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Abstract

This paper describes a model to simulate the thermal transient behavior of the first cell of a solar-assisted
MED plant. It has been designed according to the experience with an experimental solar thermal de-
salination system erected at CIEMAT-Plataforma Solar de Almería (PSA). The non-linear first principles
model has been developed using the object-oriented Modelica language. It includes two submodels cor-
responding to the effect and the preheater of the first cell of the MED plant. Both submodels have been
calibrated and validated with experimental data. The numerical predictions show a good agreement with
measured data.
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1. Introduction

The alleviation of the lack of potable water in areas with high water-stress is a challenge nowadays.
Seawater desalination is one of the possible solutions for regions close to sea, but, the high energy con-
sumption and environmental pollution of this process are some of the disadvantages that researchers try
to face. Coupling desalination plants with renewable energies is a way to avoid these disadvantages. It is
usual to find high insolation levels in high water-stress areas, which makes solar thermal energy one of
the most promising alternatives [1].

Solar thermal desalination consists of a solar thermal system coupled with a conventional thermal
desalination process [2]. Although this technology can be found in an integrated system (direct solar de-
salination), the majority of the large scale applications have two separated devices, the solar collector and
the distiller (indirect solar desalination) [3]. Among thermal desalination technologies, MED technology
is preferred in most of the large scale solar thermal plants due to its low top-brine-temperature (TBT),
typically less than 80°C, and its low specific energy consumption requirements [3].

Different types of solar collectors can be coupled with MED plants. In most of them, the device
captures the solar radiation and transfers this heat to a fluid. The fluid can be either water or synthetic
oil which is usually stored in an insulated thermal tank or other kind of thermal storage system [4]. The
solar collector or the storage system can be connected to the MED unit directly or to a heat exchanger
indirectly.
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Although there are many variations of MED plants, the distillate process is similar in all of them. The
plant is composed of a number of elements called effects which are connected between them. The steam
produced in one effect is used as the heat source of the next effect, so, while in one hand, the incoming
steam is condensing, on the other, the seawater is boiling producing more steam. This is possible because
each effect has lower pressure than the previous one [1].

To improve the efficiency of the process, mathematical models and computer simulations can provide
detailed information of the performance of the plant over a wide range of operating conditions. Several
steady-state models have been published covering a wide variety of them. El-Dessouky and Ettouney [5,
6] published several contributions in steady-state modeling and simulation of MED processes. Recently,
some authors have applied their respective models to improve the process [7, 8, 9, 10]. El-Nashar [11, 12]
and Palenzuela et al. [13, 14] validated their respective models with experimental data.

Regarding dynamic modeling, the literature is scarce. El-Nashar and Qamhiyeh [15] developed a
model for the study of the transient behavior of a multi-effect stack-type distillation plant. The results
were compared with real data obtaining a reasonable agreement. Aly and Marwan [16] developed a
dynamic model for a multi-effect process which has been the basis for other dynamic models, such
as the six-effect evaporator model of paper industry developed by Kumar et al. [17]. Kishore et al.
[18] presented the work-in-progress of a simulator for the steady state and the dynamics of a multi-
effect distillation mechanical vapour compression (MED-VC) desalination system, showing a dynamic
simulation of a single effect. Roca et al. [19] developed a dynamic model of a multi-effect distillation
plant based on the heat transfer correlations obtained in [13]. This model is an improved version of a
previous one in which the heat transfer coefficients were treated as constants [20]. It was developed with
the object-oriented Modelica language and its main purpose was the prediction of the thermal dynamics
of the heater and the distillate production rate. Kim et al. [21] presented a simulation model for predicting
transient behavior of a solar-assisted MED plant. The model, which was focused on the long-term thermal
and performance analyses, includes an evacuated-tube collector, a plate heat exchanger, storage tanks and
a MED plant.

