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Optimal operating conditions analysis of a multi-effect distillation plant
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ABSTRACT

A study which aims to determine the optimal operating conditions and the effects that the opera-
tional parameter variations produce on the experimental solar thermal desalination system at CIE-
MAT-Plataforma Solar de Almerfa (PSA) AQUASOL has been performed. A mathematical model
of the experimental MED plant, previously developed, has been used to provide the information
required for the analysis of the performance and improve the operation strategies in this plant. The
mathematical model was implemented using the equation-based object-oriented modeling language
Modelica and was validated using experimental data measured in the real facility. In this paper, a
genetic optimization algorithm with three objectives and five decision variables has been considered

and the results are shown and discussed.
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1. Introduction

Water has a very important role in society development.
Recent history shows that unsustainable development
and wrong policies can produced an immense pressure
on water resources affecting their quality and availabil-
ity. The main water consumption sources are industrial,
human, agriculture and energy. Industrial water demand
is expected to increase in all productive sectors [1]. Fur-
thermore, it should be noted that the world’s population
is growing by about 80 million people per year and could
reach 9.1 billion by 2050, with 2.4 billion people living in
Sub-Saharan Africa, the region with the most heteroge-
neously distributed water resources [2]. Also, waste water
from agriculture and fresh water required for energy pro-
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duction, which are 15% and 70% of the total, respectively,
can further exacerbate water scarcity in both sectors. With
these predictions, United Nations expect that between
2 and 7 billion people will be facing water scarcity by the
middle of the century [3].

Therefore, in the next decades, water problems are even
expected in regions currently fresh water rich. Shortage of
fresh water resources, salinization and contamination of the
sources are some of the major problems to be tackled by
humanity in the coming decades [4]. Considering that 50%
of the population is living in coastal territories, water desali-
nation could be very useful. For example, some countries of
the Middle East make use of desalination of sea water as a
vital source of fresh water.

Currently one of the main technologies used for
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desalination is thermal distillation [5]. The advantages
of thermal distillation processes are their ability to be
driven by a low energy thermal source, their reliabil-
ity, easier operation and maintenance, high purity fresh
water and their capability to deal with harsh feed waters
of high temperature and salinity or even with contam-
inated water. In thermal distillation, multi-stage flash
(MSF), multi-effect distillation (MED) and mechanical or
thermal vapor compression (MVC-TVC) can be consid-
ered the main techniques.

However, these techniques are energy inefficient as in
any thermal distillation process the energy cost is 50% of
the total fresh water cost. Thermal distillation processes
demand two different forms of energy: thermal energy,
which represents most of the energy consumed, and can
come from different sources (fossil fuels, waste energy [6],
solar energy [7], etc.), and electric power that is consumed
for driving actuators and pumping systems (feeding, cool-
ing, vacuum and removing system). Table 1 [8] summarizes
the energy consumption of the three main thermal distilla-
tion techniques.

One way to reduce the energy inefficiency of both the
existing and future plants is to study the influences of oper-
ational parameter, find the optimal operational conditions
according to different criteria and develop efficient opera-
tional strategies, as shown by the several operational con-
ditions studies [9].

There are operational conditions studies of the ther-
mal distillation plants based on mathematical models
and experimental data [10-17] that used the mathemat-
ical model to simulate the behavior of the plant and the
experimental data to validate the results. These studies
trying to find the best setting for the desalination pro-
cess according to different criteria through optimiza-
tion algorithms. In the case of the Plataforma Solar de
Almeria (PSA) MED plant specifically, there are math-
ematical models [18,19], that show a good agreement
between the simulated and experimental results, and
experimental studies of the optimal operational condi-
tions of the PSA MED plant [20,21]. In the last one, an
experimental study of out of its nominal working condi-
tions concludes that influences of operational parameter
are different for the criteria selected and show an irreg-
ular behavior over the range study. Although, there are
mathematical models and experimental studies, there is
no a study of the operational conditions based on the
mathematical model and optimization algorithms for
the PSA MED plant.

Table 1
Thermal distillation energy consumption [8]
MSF MED MVC

Electrical energy consumption 4-6 15-25 7-12
(kWh/m?)
Thermal energy consumption ~ 190-390  230-390 None
(KJ/kg)
Total equivalent energy 13.5-25.5 6.5-11 7-12

consumption (kWh/m?)

