cogeneration targets, the developed targeting strategy
has been applied. In this regard, at the boiler exit, for
a given pressure and steam temperature, the enthalpy
can be obtained with the aid of steam tables. The
actual input enthalpy of steam mains are usually
provided from the calculations of the previous steam
mains. The input isentropic enthalpy of steam main
can be obtained in the superheated region. Then, the
efficiency is calculated. The actual enthalpy which will
serve as the input enthalpy for the next zone is then

calculated using the isentropic enthalpies and
efficiency by Eq. (24).
hi,actual = hi—l‘isentropic - n(hi—l‘isentropic - hi,isentropic) (24)

In this study, the calculation of superheat tempera-
ture at each steam level was done using the iterative
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superheat in the LP steam main. This superheat was
required to be set at 10-20°C [9]. If the degree of
superheat in the resulting LP steam main was less
than the required level, then operating conditions of
VHP would be updated and iterated until the accept-
able superheated conditions would be met for the LP
steam main [32,33].

The mass flow rate of steam expanding through
the Zth turbine (11,) can be calculated by the mass
balance for ith by Eq. (25), as shown in Fig. 3 [10].

- DEM

. . . E
1z = 1, g + mPE GEN

—mi (25)

GEN js the flow rate of steam generated by the
process and mPEM is the flow rate of steam demanded
by the process, which can be calculated by Egs. (26)

and (27), respectively:

where

- DEM __ QIDEM (26)
m; T pActual _ hfi
JGEN
- GEN __ cgi
m; - hActual _ hfi (27)

where hgi=the enthalpy of the saturated liquid
enthalpy at the pressure of ith steam main.

4.2. Thermoeconomic modeling

Thermoeconomic is the branch of engineering that
combines exergy analysis and economic principles to
provide the system designer or operator with informa-
tion not available through conventional energy analy-
sis and economic evaluations but crucial to the design
and operation of a cost effective system [34,35].

The governing equation of thermoeconomic model
for the cost balancing of an energy system is written as:
Cr+Z=0Cp (28)

By defining exergy cost of each stream, ¢, Eq. (28)
could be changed to:

procedure based on a certain desirable amount of crlr +Z = cpEp (29)
Table 5

Equation of cost of the process unit

Purchase cost equations Descriptions

ZprineHeater = 491 x Q x 1600 x AT;7 x AP;8 x AP;*4 Price of brine heater 30
Znsr = 433.44 x Q x 3900 x AT, 7 x AT; 5 x AP;"! Price of MSF unit 31
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The above relations are global cost balance equa-
tion, which should be applied for different compo-
nent. Here, for each component of combined system,
cost balance equation is taken into account.

In order to perform the economic analysis, the
purchase cost of equipment must be determined. The
purchase cost of the MSF desalination is determined
by some correlations that are proposed by El-sayed
[35] (Table 5 and Egs. (30)-(31)).

The amortization cost for a particular plant compo-
nent may be written as [35,36]:

PW = C; — S,PWF(i, n) (30)

c<i> = PW x CRF(i, n)
year

(31)

The present worth of the component is converted
to annualized cost by using the capital recovery factor
CRF (i, n), i.e. [34]. The maintenance cost is taken into
consideration through the factor ®=1.05k for each
plant component whose expected life is assumed to be
20years [34].

4.3. Optimization
4.3.1. Multi-objective genetic algorithm

The multi-objective exergoeconomic optimization
approach is applied to find optimum solution. The
two issues in multi-objective optimization include: (1)
finding solutions close to the true Pareto optimal set
and (2) finding solutions that are widely different
from each other in order to cover the entire Pareto
optimal set as well as not introduce bias towards any
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algorithm used in the present work.

particular objective [37—40]. Fig. 4 illustrates the
scheme for the multi-objective evolutionary algorithm
used in the present work. In this paper, multi-objec-
tive Genetic Algorithm has been applied for to find
optimum solution.

4.3.2. Objective functions

The two objective functions of the multi-criteria
optimization problem are GOR (to be maximized)
and the total cost rate of desalinated water (to be
minimized)

The objective functions are as follows:

(1) Maximum GOR
(2) Minimum cost of desalinated water production
(Cw)

4.3.3. Parameters

The decision variables and constrains of the opti-
mization problem has been demonstrated in Table 6.