In this study, we focus on the first effect of a solar-assisted MED plant. This effect, also called heater,
is the key to predict the thermal consumption of the MED unit due to its condition as heat exchanger
between the solar field/storage system and the MED plant. In order to study its performance in different
scenarios and design operating strategies to improve its efficiency, a new dynamic model of a first cell
has been developed. This non-linear first principles model has been implemented with the object-oriented
Modelica language. It uses as inputs the hot water flow, the feed seawater flow and the outlet pressure.
The model is based on the AQUASOL experimental solar desalination system [22] and it has been cali-
brated and validated with experimental data. It predicts the thermal behavior of the first cell and its low
computational effort allows fast simulation for control purposes.

2. Description of the plant

With the aim of testing and developing the solar thermal MED process, an experimental solar ther-
mal desalination system was built at CIEMAT-Plataforma Solar de Almería at the early nineties [23].
Some modifications of the original plant were carried out within the AQUASOL project whose main
objective was the development of a hybrid solar-gas desalination system that meets at the same time the
requirements of low-cost, high efficiency and zero discharge [22].

The current configuration of the experimental solar thermal desalination plant permits a 24-h MED
plant operation (cf. Fig. 1). The system is flexible regarding the energy supply of the plant and three



operating mode are possible:

• Solar-only mode: A compound parabolic collector (CPC) solar field provides all the thermal energy
required.

• Fossil-only mode: A propane gas boiler by means of a double effect absorption heat pump (DEAHP)
supplies the heat required by the MED plant. The DEAHP is coupled with the last effect of the
MED plant recovering part of the energy. In this mode, the DEAHP can be connected to the MED
plant directly or through the tanks indirectly.

• Hybrid mode: The energy comes from both the DEAHP and the solar field. The DEAHP permits
a part-load operation from 30% to 100% strangling the steam flow between the boiler and the
DEAHP.

Recently, a new operating mode has been tested at PSA [24]. With the aim of reducing the gas
consumption, the gas boiler was replaced by a steam generator which was supplied by a small parabolic
trough collector (PTC) solar field.

The desalination plant consists of a forward-feed MED unit with preheaters (Fig. 2). The plant has
14 effects in a vertical arrangement (Fig. 3) in which the seawater descends by gravity from the 1st to
14th effects achieving a 3 m3/h nominal distillate production. It was manufactured and delivered by
ENTROPIE in 1987. Within the framework of the AQUASOL project in 2005, the original first effect,
that worked with low-pressure saturated steam (70 °C, 0.31 bar), was replaced [25]. The new effect
allows to work directly with hot water.

The current design specifications are shown in Tab. 1 [14]. The hot water inlet temperature can vary
between 57-75 °C exhibiting low deviations in the overall performance ratio [26]. The inlet flow rate can
range between 7-12 L/s.

A great amount of seawater is pumped to a condenser placed next to the 14th effect which is used
to condense the vapor generated in such effect. The seawater is used for preserving the pressure inside.
Part of this seawater is rejected and the remaining part is used to feed the plant. This feed seawater, that
can vary between 6-8 m3/h, is preheated while flows through every effect, and finally in the 1st effect,
it is spilt inside the plant. Here, seawater is sprayed over a horizontal-tubes-falling-film-type evaporator
whose heat source is hot water coming from the solar field, storage or DEAHP. Part of this seawater
evaporates in the effect and the remaining part, more concentrated in salts, falls over the next effect.
The vapor produced in the effect flows to the preheater placed next to it where it is partially condensed,
releasing this latent heat to the seawater that flows inside the tubes. The distillate and the vapor, which
has not condensed, flow to inside the horizontal tube bundle of the next effect. This mixture is used to
heat the more concentrated seawater coming from the 1st effect where this process is repeated.

The decreasing pressure arrangement provides an efficient heat transfer between the mixture vapor-
distillate and the seawater coming from the previous effect. This is due to the difference between the
saturation temperatures of seawater and vapor at same pressure. The pressure drop between effects pro-
duces flash evaporation when the seawater enters to the effect. This evaporation decreases the seawater
temperature before covering the surface of the tubes. For this reason, seawater has always less tempera-
ture than the water which flows inside the tubes.