2. PSA MED plant and model

The studied plant in the present paper is a forward feed
MED unit manufactured by ENTROPIE in 1987 consisting
of 14 effects in a vertical arrangement with decreasing pres-
sure from the 1st to the 14th effect. Originally, a low pres-
sure boiler produced saturated steam at 70°C and 0.31 bar
which was sent to the first effect, where the steam was con-
densed thus delivering thermal energy. Under the frame-
work of AQUASOL project, whose main objective was the
development of a hybrid solar-gas desalination system
which met at the same time the requirements of low-cost,
high efficiency and zero liquid discharge [20,22] the MED
plant was modified. The current configuration allows for a
24-h plant operation and the system is flexible regarding the
heat source in the first effect. Nowadays, at the AQUASOL
facility a flat-plate collector solar field and a double-effect
absorption heat pump (DEAHP) (which can be fed with
a gas boiler or with a solar field composed by parabolic
trough collectors, PTCs [23]), can provide the required heat.
The DEAHP is coupled with the last effect of the MED plant
recovering part of the wasted energy and can be connected
to the MED plant directly or indirectly through the tanks
[20]. In this indirect mode, the thermal energy can come
from the DEAHP and the solar field at the same time.

In the PSA MED plant (see Fig. 1 [24]), each effect is
composed by two heat exchangers, the first is called tube
bundle evaporator or heater and it is employed to evapo-
rate the feed water. The second one is called tube bundle
cooled or preheater and it is employed to condensate the
vapor by the feed water. Hot water flows inside the heater
and delivers heat flow (g) to the feed water that is sprayed
over it, hot water flows from heater inlet (H,) to heater out-
let (H,). The thermal energy released evaporates part of the
feed water that comes from the preheaters of the effects
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Fig. 1. MED plant unit scheme.
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successively, (C,) and previously from the condenser inlet
(C,)- The vapor generated is partially condensed in the pre-
heater, which is located next to the evaporator, and then
the remaining vapor that has not been condensed is trans-
ported to the next heater in order to release its latent heat
to the feed water which has not been evaporated (called
brine) in the previous effect. This process is repeated suc-
cessively in the next effects. Water condensed is collected in
each effect and goes out of the MED unit through the dis-
tillate output (dis), feed water that has not been evaporated
falls by gravity from one effect to the following one, and
finally leaves the plant through the brine output (br). The
pumping system is composed by four pumps (sea water,
heater, vacuum, brine and distillate pump) and represent
the main electric energy consumer (é). Three hydro-ejectors
connected to the 2nd effect, 7th effect and the condenser, do
the vacuum to the MED plant and remove the non-condens-
able gases during the whole operation.

All these phenomena can be simulated by mathematical
models that predict the behavior of the MED in different
operating conditions, saving time, costs and preventing
critical situations. A dynamic model developed by de la
Calle et al. [19] is the most suitable to perform this study.
This model predicts the steady-state and transient behavior
of the PSA MED plant in the whole operating range using as
inputs the natural inputs of the system, i.e., the inlet heater
water flow rate and temperature, the inlet condenser sea-
water flow rate and temperature, the preheater seawater
flow rate and the ambient temperature, and using as out-
puts of the system the natural outputs i.e., distilled and
brine rate and performance parameters. It was developed
with the non-proprietary object-oriented modeling lan-
guage Modelica [25] which allows formulating the prob-
lems in an acausal way, being very suited for representing
physical systems. The MED model is an index-1 differential
algebraic equations (DAEs) system with 4,474 equations, of
which 57 are continuous time states. In order to handle this
system of equations, the model follows a modular and hier-
archical arrangement of sub models where there are three
levels of abstraction. The low level describes the main heat
and mass transfer phenomena of the plant, the medium
level describes each physical element such as effects and
preheaters and the high level composes the complete model
of the plant.

Even though the model has a low number of inputs, it
predicts the heat and mass processes which happen inside
the plant with a high level of detail. This model assumes
that the fluids inside the MED plant are in thermodynamic
equilibrium and only water vapor is considered inside the
effect. This vapor is completely condensed at the tube bun-
dles, and although heat losses to the environment are con-
sidered, the thermal capacity of the metal structure of the
plant is neglected. The Nusselt film condensation theory
is used to model the condensation of the vapor inside and
outside the tube bundle. The evaporation of the steam from
the seawater is calculated according to mass and energy
balances where a Nusselt number correlation adjusted with
real data of the plant, characterizes the heat transfer at the
falling film evaporators. The pressure inside the effects is
calculated with the ideal gases law. A simple model of the
pipes with a single control volume calculates the sensible
heat transfer inside the tubes of the preheaters.