Table 6

Decision variables and constrains of the optimization problem for desalination plant

Discretion Parameter Unit Value
Heating steam temperature T C 60-110

Top brine temperature TBT C 57-107
Salinity of seawater Xew Ppm 36,000
Salinity of last effect brine xN Ppm 50,000-70,000
Steam mass flow rate Ws kg/s 19
Desalinated water mass flow rate Wy kg/s 27.356-155
Brine mass flow rate Wh kg/s 446.754-319.11
Temperature of seawater Tew °C 25

Outlet condenser temperature of seawater T ‘C 5°C lower than Ty
Number of effects N - 6-38

Pressure of seawater P Kpa 101

Tube diameter Dy Mm 19.05

Tube length L M 5
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4.4. Procedure Step 2: Total site analysis: From the collected data,

the process source/sink profiles and the utility pro-
files can be plotted. A computer code developed here
can produce TSP representing the heating and cooling
requirements of the site. This allows targets to be set
for fuel consumption in the boilers, cogeneration
potential, and energy costs. Profiles can be based on
either the full heat recovery data or more simply from
the data for the utility exchangers only. Cogeneration
potential can be targeted [10].

The proposed procedure to find optimum coupling
between site utility and MSF desalination system has
been demonstrated in Fig. 5. This procedure is based
on using total site analyses, an accurate cogeneration
targeting method, and exergoeconomic optimization.

As shown in Fig. 5, the following steps should be
considered.

Step 1: Data collection approaches for the total site
analysis [10], [32,33].

Flows: Kg's
Boder Boiler Bodler
4 101 bar
40.0 394 40.0 pris
L ]
l 7.0 MW l 70 MW l 7.0 MW l 7.0 MW 322
Boiler LD!1 0.0
—
20.6 bar
220 20 20 333°C

333 211

|
714
@ @ @ D2 Y 131 If,
52MW 13 MW 0.6 MW 197
4.1 bar
200 59 6.7 182.5°C

16 MW —— — 150
7 _
s @ @ 22 MW e
101 77 150°C

1.01 l_.

253
ow a"
*(

Fig. 6. Base case design [33].
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Table 7
Process steam generation and usage (central site utility)

1295

Level Process steam generation (MW) Process steam usage (MW) Net heat load of process (MW)
VHP 0 110.8 110.8
HP 120 141.4 214
MP 47.7 57 9.3
LP 15.4 89 73.6
Step 3: Exergoeconomic analysis: Quantitative between VHP and HP levels and one back-pressure

balances of the exergy and exergetic cost for each
component and for the whole system are carefully
considered. The exergoeconomic model, which
represents the productive structure of the considered
system, is used to visualize the cost formation process
and the productive interaction between the compo-
nents. The costs of all flows in production structure
can be calculated by solving a set of equation includ-
ing thermoeconomic modeling of each component
[37-401].

Step 4: SUGCC: The SUGCC is obtained from the
site composite curves by being represented on the
temperature-enthalpy axes of each steam main by its
saturation temperature, steam generation, and usages
loads, respectively, from the source and sink profiles
of the site composites. The area enclosed by the pro-
file is proportional to the potential cogeneration/shaft
power. The site pinch is represented by zero enthalpy
between two or more steam temperature levels [10],
[32,33].

Step 5: Targeting cogeneration potential: A com-
puter code developed here can set energy targets and
select utilities for individual processes. Application of
these tools allows the picture of the total site to be
built up from the individual processes. These tools
include the composite curves, grand composite curve,
and problem table which enable the engineer to
predict hot and cold utility targets for individual
processes. Also, the low grade heat can be identified
for coupling with MSF desalination plant [10], [32,33].

Step 6: Reduced superstructure based on targeting
results

Step 7: Exergoeconomic optimization coupled plant
(site utility + MSF desalination). The multi-objective
exergoeconomic optimization is performed in order to
find optimum MSF/site utility system [37-40].

5. Case study

The proposed optimization model is applied to a
site utility which was presented by Aguillar (Fig. 6)
[33], which consists of four back-pressure turbines

turbine between HP and LP steam levels. Two multi-
stage turbines are available for the expansion of steam
between HP-MP and MP-LP, respectively, while there
are four mechanical pumps to be driven by either
steam turbines or electric motors, and an electric
motor is used for the supply of the feed water to the
boiler.

Also, site data for heat load, electricity demands,
pump electricity demand, condensate return, and
cooling water is shown in Table 7 [4].