The vapor condensed by each effect, each preheater and the distillate produced at the final condenser
make up the total distillate production of the plant. Part of sensible heat of the distillate is recovered by
the plant when flows inside the tube bundle of the effects. In order to improve the process, at PSA-MED



plant the distillate accumulated in one preheater added to the distillate produced in the effect go to the
next effect with the exception of cells 4, 7, 13 and 14 as it is shown in Fig. 3.

With the purpose of remove the air and the non-condensable gases generated during the desalination
process, two hydro-ejectors are connected to the effects 2, 7 and to the final condenser. This vacuum
system removes the gases at the beginning of the experiment, being vapor of water the only gas inside
the effects. The hydro-ejectors are within a closed circuit with a tank and an electric pump that drives
seawater through the ejectors at a pressure of 3 bar [14].

The supply of seawater is provided by a closed circuit. Two pools are used to store all the seawater:
a small pool to mix the distillate and the brine rejected and a bigger one for the supply of the plant. The
cooling seawater is spilt into the big pool and part of the heat released by the condenser could increase its
temperature during a experiment. To avoid that, a dry cooler is switched on but sometimes it is insufficient
[14]. Therefore, it is difficult to obtain a long-steady state in all its variables despite the MED plant has
control mechanisms at its inputs.

2.1. Description of the first cell
The first cell of the PSA-MED plant is composed by an effect and a preheater, two horizontal tube

bundles, where, over the first one, seawater evaporation is produced and, over the second one, part of the
vapor is condensed. Fig. 4 shows a schematic cross section of the first cell.

As commented previously, feed seawater is preheated and pumped to this first cell where a spraying
tray sprinkles the seawater over the effect. This spray reaches the first row of the tube bundle and a thin
film of seawater is formed over each tube surface. The seawater in the film flows downward due to the
gravitational force, falling over all the column tubes. Hot water flows inside the tubes, transferring heat to
the thin film. Three water boxes, placed at both sides of the tube bundle, make that the hot water crosses
the evaporator four times in a high turbulent flow, decreasing its temperature around 3 °C. Due to the
limitations of space and heat power, the actual design of first effect introduces a pressure drop between
the inlet and the outlet in nominal conditions of around 0.5 bar.

The vapor produced at the effect flows to the preheater located next to it. A wire mesh demister
prevents brine droplets from reaching the preheater tube bundle. When the condensation is produced
over the tube surface, a thin film of water is formed. This film slides down due to the gravitational force
and it falls over all the column tubes increasing their thickness as more vapor condenses on the film.
Seawater flows inside the tubes, acquiring the heat from the condensation. The distillate and part of the
vapor generated move to the tubes of the second effect transfering their heats.

The tube bundles are made of 90-10 Cu-Ni with a 14 mm of outside diameter. The heat transfer areas
of the effect and the preheater are 24.26 m2 and 5 m2, respectively.

3. Thermodynamic properties of seawater

In computational fluid dynamics modeling, the procedure to calculate the thermodynamic properties
may be critical. They have a great influence at the error and the computational time of the solutions
[27], but also, they are the origin of several problems related with dynamic models, e.g. chattering
[28]. Therefore, the computation scheme of thermodynamic properties should meet the requirements of
sufficient accuracy, high computing speed, numerical consistency and continuous presentation [29].

Whereas several authors have contributed to the adaptation of thermodynamical properties of water
for its use in the computational fluid dynamics modeling area [27, 29, 30, 31, 32] due to its importance



as working fluid in power cycles and numerous other industrial applications, this effort is starting to be
done now with other fluids, e.g. seawater [33].

The current procedure to calculate the thermodynamic properties of seawater limits the range of
application with respect to dynamic modeling. Sharqawy et al. [34] widely reviewed the main thermody-
namic properties of seawater, within of the range of temperature and salinity commonly used in thermal
and reverse osmosis seawater desalination applications. Correlations for density, specific heat capacity,
thermal conductivity, dynamic viscosity, surface tension, vapor pressure, boiling point elevation, latent
heat of vaporization, specific enthalpy, specific entropy and osmotic coefficient were suggested in terms
of regression equations as functions of temperature and salinity. Comparisons with other correlations and
final recommendations were provided for each property.