Dymola 2015 [26] and DASSL [27] were the tool and
the numerical solver selected for performing the simula-
tions, respectively. The calibration and validation showed
a good agreement between simulated results and experi-
mental data. The average errors of some of the most rele-
vant variables like the outlet temperatures were lower than
the uncertainty range of the measurement instruments. In
the case of the distillate mass flow rate, the value predicted
resulted in absolute average error lower than 0.045 kg/s of
for one day of simulation.

3. Optimization

The present work has employed the Optimization
library included in Dymola [28]. The optimization problem
in this library is formulated as follows:

mjnpeB f(diag(dl )71 o (p),

Cz(P)SdZI Cs(p):da,
Cl dl
c=|c,|, d=|d,
C3 d,

max maximum criteria values,
f=111-11> sumof squared criteria value, (1)

I'l-1'l  sumof absolute criteria values.

Here, p represents an editable parameter vector, in
which the parameters are varied during the optimization
process (tuner parameters) and belong to the decision space
B. C, represents the objectives vector of the optimization
calculated by means of the objective function. Equality and
inequality constrains vectors (C,, C,), which enable some
criteria restriction if needed, are optional. d, vector serves
as a reciprocal scaling factor of the criteria and they enable
different weights for each criteria. d, and d, vectors contain
the restrictions values. The goal is to minimize all these
objectives (C,) with their respective weights (d,) subjected
to the imposed optional constrains (4, and d.).

These multi-criteria optimization formulation is trans-
formed into a scalar optimization problem by means of the
scalar objective function, f. This function can be configured
in the library in three different ways, minimize the maxi-
mum, the sum of the square or the sum of the absolute val-
ues of the objectives.

Algorithms commonly used to solve this kind of energy
system optimization problems are evolutionary program-
ming, evolutionary strategies and genetic algorithm [11].
The latter, already implemented in the Optimization library,
has been used to perform the optimizations.

In genetic algorithms, a population of individuals,
which represents the potential solution space, is evalu-
ated for each iteration. The performance of an individual
is evaluated according to the scalar fittest function, also
called scalar objective function (f). The initial population
evolves successively a number of specific generation to best
regions in the search space selecting the fittest individuals
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in the population and modifying them by recombination or
mutation.

In order to provide information required for the anal-
ysis of the performance and operation strategies in the
MED plant, it is necessary to find the optimal operational
conditions according to different criteria, even more after
all the modifications carried out in the MED plant. This
study contributes to develop new designs and operational
methodologies. There are some performance indices use-
ful to find a trade-off between cost reduction and perfor-
mance improvement, in other words decrease the energy
consumption and the maximize the fresh water production.
Performance ratio (PR), the gain output ratio (GOR) and the
specific water cooling consumption (SFWC) are the most
relevant performance indices used in thermal desalination
plants related with energy consumption and fresh water
production. GOR is the most extended PR and shows the
ratio between the mass of the produced distilled water and
the mass of steam delivered to the plant, but it is referred
only for steam-fed plants. PR is defined as the ratio between
the mass of distillate (in kg) and the thermal energy sup-
plied to the process normalized to 2,326 kJ (1,000 Btu) that is
the latent heat of vaporization of water at 73°C (see Table 2).
Finally, SFWC is the ratio between distilled water flow rate
and the feed water flow rate.