6. Results

The grand composite curves (GCC) of the individ-
ual process are modified by removing the pockets
corresponding to additional heat recovery within the
process. These modified process GCC are then com-
bined together to form the total site sink and source
profile Fig. 7. The SUGCC represents the horizontal
separation between the source and the sink. Net heat
load of process at VHP, HP, MP, and LP levels are
110.8, 21.4, 9.3, and 73.6 MW, respectively (Table 8). In
addition, the potential of power production is repre-

T R e A NP S R S Sl S

o

-100 ; 0 100 200 300 400 500
Enthalpy (MW)

-500 -400 -300 -200

Fig. 7. Site source and sink composite curve.
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Table 8

Optimum parameters values obtained by proposed method
Discretion Parameters
Temperature of steam T,
Number of stages N

Gain output ratio GOR
Cost of fuel Cfuel

Cost of power Cp

Cost of water Cdesalinated
Top brine temperature TBT
Mass flow of desalinated water Wy

Mass flow of brine Wh
Salinity of last effect brine AN

Units Optimal design
C 101.15
- 21

- 7.59
$/MJ 3.2693
$/KWh 0.03
$/m’ 0.26
C 98.149
kg/s 155
kg/s 319.11
ppm 70,000

350 7

VHP

300

250 1
. HP
8 200 4
g MP
g 150
g |
=

100+

50

150 200 300

Enthalpy (MW)

100

Fig. 8. Site utility grand composite curve (SUGCC).

sented as areas in the SUGCC with VHP-HP, HP-MP,
and MP-LP cogeneration potential of 79.8, 58.4, and
49.1 MW as demonstrated in Fig. 8. The power genera-
tion potential is represented as areas in SUGCC with
VHP-HP, HP-MP, and MP-LP cogeneration potential
of 79.8, 58.4, and 49.1 MW when a full steam recovery
is made within the site utility systems.

The multi-objective optimization has been per-
formed to find the optimum solution based on the
steam supply from site utility. Also, the optimum
parameters obtained by multi-objective optimization
for MSF desalination have been shown in Table 8. The
desalinated water production in optimum integrated
plant is 155kg/s and the optimum GOR is 7.6. In
addition, the optimum number of stage is 21 and the
optimum flow of the brine is 319.11kg/s. Moreover,
the cost of desalinated water production is 0.26$/m".

Results shows that integration of the MSF with site
utility and using low grade heat of site utility is very
good scenario to production of desalinated water.
Also, the cost of water production is very low due to
using low grade heat.

7. Conclusion

This present study demonstrated the potential of
process integration techniques and exergoeconomic
optimization to find optimal coupling between central
site utility system and MSF desalination. In this
regard, total site analysis has been applied to better
understand the integration between site utility and
MSF desalination. In this regard, the total site analyses
and cogeneration targeting method have been
performed to find best scenario for integration. In
addition, exergoeconomic optimization has been
applied to find optimum MSF desalination integrated
with central utility. Results shows that integrated
MSF-site utility is very good option to produce
desalinated water through low grade heat in central
site utility.

Finally, there are some suggestions to decreased
exergy cost of steam supplied to MSF. By using low
grade heat of site utility, the exergy cost of steam
supplied to MSF decreased. Also, when the mass flow
rate of LP steam increased, the exergy cost of steam
supplied to MSF decreased. Furthermore, when the
heat recovery of total site increased, the cost of steam
decreased. However, the power generation potential
decreased. In this regard, optimum heat recovery can
be found to satisfy the total site demands with
minimum exergy cost of products (desalinated water/
process steams/power).
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Nomenclature

A M? condenser heat transfer area

Wa kg/s rejected mass flow rate

Co kJ/kg°’C  specific heat capacity

Wy kg/s distillated mass flow rate

We kg/s feed mass flow rate of each effect

W kg/s recycled mass flow rate

Ws kg/s motive steam mass flow rate

A KJ/kg latent heat

Aave KJ/kg average latent heat of the steam

LMTD. °C condenser log mean temperature

difference

T C feed water temperature

Tew ‘C cooling water temperature

T ‘C heating steam temperature

T, C vapor temperature

U, kw/m?°  overall heat transfer coefficient at
C condenser

U, kw/m?°  overall heat transfer coefficient at
C evaporator

X ppm salinity

AT C temperature difference

ATcom:i

A kg/m®s  membrane pure water permeability
pa

B kg/m’>s  membrane salts permeability
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