The main problem of this set of equations is that they are functions of temperature and salinity, hence
these two variables are imposed as state variables. But temperature is not the best state variable in the
modeling of two-phase thermal-hydraulics, because it forces to have an additional state variable to fully
specify the entire state of the system. To avoid this problem, the most common choice is the specific
enthalpy. This variable is not a condition for thermodynamic equilibrium in phase changes, and, it is
usually easier to have an explicit dependency of the specific enthalpy at the energy balance equation than
other possible variables such as the specific entropy.

One possible solution is to invert the specific enthalpy correlation in order to obtain the temperature
as a function of specific enthalpy and salinity. With this inversion it is possible to calculate all other
thermodynamic properties in a two-step procedure. Nevertheless, an error produced at the inversion
can be spread to all the properties. In the case of Sharqawy et al. [34], the recommended specific
enthalpy correlation (Eq. 2) is a third grade polynomial expression, and, therefore it is possible to invert
the correlation by an analytical procedure.

Using the specific enthalpy of the water,

hwater = a1 +a2T +a3T 2 +a4T 3, (1)

the seawater specific enthalpy is calculated as:

h =hwater −S(b1 +b2 +b3S2 +b4S3 +b5T +b6T 2 (2)

+b7T 3 +b8ST +b9S2T +b10ST 2).

Eq. 1 and Eq. 2 can be reordered obtaining a cubic equation with respect to the temperature:

0 = c4T 3 + c3T 2 + c2T + c1, (3)

where,

c1 =a1 −b1S−b2S2 −b3S3 −b4S4 −h,

c2 =a2 −b5S−b8S2 −b9S3,

c3 =a3 −b6S−b10S2,

c4 =a4 −b7S.

The cubic equation is solvable analytically. Since this coefficients are real numbers, the equation has
at least one real solution. Depending on the discriminant it is possible to identify the nature of the other



solutions. Fig. 5 shows an asymptote at S = 0.01869, where the equation becomes a quadratic equa-
tion. Therefore, the inverse function is divided on three different solutions as a function of the salinity.
As Fig. 6 shows, the inverse function is continuous except for small discontinuities at the discriminant
asymptote lower than the numerical tolerance of the simulations. The partial derivative with respect to
specific enthalpy is also continuous but the partial derivative with respect the salinity presents a discon-
tinuity due to the asymptote. One solution to avoid this discontinuity is to calculate the derivative as the
product of other partial derivatives that are continuous applying for that the chain rule.

4. Subsystem Modeling

At §1, it is mentioned that modeling and simulation is a powerful methodology to improve the ef-
ficiency of processes. This is because a simulation can predict the plant behavior over different design
operating conditions. Due to the complexity of the process, it is important to identify and characterize
each one of the subprocesses in order to cover all the dynamics in sufficient grade of detail. For this
reason, in this study, the model has been divided into submodels that cover the processes explained in
§2.1. The model, as well as the cell, is divided into effect and preheater, two horizontal-tube bundles with
different functions: evaporation and condensation. In turn, the tube bundles are divided as function if the
process takes place inside or outside the tubes.

4.1. The preheater
4.1.1. Falling film condenser

Condensation happens when the temperature of the vapor is reduced below its saturation temperature.
At the horizontal-tube bundle of the preheater, this happens when the vapor comes in contact with the
surface of the tubes whose temperature is lower than saturation temperature of the vapor. Even though
two different modes of condensation exist, namely film condensation and dropwise condensation, film
condensation is the dominant mode and it is the only one considered in the model.

When the condensation appears, over the tube surface a thin film of water grows and slides down
under gravitational force. Water falls over all the column of tubes increasing their thickness because
more vapor condenses on the films. The film thickness determines the mass and heat flow rates.

Based on a previous model [35], the new developed model determines, by an algebraic procedure,
the distillate production using only one control volume (CV). The heat transfer between the tube and the
condensate is calculated according to the the Nusselt film condensation theory and the Newton’s law of
viscosity [36]. An average heat transfer coefficient for the tube bundle is proposed assuming that the film
drains smoothly over the tube below [37].