Another useful performance index is the specific energy
consumption (E), which is the relation between the total
inlet energy (thermal and electric) and distilled water flow
rate. In particular, for MED plants with hot water as energy
source, PR is the most representative performance index.
PR along with fresh water or distilled rate production 7,
and E have been used as criteria in the present work inte-
grating the criteria vector (C)) in the optimization problem.
In multi-criteria optimization cases, the criteria have been

Table 2
Symbols and abbreviations

Description Equation
t,°C Temperature
11, kg/s  Mass flow rate
9, m*/h  Volumetric flow rate
4,k/s  Heat flow rate
e, kJ/s Electric flow rate
A, % Variation from nominal
E, kJ/kg Specific energy consumption (e+q)/riny,
PR Performance ratio (i1, -2326) /4
GOR Gain output ratio 1y /10,
SEWC  Specific feed water consumption  #t, /1 440100
H, Heater inlet
H, Heater outlet
C, Condenser inlet
C, Condenser outlet
C, Feed inlet
br Brine outlet

dis Distilled water outlet

scaled using the maximum value of PR as demand values
(d, components), the maximum 7z, and the minimum E
found previously. So that, in the optimization process there
are no preferences, all the criteria have the same weight.
There are no restrictions in the criteria space (d,, d3), only
it has been considered each tuner parameter range as con-
strains. The objective scalar function f is selected to mini-
mize the sum of the square of the objectives.

The PSA MED plant needs a thermal energy contri-
bution in its first effect in the form of inlet hot water flow,
defined by its flow rate (¢,,) and its temperature (t,,). Also
a sea water flow, in the condenser, satisfies the condenser
demands (9., t.,), part of this water flow is used as feed
water (9.,) while the remaining part is returned to the sea-
water pool. Note that the water temperature in C, depends
on the condenser outlet temperature so this temperature
cannot be considered as a variable. Therefore, these vari-
ables (0, Ucq, Ucos by to,) form the tuner parameter vector
(p) in the optimization problem. Furthermore, the oper-
ational range of the tuner parameters form the decision
space (B). Table 3 shows the nominal, minimum and max-
imum values of the MED plant for each criteria and tuner
parameter.

4. Results

The decision space generated, considering minimum,
maximum and some intermediate values of the tuner
parameters, has been built and simulated with the model
and the tool previously cited. The criteria space generated
is showed in Fig. 2.

Grey points represent all the criteria results obtained
simulating each tuner parameter combination of the deci-
sion space. Arrows represent the changes in the criteria
space due to the variations of each tuner parameter and the
end of the arrow shows the maximum value of the tuner
parameter. Table 4 shows the values of the criteria for each
maximum value of the tuner parameter.

As the simulated data in Table 4 shows, for nominal
conditions and just considering one modification in a tuner
parameter, distilled mass flow rate (ri1,;) can be risen (16.4%)
by increasing t, to the maximum, without significant

Table 3
Criteria and tuner parameters, limits and nominal values [21]

Nominal Min Max
Tuner to (°C) 66.5 57 75
Uy (M3/h) 432 28 72
t, (°C) 20 0 35
Ve (m3/h) 24 8 28
V¢, (m*/h) 8 4 12.5
Criteria . [kgj 0.7
Mys| —
S
PR >9.5
>210
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variations in E. Furthermore, when increasing v., to its
maximum value, 11, can reach an increment of 22.8% while
reducing 1.2% E from nominal conditions. Finally, reduc-
ing t, to its minimum value allows for an improvement of
19.7% in ri1,,; and a reduction of 1.5% in E.

Considering the optimization algorithm introduced
in previous sections and according to the criteria, the
results provided by the genetic algorithm in the optimi-
zation process are depicted in Fig. 3 and summarized in
Table 5.

Ve,

0.5

— tco «

Vior — tho s

Nominal ‘Ho0~ .

— Vo #

233

As the simulated and optimized data in Table 5 show,
Max i1y, point leads to an increase of the distillate mass
flow rate in 79.1%, decrease in PR of 0.11 points and decrease
in E of 1.1% from nominal conditions. MinE decreases E a
3%, improves 11, 36.4% and improves PR 1.5%. The main
difference between Max ri1,, and MinE points is that while
Max 11, needs to increase 9, and v, to values close to its
minimums, Min E needs to reduce those turners or decisions
variables to values lower than the nominal ones. Max PR
improves i1, a 5.3%, PR 0.23 points and decreases E 2.8%.

300
280

260 E (kJ/kg)

240

Dis Flow (kg/s)

— Ve

Fig 2. Criteria space and variation relation of just one tuner parameters when considering nominal operating conditions.