ᾱc = 0.729
(

ρc(ρc −ρc,sv)gk3
cL∗

c

2µc(Tc,sl −Tc,w)rcNc,row

)1/4

. (4)

Since the film thickness is small and the liquid film temperature varies between vapor saturation
temperature at the vapor-film interface and tube temperature at the tube surface, an usual assumption
is to evaluate the thermodynamic properties of each film at only one average temperature. In order to
compensate that the condensate is cooled below the saturation temperature, the latent heat of vaporization
is replaced by the modified latent heat of vaporization [37] and defined as follows:

L∗
c = Lc +0.68Cp,c(Tc,sl +Tc,w). (5)



Using the Newton’s law of cooling, the total condensation rate by the tube bundle is determined from:

ṁc,cond =
Q̇c,w

L∗
c

=
max(0,Nc,colNc,rowᾱcAc,w(Tc,sl −Tc,w))

L∗
c

. (6)

Therefore, the falling film condenser model is an algebraic model.

4.1.2. Pipe
Bonilla et al. [38] developed a Modelica library of switching moving boundary models for two-phase

flow evaporators and condensers inside tubes. Moving boundary models have the advantage of obtaining
accurate simulations of two-phase flow pipes without heavy computational efforts.

For modeling the fluid dynamics inside the preheater tube bundle, a sub-cooled pipe model is used.
This model uses only one CV with specific enthalpy and pressure as state variables. Furthermore, it
allows spread the flow in parallel pipes without increasing the computational effort. Seawater is used as
working fluid and the heat transfer coefficient between the the tube and the liquid is calculated by the
Gnielinski correlation [39].

4.2. First effect
4.2.1. Falling film evaporator

Boiling and evaporation are similar processes with the same result: a liquid-to-vapor phase change.
Both processes occur when the vapor pressure is lower than the saturation pressure. The main difference
between them is where this process takes place: boiling occurs at the liquid-solid interface whereas
evaporation at the liquid-vapor interface. While at the boiling the entire mass of liquid have to reach
saturation conditions, evaporation only occurs when the gaseous phase, that can be a mixture of different
substances, is not saturated with the evaporating substance.

Inside the effect, due to the action of the vacuum system, there is only water in gaseous phase.
Therefore, boiling and evaporation occur at the same time and they have been considered the same.

At the falling film evaporator, seawater is sprayed over the first row of the tube bundle. Over the
surface of these tubes a thin film of water is formed and it falls over the tubes below. Water evaporation
produces, besides a reduction of the film thickness, a rise of the salt concentration which in turn produces
a change in transfer rates of mass and heat.

The evaporator model presented in this paper is based on the model presented in [40] and afterwards
improved in [35]. The model was developed assuming a homogeneous distribution of the film over the
tube and an average heat transfer coefficient for the tube bundle. Neglecting the stuckle mass effect
allows to develop an algebraic lumped model where the mass and energy balances are:

0 = ṁe,in − ṁe,out − ṁe,ev, (7)

0 = Q̇e,w + ṁe,inhe,in − ṁe,outhe − ṁe,evhe,sv. (8)

The evaporated mas flow rate is given by:

ṁe,ev =
max(0, Q̇e,w + ṁe,in(he,in −he,sl))

he,sv −he,sl
. (9)

The max function guarantees the heating of the inlet mass flow rate until reaching saturation condition
before evaporation is produced. The outlet mass fraction is calculated as follows.

Se =
ṁe,inSe,in

ṁe,in + ṁe,ev
. (10)



Just as in the condenser model, the heat flow rate is given by the Newton’s Law of cooling.

Q̇e,w = Ne,colNe,rowᾱeAe,w(Te −Te,w). (11)

A Nusselt number correlation allows to calculate the average heat transfer coefficient:

Nue =

(
ᾱe

ke

)(
ν2

e
g

)1/3

. (12)

There are many Nusselt number correlations for falling films evaporators in literature, [41]. Sernas [42]
and Rogers et al. [43] propose Eq. 13 for horizontal tube bundles with different values for the coefficients.
Due to the likely accumulation of dirt in the tubes, these coefficients must be adjusted with real data in
order to accurately predict the heat transfer. The results of this calibration are shown in §5.

Nue = n1Ren2
e PreArn3

e . (13)

4.2.2. Pipe
As in §4.1.2, the fluid dynamics inside the effect tube bundle have been modeled using the previously

presented library of switching moving boundary models. In this case, the same sub-cooled model has
been used. In §2.1, it was explained that the working fluid, hot water, crosses four times the effect. In
order to avoid a higher computational effort, a quarter of the total parallel tubes, but with four times their
lengths, has been considered.

4.3. Additional models
For assembling the model of the fist cell of the PSA-MED plant, additional models were required.

4.3.1. Wall
The heat exchange between the inner and outer sides of the tube is calculated by the wall model. Due

to the thin thickness of the tube, conduction across the tube was neglected. As both models, the falling
film condenser/evaporator model and the pipe model, use only one CV, the wall model assumes a single
wall temperature that is the mean wall temperature. It is calculated by Eq. 14 and it is a state variable in
the model.

Q̇ f f ,w − Q̇pp,w = mwCp,wṪw. (14)

4.3.2. Flash
When liquid gets inside a vessel where the pressure is lower than its saturation pressure, part of it

suddenly evaporates until both pressures are the same. This latent heat is used to increase the temperature
of the liquid. This process can happen inside the cell when a fast change at the inputs can cause an over-
heating of seawater.

The flash model has been developed using a single CV without mass or energy storage and where the
latent heat from evaporation is used to cool the seawater until the saturation temperature is reached.

The proposed balances of energy and mass are:

0 = ṁ f l,in − ṁ f l,out − ṁ f l,ev, (15)
0 = ṁ f l,inh f l,in − ṁ f l,outh f l,out − ṁ f l,evh f l,sv. (16)

Where the evaporated mass flow rate is calculated as follows:

ṁ f l,ev =
max(0, ṁin(h f l,in −h f l,sl))

h f l,sv −h f l,sl
. (17)

The outlet mass fraction is obtained from a expression similar to Eq. 10.



4.3.3. Pressure flow
The efficiency of the multi-effect process lies in the use of the vapor generated by an effect on the

following effect. The movement of this vapor flow is caused by the pressure difference between both
effects. With the aim of discharging part of the vapor in the gas model, a pressure flow model has been
developed.

The mass flow rate between two volumes at different pressure is calculated using the Bernoulli’s
principle:

ṁp = Ap

√
2ρp,in (pp,in − pp,out). (18)

Where the vapor flows through an area, Ap, that it is parameter which is calibrated with experimental
data. This process is described in §5.

4.3.4. Gas volume
An auxiliary model for the gaseous phase is required in order to connect the effect with the preheater.

The model assumes a homogeneous distribution of the vapor inside the connected vessels and it is mod-
eled as a single CV that fills both volumes. The CV allows mass and energy storage ans its mass and
energy balances are:

ṁg = ṁg,in − ṁg,out , (19)

Ḣg = ṁghg +mgḣg = ṁg,inhg,in − ṁg,outhg. (20)

Where the inlet an outlet mass flow are:

ṁg,in = ṁe,ev + ṁ f l,ev, (21)
ṁg,out = ṁc,cond + ṁp. (22)

The inlet specific enthalpy is the average value of both inputs:

hg,in =
ṁe,evhe,sv + ṁ f l,evh f l,sv

ṁe,ev + ṁ f l,ev
. (23)

Because of the liquid phase volume of both vessels is negligible if it is compared with the gaseous
phase volume, a constant volume is assumed. The ideal gas law as equation of state allows to calculate
the pressure with this assumption.

pgVg = mgKTg. (24)

5. Simulation

This section shows the simulation of the mathematical models previously introduced in §4. The
models have been implemented with the non-propietary Modelica language [44]. This language allows
to formulate the problems in an acausal way, being very well suited for representing physical systems.
Moreover, Modelica is an object-oriented language, therefore, Modelica component diagrams can be
encapsulated in classes and hierarchical structures can be created. Dymola 2014 [45] was the Modelica
tool used for these simulations. The numerical solver used was DASSL [46] where the relative tolerance
was set to 10−4.