Table 4
Tuner parameter effects from nominal operating conditions

to Vpyo tw  Uco Uc, g Atit PR APR q € E AE
C W C W ow kg % % i oK %
h h h s S s kg
Nominal 66.5 43.2 20 20 8 0.714 0 10.75 0 154.5 114 232.3 0
Max o 75 432 20 20 8 0.831 16.4 10.67 -0.7 181.2 11.5 231.7 -0.3
Min teo 66.5 43.2 10 20 8 0.855 19.7 10.80 0.5 184.1 11.5 228.8 -1.5
Max T}CO 66.5 43.2 20 28 8 0.735 29 10.75 0 159.1 12.2 233.0 0.3
Max "("JCZ 66.5 43.2 20 20 12 0.877 22.8 10.84 1 188.2 13.1 2295 -1.2

Fig 3. Criteria space and optimized points.

235

230

E (kJ/kg)
25

220

1.0
Dis Flow (kg/s)
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Table 5
Optimization
tho Z}HO teo Z}CO 0C2 Tt Tt PR APR q é E AE
°C m °C m m kg % % kT K K %
h h h s s kg
Nominal 66,5 432 200 200 80 0714 0 1075 0 1545 114 2323 0
Max 1, 750 661 102 271 125 1279 791 1064 -10 2796 143 2297 -11
Min E 727 284 104 109 112 0974 364 1091 15 2071 115 2253 =30
Max PR 571 280 100 10.8 124 0752 53 1105 2.8 1584 114 2258 -2.8
Min E, Max PR(A) 666 280 100 1442 117 0862 207 1096 2.1 1831 11.3 2253 -29
Min E, Max ti1,, (B) 746 630 100 2394 124 1255 757 1067 -0.7 2737 140 2292 -13
Max PR, Max rit;,(C) 744 703 119 2584 123 1228 720 1068 -07 2675 142 2295 12
Max PR, Maxiity, 740 288 106 106 125 0968 262 1089 13 2068 114 2253 -3.0
Min E(D)

5. Conclusions

Focusing on the PSA MED heater and operational
parameters, simulation results show that Yno variations
have a very small influence in the criteria result space. On
the other hand, increments in t,; mainly increase the fresh
water production. Furthermore, increments in feed water
flux 9¢,, lead to a decrease in E and to an increase in the dis-
tillation production so that to an increase in PR. Very similar
results are obtained when the temperature ¢ is reduced.

The fact that 0,;, variations have a very small influence
in the criteria result space while increments in feed water
flow 0., decreases E and increases distillation production,
in nominal conditions, suggests that the heater could be
oversized or the feed flow could have been underestimated.

Seven operational parameter combinations due to dif-
ferent criteria and its performance has been studied and
shown that, regarding the optimal criteria points, Max 71,
is reached increasing ¢, and 9, to their maximum values,
increasing 9, and 0, while decreasing f ., to the minimum

value. MinE can be achieved decreasing to the minimum
t., and decreasing v, and v,,, the values of the remaining
tuning parameters should be increased. Even in the MinE
point, the energy consumption continues being high. Max
PR point is obtained decreasing all the tuning parameters
to the minimum except ?,, which is increased. Therefore,
in order to increase the operation performance of the plant
according to the three selected criteria, it is necessary to
decrease t ., or/and increase 0,.

Although E and 11, have shown to be good optimiza-
tion criteria to improve the process operation from the point
of view mentioned previously, E and 7., do not refer to the
quality of the energy used or the quality of the process, only
provide information in quantitative terms independently
of the nature, temperature or the state in which the energy
has been supplied or discharged into the environment, just
some of the main thermal distillation advantages.

Although PR provides qualitative information when
comparing distillation, it has been shown not to be a good
optimization criterion by itself in order to improve the pro-
cess operation. The effects of some operational parameters

are higher on distillate production and E than in PR and
it is not constant throughout the decision space, as already
indicated in previous experimental studies [21]. Further-
more, PR only considers thermal energy without taking into
account that the electric consumption in thermal distillation
may be a 10% of the total energy consumption.

Optimization results show that the PSA MED plant can
reach improved results according to the selected criteria,
especially in Max 11, where the distillate production is
increased while energy consumption is reduced.

Ongoing work includes the definition of appropriate
optimization criteria which takes into account the energy
quantity, as well as, the energy quality in order to increase
the distillate production while preserving and reduc-
ing energy consumption. Another goal is to perform an
experimental campaign in the PSA MED plant in order to
validate the simulation results obtained from these opti-
mizations.
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