Fig. 7 shows the encapsulation of two submodels, the effect and the preheater, and the final model of
the first cell. The assembled model (Fig. 7c) has as inputs two fluid sources, one for the feed seawater



(Sourcef ) and another for the hot water (Sourceh), and two additional inputs for the derivatives of the inlet
specific enthalpies of both sources. As outputs the model has three sinks that represent the boundaries
of the model: Sinkh for the effect hot water outlet, Sinkf for the effect seawater outlet and Sinkv for the
preheater vapor and distillate outlet.

The experimental measures, used as inputs in the simulations, are the mass flow rate and the inlet
temperature of the hot water, the mass flow rate and inlet temperature of the feed seawater and the pressure
of the second effect. The measures used in the calibration and validation are: the outlet temperature of
the hot water, the outlet temperature of the feed seawater at the preheater and the pressure of the first
effect.

The calibration was accomplished with data from the experiment performed the 14th October 2013.
The calibration was carried out by parts (effect, preheater and final model) using the Modelica Optimiza-
tion library. The obtained calibrated parameter values were n1 = 0.2365, n2 = 0.5939 and n3 =−0.1624
from Eq. 13 and Ap = 0.0019 m2 from Eq. 18.

The validation day selected was the 18th October 2013. In this day, the experimental plant was only
operated in the solar mode and the inputs were varied over all the operation range. The measured data
were filtered by a low-pass filter with a cutoff frequency of 2 · 10−2 Hz for reducing the noise in the
signals.

In order to avoid initialization problems, the simulation starts with non-zero mass flow rates at both
inputs, hot water and feed seawater. Their values changed several times along the experiment as it is
shown in Fig. 8a. The inlet hot water temperature also changes several times (Fig. 8b) with the purpose
of verifying that the model has a good response in all the operation range. The inlet feed seawater temper-
ature in the preheater is subjected to the heat transfer from the previous preheaters. As it is commented
in §2, the seawater is in a closed circuit and, therefore, the inlet feed seawater has a constant salinity of
S = 0.003326. The second effect pressure is also an uncontrolled variable, its value depends on the heat
contribution from the previous and following effects. This is shown in Fig. 9a.

The simulations have been performed starting from steady-state initial conditions, but the system
was not in a steady state. For this reason, it can be observed a jump in the evaporated and condensate
mass flow rates at the beginning of the simulation in Fig. 9b. These divergences did not affect the rest
of the simulation. The CPU-time for integration was 6.54 s in a common laptop (i5 hyper-threaded
dual-core processor with 8 Gbytes of RAM), and the simulation presented 4 state events. Outlet hot
water and outlet seawater temperatures and first effect pressure, showed good agreement with respect to
experimental data in the simulation (cf. Fig. 8b and c and Fig. 9a). Fig. 10 depicts with more detail the
error in the simulations. Although the absolute error exceeds the uncertainty range of the measurement
instruments in certain ocassions, the average error reveals the goodness of fit obtained with the model
since it is lower than the uncertainty range.

Fig. 9b depicts the evolution of the vapor flows in first cell of the MED plant. The simulation shows
flash evaporation in a given moment of the experiment. This kind of evaporation process penalizes the
heat transfer between hot water and seawater and it is recommendable to avoid it at the first cell. The
condensation flow is always much lower than the evaporation flow, so, most of the vapor latent heat is
used on the second effect.

As Fig. 9c shows, the outlet salinity of the model varies between 3.35 ·10−4 and 3.45 ·10−4 depending
on the particular inputs.



6. Conclusions

A new dynamic model of the first cell of a solar-assisted MED plant has been developed. The non-
linear model is based on physical principles and predicts the thermal behavior of the plant. It has been
developed using the object-oriented Modelica language and it has been calibrated and successfully val-
idated against experimental data from the PSA solar thermal desalination plant. The model includes an
empirical heat transfer correlation for the effect and a complete library of thermodynamic properties of
seawater. The good agreement between simulation results and experimental data is shown in §5 where
the simulation average error is lower than the uncertainty range of the measurement instruments.

The developed model can be used to study the plant performance in different scenarios and operating
strategies to optimize future operating control strategies. Its low computational effort allows to use it in
fast simulation for testing control algorithms.

The good simulation results encourage us to continue with the development of a dynamic model for
the 14-effect distillation plant with the same assumptions considered in this article. Another future goal
is to develop a control system to optimize the energy consumption of the plant.
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Nomenclature
A Area (m2)
Ar Archimedes number (dimensionless)
a,b,c Polynomial coefficients (multiple dimensions)
Cp Specific heat capacity at constant pressure (J ·kg−1 ·K−1)
F Apparent wet area fraction (dimensionless)
g Gravitational acceleration (m · s−2)
H Enthalpy (J)
h Specific enthalpy (J ·kg−1)
L Latent heat of vaporization (J ·kg−1)
m Mass (kg)
N Number (dimensionless)
Nu Nusselt number (dimensionless)
n Nusselt correlation coefficient (dimensionless)
K Mass gas constant (J ·K−1 ·kg−1)
k Thermal conductivity (W ·m−1 ·K−1)
Pr Prandl number (dimensionless)
p Pressure (Pa)
Q Heat (J)
Re Reynols number (dimensionless)
r Radius (m)
S Salinity, salt mass fraction (dimensionless)
T Temperature (K)
V Volume (m3)

Greek symbols
α Heat transfer coefficient (W ·m−2 ·K−1)
µ Dynamic viscosity (kg ·m−1 · s−1)
ν Kinematic viscosity (m2 · s−1)
ρ Density (kg ·m−3)
Subscripts
c Falling film condenser
col Column
cond Condensate
e Falling film evaporator
ev Evaporated
ff Falling film evaporator or condenser
fl Flash
fs Feed seawater
g Gas volume
hw Hot water
in Inlet
mea Measured
out Outlet
p Presure flow
pp Pipe
row Row
sim Simulated
sl Saturated liquid
sv Saturated vapor
w Pipe wall
water Water

Newton’s notation is used for time derivatives.



Table 1: Design specification of PSA-MED plant [14]

Number of effects 14

Heat source energy con-
sumption

200 kW

Performance ratio >9

Hot water flow rate 12 L/s

Feed seawater flow rate 8 m3/h

Brine reject 5 m3/h

Distillate production 3 m3/h

Top brine temperature 68°C

Condenser temperature 33°C

Vacuum system
Hydroejectors
(seawater at 3bar)



Table 2: Seawater specific enthalpy coefficients [34]

i ai bi

1 1.41355·102 -2.34825·104

2 4.20207·103 3.15183·105

3 -5.35·10−1 2.80269·106

4 4·10−3 -1.44606·107

5 7.82607·103

6 -4.41733·101

7 2.13940·10−1

8 -1.99108·104

9 2.77846·104

10 9.72801·101
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Figure 1: AQUASOL project plant flow sheet



Figure 2: MED plant at PSA
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Figure 3: Schematic diagram of the MED plant at PSA
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Figure 4: Cross-sectional view of the first cell at PSA
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Figure 5: Temperature discriminant as function of specific enthalpy and salinity
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Figure 6: Error of the temperature inverse function



(a) Effect encapsulation (b) Preheater encapsulation (c) First cell final arrangement

Figure 7: Modelica models
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(a) Inlet mass flow rates
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(b) Inlet and outlet hot water temperature
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(c) Inlet and outlet feed seawater temperature

Figure 8: Inlets and outlets of the model
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(b) Evaporated and condensation mass flow rates
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Figure 9: Inlets and outlets of the model II
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Figure 10: Simulation errors


